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Foreword
Daniel Hillel and Cynthia Rosenzweig

A major task of our time is to ensure adequate
food supplies for the world’s current popula-
tion (now nearing 7 billion) in a sustainable way
while protecting the vital functions and biologi-
cal diversity of the global environment. The task
of providing for a growing population is likely
to be even more difficult in view of actual and
potential changes in climatic conditions due to
global warming, and as the population contin-
ues to grow. Current projections suggest that the
world’s temperatures will rise 1.8–4.0◦C by 2100
and population may reach 8 billion by the year
2025 and some 9 billion by mid-century, after
which it may stabilize. This book addresses these
critical issues by presenting the science needed
not only to understand climate change effects on
crops but also to adapt current agricultural sys-
tems, particularly in regard to genetics, to the
changing conditions.

The natural “greenhouse effect” makes the
temperature regime of some regions more hos-
pitable to life forms than it would be otherwise.
However, the progressive rise in concentrations
of some atmospheric gases due to human activity
(starting with the Industrial Revolution and ac-
celerating during the most recent decades) poses
the danger of excessive global warming. That
rise is due mainly to combustion of fossil fu-
els (especially coal and petroleum), to clearing
(often burning) of natural vegetation, and to en-
hanced decomposition of organic matter in cul-
tivated soils. The primary culprit gases emitted
are CO2, CH4, and N2O. The accumulation of
CO2 has changed from the preindustrial value of

280 parts per million (ppm) to a level approach-
ing 400 ppm—indeed a 40% rise!

Unless the emissions of greenhouse gases
are curbed significantly, their concentrations will
continue to rise, leading to changes in tempera-
ture and precipitation and other climate variables
that will undoubtedly affect agriculture around
the world. Changes in temperature to date have
already begun to affect crops and farmers, with
earlier spring growing seasons in Europe and
North America, for example. These effects are
projected to increase as climate continues to
change.

Even though long-term projections suggest
that temperatures will increase gradually, po-
tential changes in climate variability—for in-
stance, variations in the patterns of temperature
and rainfall—can have profound impacts on food
security. In near-term decades, higher CO2 may
provide some benefits to plant growth and water
use, but these are likely to be offset by negative
effects of rising temperatures and altered rainfall
in the later decades of this century. Such impacts
and their interactions will have region-specific
and global effects on agricultural systems. The
chapters in this book contribute to the under-
standing of the impacts of climate change vari-
ables and their progressive interactions that is
critical to developing agricultural systems that
will enhance productivity even in a changing
climate.

The chapters included in this book are dedi-
cated to the task of assessing the vulnerability of
agriculture and adapting it to changing climatic

xx
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conditions in the major agricultural regions of
the world. Since the greater part of the projected
population growth is expected take place in the
less developed countries of Africa, as well as
in parts of Asia and South America, and since
climate change impacts are also projected to be
more severe in low-latitude zones where many
of the less-developed regions lie, the regional
coverage of the volume provides much-needed
information. An important criterion in future
agriculture will be the selection of crops best
adapted to the changing conditions, and their
optimal management on a sustainable basis, in
the diverse conditions in which agriculture is
practiced.

As climate changes and populations continue
to grow, production of food must increase by
a commensurate amount just to maintain present
nutritional levels, and by more than that if the diet
in currently deficient regions is to be improved.
The necessary improvement is not merely quan-
titative (i.e., measured in per capita consump-
tion of calories, generally derived from starchy
grain, tuber, or root crops). It should be quali-
tative as well (i.e., based on higher nutritional
standards, likely to include the greater consump-
tion of animal-derived protein). Advanced crop
breeding that enhances genetics, environment,
and management interactions as well as nutri-

tion, as described in this book, is critical to
developing the crop varieties needed to satisfy
these multiple requirements.

Thus, the agricultural sector faces the sig-
nificant challenge of increasing production to
provide food security for the projected human
population of 9 billion by mid-century, while
protecting the environment and the functioning
of its ecosystems. Therefore, scientists need to
develop practices to mitigate climate change and
adapt agriculture to the portending changes (to
the extent that they cannot be avoided), so as to
ensure adequate and nutritious production, along
with protection of natural resources. The chap-
ters in this book contribute to these crucial tasks.

Dr. Daniel Hillel
Senior Research Scientist

NASA-Goddard Institute for Space Studies
Columbia University

2880 Broadway, New York, NY 10025, USA

Dr. Cynthia Rosenzweig
Senior Research Scientist

NASA-Goddard Institute for Space Studies
Columbia University

2880 Broadway, New York, NY 10025, USA
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Foreword
M.S. Swaminathan

It is now widely accepted that climate change
will be one of the greatest threats to sustainable
food security. For example in India, even a 1◦C
rise in mean temperature will result in the loss
of about 7 million tons of wheat. Sub-Saharan
Africa and South Asia could be the regions that
are worst affected by global warming. There is
already an unacceptable prevalence of malnutri-
tion, with FAO estimating that nearly 1 billion
children, women, and men go to bed hungry ev-
ery night. It is in this context that the present
book by Dr Shyam S. Yadav and his colleagues
is a very timely one.

Methods of mitigation and adaptation will
have to .be standardized for every agroecological
region. Agriculture can make a major contribu-
tion to mitigation through enhanced carbon se-
questration and the building of soil carbon banks.
Adaptation measures will vary according to the
climatic characteristics of different ecosystems.

Therefore, it will be prudent to establish a
Climate Risk Management Research and Ex-
tention Center in each agroclimatic zone. Such
centers could develop drought, flood, and good
weather codes in order to enable the local popula-
tion to maximize the benefits of normal weather
and minimize the adverse impact of unfavorable
changes in temperature, precipitation, and sea
level. Drought, flood, and good weather codes

will have to be developed for each area indicat-
ing the steps we should take to minimize damage
and maximize benefits.

Fundamental changes will be needed in
breeding strategies. Both anticipatory and par-
ticipatory research will have to receive much
greater attention. Prebreeding centers that will
help to develop novel genetic combinations for
tolerance to biotic and abiotic stresses have to
be established. Such prebreeding centers could
take up participatory breeding work with farm
families in order to combine genetic efficiency
with genetic diversity.

Seawater farming is another area that needs
attention since seawater constitutes nearly 97%
of global water resources. An efficient method of
converting seawater into freshwater is through
the medium of halophytes. At MSSRF, Chen-
nai, India, a Genetic Garden of Halophytes is
being developed. Scientists of MSSRF have also
transferred genes for seawater tolerance and for
drought resistance from the mangrove Aviccinia
marina and the fast growing and drought-tolerant
shrub Prosopis juliflora. There are uncommon
opportunities now for transferring genes across
sexual barriers. In crops like wheat, which are
sensitive to night temperature, we should shift
the emphasis in breeding from per-crop to per-
day productivity.

xxii
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The book Crop Adaptation to Climate Change
contains an extensive range of valuable papers.
They will provide a road map for shaping our
agricultural future in an era of climate change.
I congratulate and thank Dr Shyam S. Yadav,
Robert J. Redden, Jerry Hatfield, Hermann
Lotze-Campen, and Anthony E. Hall for this
timely contribution. I hope it will be read widely

by all interested in promoting climate-resilient
farming methods.

M.S. Swaminathan
Father of the Green Revolution in India

World Food Prize Laureate
Member of Parliament (Rajya Sabha)

Chairman, M. S. Swaminathan Research
Foundation Third Cross Street, Taramani

Institutional Area Chennai - 600 113, India
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Foreword
Martin Parry

The threat to food security is probably the great-
est challenge of climate change. The evidence is
that, while there may be a few positive effects
on yield potential in some parts of the world and
for the initial two or three decades of warming,
for the great majority of people, and especially
as warming picks up after about 2030, the effect
will be generally negative.

Moreover, the most substantial reductions in
emissions—even if international action on mit-
igation were agreed—is not likely to avoid 2◦C
of global warming above preindustrial levels.

I am, therefore, very glad that Dr Shyam
S. Yadav has brought together this team of ex-
perts and their writings on the effects of climate
change on agricultural production. When I was
editing the 2007 IPCC assessment on impacts,
adaptation, and vulnerability, it became clear that
our knowledge of potential effects on crops and
livestock had advanced hugely over the preced-
ing decade. There remained, however, very sub-
stantial gaps in our understanding.

Chief among these gaps in knowledge were
the following: effects on crop yields in subop-
timal conditions (such as low-nitrogen levels),
especially in developing countries and in semi-
arid regions; effects on crop pests and diseases

and their outcome for yield, and also on the com-
petition from weeds; and effects on livestock car-
rying capacity and on direct animal well-being
itself. Then there were the more upscale implica-
tions of altered yield and carrying capacity, such
as the consequences of climate change on lo-
cal, regional, and national food security. Finally,
there were the uncertainties about what adap-
tive actions might be the most effective, from the
plant level to the international level.

These issues are tackled in this volume. Its
chapters report on recent progress in understand-
ing effects on growth at the individual plant
level, through to effects on the farm and village,
to the implications for food supply locally and
regionally.

I commend this book to readers as a fine ex-
ample of the progress we have made and of the
scale of the challenge ahead.

Professor Martin Parry, PhD, OBE

Formerly:
Co-Chair of Working Group II

(Impacts, Adaptation, and Vulnerability),
Intergovernmental Panel on Climate Change

(IPCC) until September 2008, team which
received the Noble Peace Prize for 2007.

xxiv
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Foreword
Ahmed Djoghlaf

This volume comes at a critical moment in the
fight for a sustainable future. Today, we humans
continue to drive species extinct at up to 1000
times the natural background rate. This rapid loss
of biodiversity is undermining the stability of
ecosystems across the planet and thereby threat-
ening our own well-being. The ramifications of
biodiversity loss become all the more worrisome
when we factor in climate change. The degrada-
tion of many ecosystems is significantly reducing
their carbon storage and sequestration capacity,
leading to increases in emissions of greenhouse
gases. Moreover, the relationship between biodi-
versity and climate change goes both ways: ap-
proximately 10% of species assessed so far have
an increasingly high risk of extinction for every
1◦C rise in global mean surface temperature, a
trend that is expected to hold true up to at least
a 5◦C increase. Overall, 89% of fourth national
reports received by the Convention on Biologi-
cal Diversity (CBD) from its Parties indicate that
climate change is either currently driving biodi-
versity loss or will drive it in the relatively near
future.

These trends are particularly worrying when
it comes to our food security, for agricultural
biodiversity is now more threatened than ever.
Seventy-five percent of the food crop varieties
we once grew have disappeared from our fields
in the last 100 years. Of the 7000 species of

plants that have been domesticated over the his-
tory of agriculture, a mere 30 account for 90% of
all the food that we eat every day. This loss of ge-
netic diversity has potentially devastating conse-
quences. For example, widespread failure in our
handful of remaining major crops due to disease
or pest outbreaks is a very real possibility: given
that pest and pathogens are constantly evolving,
a diverse gene pool is essential if we are to de-
velop insect- and disease-resistant strains in the
future. Moreover, our reliance on so few crops
makes human populations that much more vul-
nerable to climate change: as growing conditions
change, the most suitable species or cultivars in
a given region may likewise change.

Agricultural biodiversity is extremely impor-
tant because it provides humans not only with
food but also with raw materials for many differ-
ent goods—such as cotton for clothing, wood for
shelter and fuel, plants and roots for medicines,
and materials for biofuels—and with incomes
and livelihoods, including those derived from
subsistence farming. Agricultural biodiversity
also performs ecosystem services such as soil
and water conservation and maintenance of soil
fertility and biota, all of which are essential to
human survival.

Given the links between agricultural biodi-
versity and climate change, books that compre-
hensively address these links are sorely needed.

xxv
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That is why the current volume is so important.
With more than 100 contributors from all six
continents, it offers a wide-ranging and in-depth
look at the relationship between crop plants and
climate change, making it an invaluable resource
in our efforts to stabilize the climate, protect life

on Earth, and thereby help safeguard the future
well-being of our children.

Ahmed Djoghlaf
Assistant Secretary General

Executive Secretary of the United Nations
Convention on Biological Diversity
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Foreword
Cary Fowler

Even the most conservative of climate change
models give us a world later this century that is
strikingly different than that in which we—and
the crops that feed us—live today. And before
then, plenty of dramatic change will already be
upon us.

In many parts of the world, crops will
face temperatures never experienced since the
Neolithic: higher average temperatures, higher
extremes, longer periods of dangerously hot
weather, and high temperatures at important and
vulnerable times in the plants’ life cycle—and
that’s not to speak of fluctuations and variabil-
ity in climate, more of which are a certainty in
all the models; or changes and problems with
water.

Crops have experienced climate change be-
fore, directly and indirectly, but never on this
scale, never so rapidly, and never with the mag-
nitude of impact we anticipate now. The historic
movement of crops between continents, for ex-
ample, constituted climate change “in effect” for
many crops. But the challenge faced by maize
in moving from Latin America to Europe and
Africa 500 years ago was a very different one
in time and magnitude than that which will con-
front maize in Africa in this century. Then, maize
was not an established crop feeding hundreds of
millions. Its rise as a staple in new lands pro-
ceeded in lock step with its adaptation and in-
tegration into farming systems. Today, climate

change confronts humanity and its crops more
pointedly and at a time when a billion people
on earth are already hungry and vulnerable. It
looms over both the most sophisticated and in-
dustrial and the most humble subsistence agri-
cultural systems.

The central imperative of our time, I believe,
is to get agriculture ready for climate change.
Darwin unlocked the mystery of adaptation and
evolution more than 150 years ago. He realized
that diversity and inheritance, subjected to natu-
ral selection and time, led to evolution.

Though inheritance still works, time is cer-
tainly not on our side at this moment.

We have impressive amounts of crop genetic
diversity at our disposal, however. It must be
safeguarded and mobilized.

We have plant breeders and farmers to guide
selection. They too must be safeguarded, mobi-
lized, and significantly empowered.

Together, these are the ingredients for crop
adaptation to climate change in the twenty-first
century. This much is beyond dispute.

It would be folly to assume that our crops will
magically become adapted to new and radically
different conditions without substantial interven-
tion and conscious action by human beings. It
would also be folly to assume that our crops
are somehow preadapted to what is coming. Our
crops are domesticated. Their future is in our
hands. There is no certainty.

xxvii
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xxviii FOREWORD

Adaptation will not simply be achieved by
hope or by policy decree. It will come crop by
crop and region by region or not at all. The chap-
ters in this book constitute an early and signif-
icant effort to specify what potential exists and
what efforts and traits will be needed to ensure

that agriculture is prepared to face its greatest
challenge.

Cary Fowler
Executive Director

Global Crop Diversity
FAO of UN, Italy
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Foreword
David K. Skelly

This volume represents a remarkable and greatly
needed contribution to our response to chang-
ing climate. For at least two decades, the world’s
scientists have focused on communicating a phe-
nomenon of global proportion. The scale of the
policy challenges are enormous and, in many
ways, unprecedented. It is no surprise, then, that
there has been no rapid progress on developing
a consensus about what may be done to halt or
slow the drivers of climate change, let alone re-
verse it. As the world’s governments continue
what promises to be a drawn out process, there
is much work to do.

The enclosed chapters provide an important
model for needed research. It is perhaps no sur-
prise that researchers working with crops readily
appreciate that one size fits all solutions are un-
likely to be useful. Yet the concept that adapta-
tion will need to be customized for particular lo-
cations, let alone particular species, has escaped
many commentators thinking about ‘global’ cli-
mate change. Research on crop adaptation can
help us appreciate the difficulties in scaling down
to the landscapes in which humans experience
and respond to climate. At the same time, the
past successes achieved by crop science provide
a strong foundation for hope.

The research upon which these chapters are
based, and the research that will be inspired by

them, will have obvious direct benefits to human
welfare. But there is perhaps a less appreciated
dimension to this work. A very small number of
researchers have been studying the potential for
adaptation to climate change by wild species.
There is tantalizing evidence that evolutionary
responses are already taking place. But there are
many skeptics who see such research as a dis-
traction to the main job of alerting the public
and decision-makers to the dangers of climate
change. I believe research on crop adaptation
will strengthen the case for expecting evolved
responses in the natural world while also giving
some of the clearest conceptions of how organ-
isms can successfully cope with the altered con-
ditions they are likely to experience as the world
continues to change. In this and other ways, work
on crops can inspire a range of audiences to move
from hand wringing to action.

David K. Skelly
Professor of Ecology and

Associate Dean for Research
School of Forestry & Environmental Studies

Yale University
Kroon Hall

195 Prospect Street
New Haven, Connecticut 06511

United States of America
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Foreword
Walter P. Falcon

I am honored to have been asked to provide
the foreword for Crop Adaptation to Climate
Change. The authors are distinguished, the topic
is timely, and the world is at a critical juncture
with respect both to agriculture and climate. The
foreseeable need to double agricultural output
in a more populous, richer, and warmer world
will surely challenge the best science that can be
made available.

Agricultural and climate scientists will be ea-
ger to have this particular volume. It brings to-
gether the scholarly and gray literatures that typ-
ically reside on the multiple shelves of many
bookcases. Having a single, well-documented
volume, organized both by region and commod-
ity, assures that it will be an invaluable reference
for a wide range of scholars and practitioners.

While this collection of articles answers many
of the questions at the intersection of climate
and agriculture, it does not answer all of them.
Nor should it be expected to. The understand-
ing of crop physiology is still evolving, and even
with a perfect understanding of the biology, eco-
nomic, and political factors may condition what
is feasible. Moreover, there are still very large
uncertainties about future global change, espe-
cially with respect to several key variables. The
stresses, and hence the adaptation needs, that key
crops will be called upon to exhibit—and breed-
ers and agronomists called upon to “fix”—must
therefore also be uncertain.

Much of the general public is unaware of one
fundamental source of variation about future cli-
mates. Predicting the broad dimensions of global

climate change requires the use of complicated
general circulation models (GCMs). These mod-
els are very large, often requiring more than
100 person-years in their development. There are
more than 20 GCM models currently in use, and
in general, they give broadly similar answers.
However, at the regional, country, or subcountry
levels—the geographic levels of most interest
to agriculturalists—there can be large quantita-
tive differences among projections from different
models. (Many of the models also do not cap-
ture climate variability in very satisfying ways.)
These differences among models are particularly
important for projected rainfall patterns at down-
scaled country levels, which in turn have im-
pact on the development of relevant adaptation
strategies. They also complicate research com-
parisons when one group of scientists relies pri-
marily on the output of a particular GCM, while
other groups rely on alternative models. Fortu-
nately, most of the chapters in this volume rely
on an “ensemble” approach to GCM variation.

The GCMs are in much greater agreement on
projected temperature changes, at least in terms
of direction, than for rainfall patterns. While that
is good news, the bad news is that many coun-
tries will exhibit substantially warmer temper-
atures over the next 50–100 years. Battisti and
Naylor (2009), for example, show that for many
parts of the world, the coolest years near the end
of the twenty-first century will be warmer than
the hottest years to date. And as several papers in
this volume demonstrate, it is becoming increas-
ingly clear that days above 30◦C have serious

xxx
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consequences for grain yields—at least as plants
are now configured.

More generally, breeders will likely be in fran-
tic searches for the genetic variation required for
the various crops as plants are pushed to the ex-
tremes of their growing ranges. This dilemma
raises yet another set of questions: Will gene
banks be prepared for the likely tasks ahead of
them? Will wild relatives of crops be a likely
source of such variation, and if so, by what pro-
cesses can genes be isolated from these rela-
tives and made available to breeders? And, will
the search for genetic variation to accommodate
climate change be instrumental in altering the
debate about genetic transfers among species
(GMOs)?

Crop Adaptation to Climate Change is not the
first word on agriculture and climate, nor will it

be the last. However, it provides important an-
swers to a great many of the most pressing crop-
and region-specific problems related to these top-
ics. It is a very timely publication.

Walter P. Falcon (PhD Economics,
Harvard University)

Farnsworth Professor of International
Agricultural Policy (Emeritus)

Deputy Director, Food Security
and the Environment Program,

Stanford University
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Preface

Climate change is a reality in today’s world and
will exacerbate future attempts to support an in-
creasing human population while not destroying
the biosphere in the process. The Stern Review
on the Economics of Climate Change in 2006
and the Fourth Assessment Report by the Inter-
governmental Panel on Climate Change in 2007
have pushed the scientific and public debates on
climate change a decisive step forward. It is now
beyond doubt that anthropogenic greenhouse gas
emissions are the primary cause for recently
documented changes in climate, and that early,
strong mitigation measures to decrease green-
house gas emissions would eventually be more
cost-effective than later adaptation to potentially
catastrophic changes in climate. Substantial fur-
ther changes in climate are likely to occur, how-
ever, even with aggressive mitigation efforts.

The human population is projected to increase
from the current 7 billion to 9 billion within
a period of only 40 years. Meeting the needs
of these additional people will require substan-
tial increases in production of agricultural sys-
tems using essentially the same area of arable
land as is used today, or less due to expansion
of cities. Current agricultural systems are to a
certain extent adapted to current climates. Sub-
stantial changes in agricultural systems will be
needed in the many regions subjected to critical
changes in climate, especially if these systems
are to have greater productivity.

Many of the world’s poor live in arid and
semiarid zones under environmental conditions
that currently are challenging. In addition, these

farmers do not have the resources to facilitate
adaptation of their cropping systems to changing
climates. Most developing countries are highly
dependent on agricultural sectors strongly af-
fected by climate change and have institutions
with limited capacity to develop improved crop-
ping systems. Consequently, a collaborative ef-
fort by the world’s agricultural scientists is
needed if the necessary changes to agricultural
systems are to be made.

This book contributes to this collaborative ef-
fort by providing reviews by a group of inter-
national scientists with expertise in the princi-
pal crops grown in tropical and temperate zones.
Projections are provided of the extent to which
climate change will influence the productivity
of these crops in different regions of the world.
Opportunities for developing improved cropping
systems adapted to future climates through plant
breeding and changes in crop management are
described. The goals of this book are: (1) to pro-
vide a blueprint to breed more resilient crops that
can adapt to future climate change and also be
more productive in sustainable cropping systems
and (2) to encourage the political, institutional,
and financial support needed for the doubling of
agricultural production during this century.

Shyam S. Yadav, Kabul, Afghanistan
Robert J. Redden, Horsham, Australia

Jerry L. Hatfield, Ames, United States of America
Hermann Lotze-Campen, Potsdam, Germany

Anthony E. Hall, Riverside, United States
of America
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Chapter 1.1

Climate Change, Population Growth, and Crop
Production: An Overview
Hermann Lotze-Campen

Introduction

The publication of the Stern Review on the
Economics of Climate Change in 2006 and the
Fourth Assessment Report by the Intergovern-
mental Panel on Climate Change (IPCC) in 2007
have pushed the scientific and public debate on
climate change a decisive step forward. It is now
beyond doubt that anthropogenic greenhouse gas
(GHG) emissions are the main cause for re-
cently observed climate change and that early
and bold mitigation measures will eventually be
much cheaper than later adaptation to potentially
drastic climate impacts. The agricultural sector is
directly affected by changes in temperature, pre-
cipitation, and CO2 concentrations in the atmo-
sphere, but it is also contributing about one-third
to total GHG emissions, mainly through live-
stock and rice production, nitrogen fertilization,
and tropical deforestation. Agriculture currently
accounts for 5% of world economic output, em-
ploys 22% of the global workforce, and occu-
pies 40% of the total land area. In the developing
countries, about 70% of the population lives in
rural areas, where agriculture is the largest sup-
porter of livelihoods. In many developing coun-
tries, the economy is heavily depending on agri-
culture. The sector accounts for 40% of gross

domestic product (GDP) in Africa and 28% in
South Asia. However, in the future, agriculture
will have to compete for scarce land and water re-
sources with growing urban areas and industrial
production.

A large share of the world’s poor population
lives in arid or semiarid regions, which are al-
ready characterized by highly volatile climate
conditions. Under conditions of future climate
change, a worldwide increase in climate vari-
ability and extreme weather events is very likely.
The connections between agricultural develop-
ment and climate change reveal some fundamen-
tal issues of global justice. The industrialized
countries, mostly located in medium to high lat-
itudes, are responsible for the major share of
accumulated GHG emissions. They are econom-
ically less dependent on agriculture, they will be
less affected by climate impacts, and they have
on average a higher adaptive capacity. Most de-
veloping countries are located in the lower lat-
itudes, they are dependent on agriculture, they
will be strongly affected by climate impacts, and
they have lower (or nonexistent) adaptive capac-
ity. Creating more options for climate change
adaptation and improving the adaptive capacity
in the agricultural sector will be crucial for im-
proving food security and preventing an increase

Crop Adaptation to Climate Change, First Edition. Edited by Shyam S. Yadav, Robert J. Redden, Jerry L. Hatfield,
Hermann Lotze-Campen and Anthony E. Hall.
c© 2011 John Wiley & Sons, Ltd. Published 2011 by John Wiley & Sons, Ltd.
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2 CROP ADAPTATION TO CLIMATE CHANGE

in global inequality in living standards in the fu-
ture. However, in the developing world, this is
often prevented by the lack of information, fi-
nancial resources, and good governance.

Global scenarios on future
greenhouse gas emissions and
population growth

Future emissions of anthropogenic GHG mainly
depend on population growth, socioeconomic
development, and technological change. Future
trends in these driving forces are highly un-
certain, especially over the course of the next
decades until the end of the century. For a sys-
tematic description of the range of possible fu-
tures, the IPCC has developed a set of long-term
emission scenarios that were published in the
Special Report on Emission Scenarios (SRES;
Nakicenovic et al. 2000). Four different narrative
storylines were developed to represent different
demographic, social, economic, technological,
and environmental conditions and trends, thus
covering a wide range of possible GHG emis-
sion outcomes. For each storyline, several emis-
sion scenarios were developed using different
integrated assessment modeling approaches.

Table 1.1.1 summarizes the main driving
forces for the four emission scenarios by the end
of the century.

The A1 storyline describes a future world of
very rapid economic growth, global population
that peaks at about 9 billion in mid-century and
declines thereafter, and the rapid introduction of
new and more efficient technologies. The un-
derlying theme is that regions will converge and
cultural and social interactions will increase with
a substantial reduction in regional differences in
per capita income. The scenario groups are de-
termined by different directions of technological
change in the energy system. A1FI is fossil inten-
sive, A1T heavily uses nonfossil energy sources,
and the A1B is a scenario with a balance across
all energy sources.

The A2 storyline describes a very hetero-
geneous world. The underlying theme is self-

reliance and preservation of local identities. Pop-
ulation will continuously increase, up to 15 bil-
lion in 2100, and economic development is pri-
marily regionally oriented. Per capita economic
growth and technological change are more frag-
mented and slower than in other storylines. The
B1 storyline describes a convergent world with
the same global population as in A1 that peaks
at mid-century and declines thereafter. However,
major differences come from rapid changes in
economic structures toward a service and in-
formation economy, with reductions in mate-
rial intensity and the introduction of clean and
resource-efficient technologies. The main fea-
ture is a global solution to economic, social, and
environmental sustainability with improved eq-
uity but without additional climate initiatives.
The B2 storyline describes a world of local so-
lutions to economic, social, and environmental
sustainability. It is a world with continuously in-
creasing global population at a rate lower than
A2 (about 10 billion in 2100), intermediate lev-
els of economic development, and less rapid and
more diverse technological change than in the
B1 and A1 storylines.

Figure 1.1.1 shows the projected temperature
increases for the four SRES scenario groups,
including the different energy technology op-
tions of A1. Each emission scenario was ana-
lyzed with several global climate models, to take
uncertainties about the climate sensitivity of dif-
ferent models into account. Highest temperature
increases are projected for A1FI due to very high
emissions. The mean model results for global
temperature increase across all climate models
range between 2.4◦C (B1) and 4.6◦C (A1FI),
compared to the preindustrial level. Several mod-
els show a wider range of outcomes, possibly as
low as 1.6◦C for the B1 scenario but also as
high as 6.4◦C for the fossil-fuel-intensive A1FI
scenario.

Climate impacts on crop
productivity

Plant growth and yield will be both positively and
negatively affected by climate change. Diverging
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CLIMATE CHANGE, POPULATION GROWTH, AND CROP PRODUCTION 3

Table 1.1.1. Overview of main driving forces for the four SRES storylines in 2100.

Peoplea

billion (B)
Economic
growthb % p.a.

Incomec

GDP/capita
Primary energy
use

Hydrocarbon
resource used

Land use
changeb

A1 Low
∼7 B.
1.4 IND
5.6 DEV

Very high
1990-20: 3.3
1990-50: 3.6
1990-100: 2.9

Very high
IND 107,300
DEV 66,500

Very high
2.226 EJ
Low intensity
4.2 MJ/US$

Scenario:
Oil low—VH
20.8 ZJ
Gas high—VH
42.2 ZJ
Coal med—VH
15.9 ZJ

Low
1990-100:
cropland +3%
grassland +6%
forests +2%

A2 High
15 B.
2.2 IND
12.9 DEV

Medium
1990-20: 2.2
1990-50: 2.3
1990-100: 2.3

Low in DEV
Medium in
IND
IND 46,200
DEV 11,000

High
1,717 EJ
High intensity
7.1 MJ/US$

Scenario:
Oil VL—med
17.3 ZJ
Gas low—high
24.6 ZJ
Coal Med - VH
46.8 ZJ

Medium
n.a.

B1 Low
∼7 B.
1.4 IND
5.7 DEV

High
1990-20: 3.1
1990-50: 3.1
1990-100: 2.5

High
IND 72,800
DEV 40,200

Low
514 EJ
Very low
intensity 1.6
EJ/US$

Scenario:
Oil VL—high
19.6 ZJ
Gas med—high
14.7 ZJ
Coal Vl—high
13.2 ZJ

High
1990-100:
cropland −28%
grassland −45%
forests +30%

B2 Median
∼10 B.
1.3 IND
9.1 DEV

Medium
1990-20: 3.0
1990-2050: 2.8
1990-100: 2.2

Medium
IND 54,400
DEV 18,000

Medium
1,357 EJ
Medium
intensity 5.8
MJ/US$

Scenario:
Oil low—med
19.5 ZJ
Gas low—med
26.9 ZJ
Coal low—VH
12.6 ZJ

Medium
1990-100:
cropland +22%
grassland +9%
forests +5%

Source: Nakicenovic et al. (2000), Table 4.4a, http://www.grida.no/climate/ipcc/emission/097.htm.
aIND, industrialized countries; DEV, developing countries.
b1990 > 2000.
cUS$.
dVL, very low; med, medium; VH, very high.

effects are caused by rising CO2 concentrations,
higher temperatures, changing precipitation pat-
terns, changing water availability, increased fre-
quency of weather extremes (i.e., floods, heavy
storms and droughts), climate-induced soil ero-
sion, and sea-level rise. While some of these
impacts have been studied in isolation, com-
plex interactions between different factors and
especially extreme events are still not well
understood.

CO2 fertilization

Yields of most agricultural crops increase un-
der elevated CO2 concentration. Free air carbon
enrichment (FACE) experiments indicate pro-
ductivity increases in the range of 15–25% for
C3 crops (like wheat, rice, and soybeans) and
5–10% for C4 crops (like maize, sorghum, and
sugarcane). Higher levels of CO2 also improve
water-use efficiency of both C3 and C4 plants.
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4 CROP ADAPTATION TO CLIMATE CHANGE

Fig. 1.1.1. Projected temperature increases for the four SRES emission scenario groups.
(Source: IPCC 2007, p. 14.)

However, the experiments do not address im-
portant colimitations because of water and nu-
trient availability. Some studies expect much
less favorable crop response to elevated CO2

in practice than that asserted on experimental
sites (e.g., Long et al. 2006), while others agree
with findings from FACE experiments (Tubiello
et al. 2007). Thus, the magnitude of the positive
yield effect due to enhanced CO2 concentration
is still uncertain (Parry et al. 2004; Easterling
et al. 2007).

Higher temperatures

Warming is observed over the entire globe, but
with significant regional and seasonal variations.
Highest rates can be found at Northern latitudes
and during winter and spring (Solomon et al.
2007). In the Northern Hemisphere, in higher
latitudes, rising temperatures imply lengthening
of the growing season by 1.2–3.6 days per decade
(Gitay et al. 2001). This allows earlier planting
of crops in spring, earlier maturing and harvest,
and the possibility for two or more cropping cy-
cles. An expansion of suitable crop area may be-
come possible in the Russian Federation, North

America, Northern Europe, and Northeast Asia.
In contrast, significant losses are predicted for
Africa due to heat and water stress and an ex-
pansion of arid and semiarid regions (Fischer
et al. 2005). Temperature increases are likely to
support positive effects of enhanced CO2 un-
til temperature thresholds are reached. Beyond
these thresholds, crop yields will be negatively
affected. Increased water supply can help to bal-
ance high temperatures. In the tropics, additional
warming of less than 2◦C will lead to crop yield
losses, while crops in temperate regions will
broadly benefit from temperature increases of
up to 2◦C. Further warming will negatively af-
fect plant health in temperate regions (Easterling
et al. 2007).

Water availability

Agriculture highly depends on water availabil-
ity. More than 80% of global cropland is rain-
fed, but irrigated cropland with an area share of
16% produces about 40% of the world’s food.
Agricultural irrigation accounts for around 70%
of global freshwater withdrawals (Gitay et al.
2001). Because of growing global food demand
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and rising temperatures, even more water will
be required in the future. Climate impacts on
crop productivity will fundamentally depend on
precipitation changes. Precipitation projections
show large variability of quantity and distribu-
tion. This is also due to the fact that historical cli-
mate records as an input for modeling are scarce
in many poor countries. Annual mean runoff
largely follows projected changes in precipita-
tion with an increase in high latitudes and the
wet tropics, and with a decrease in mid-latitudes
and some parts of the dry tropics (Solomon et al.
2007). The decline in water availability will af-
fect areas currently suitable for rainfed crops,
like the Mediterranean basin, Central America,
and subtropical regions of Africa and Australia
(Easterling et al. 2007). Moreover, in warmer and
dryer regions, agricultural water demand will in-
crease. Global irrigation requirements are esti-
mated to increase by 5–8% by 2070 with re-
gional differences of up to +15% in South Asia
(Döll 2002). While irrigated agriculture is ex-
pected to become more important, water sup-
ply may be insufficient. In regions that are de-
pending on steady water supplies from glaciers
(e.g., Andes and Himalaya), water availability
may increase in the near to medium term due
to accelerating glacier retreat, whereas it may
break down later, once glaciers are completely
melted. In some regions (e.g., northern India and
Midwest United States) groundwater is depleted
at fast rates, which could clearly lead to water
shortages in the future. In addition to decreasing
water supply, agriculture in many fast-growing
regions will also face increasing competition for
water due to rising demand from households and
industry.

Climate variability, extreme events,
and sea-level rise

Extreme climate events such as heat waves,
heavy storms, floods, or droughts may damage
crops in specific development stages. A substan-
tial and widespread increase in the number of
heavy rainfall events is expected, even in regions

where total precipitation amount decreases
(Solomon et al. 2007). Heavy rainfalls are very
likely in Southern and Eastern Asia and in North-
ern Europe, which are major agricultural produc-
tion areas. On the other hand, observations show
an increase in frequency and duration of warm
weather extremes. In many regions, especially
in the tropics and subtropics, droughts have been
longer and more intensive since the 1970s be-
cause of higher temperatures and reduced pre-
cipitation (Solomon et al. 2007). Climate change
will deepen these trends. In arid and semiarid re-
gions, higher rainfall intensity will increase risks
of soil erosion and salinization. Rice yield is al-
ready close to the limit of maximum tempera-
ture tolerance in South Asia. Thus, even higher
temperatures will negatively affect yields. Addi-
tionally, increasing flood frequency will damage
crop production in countries like Bangladesh.
In the United States, heavy precipitation events
are expected to cause severe production losses
already by 2030 (Rosenzweig and Hillel 1995;
Easterling et al. 2007). The European heat wave
in the summer of 2003 with temperatures of 6◦C
above long-term averages and severe precipita-
tion shortfalls caused severe economic losses for
the agricultural sector across Europe. In North-
ern Italy, a record yield drop of 36% was ob-
served, while in France maize yield was reduced
by 30% when compared to 2002 (Easterling
et al. 2007).

In low-lying countries with long coastlines,
sea-level rise will threaten large areas of fer-
tile land. This is a special problem, e.g., in
Bangladesh and many Pacific Islands. Another
problem related to rising sea levels is saltwater
intrusion, which may negatively affect soil fer-
tility and quality of irrigation water in coastal
areas.

Soil degradation

Climate change affects soils by increasing the
rate of nutrient leaching and soil erosion. Nu-
trient conservation is affected by warmer tem-
peratures because higher temperatures are likely
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to increase the natural decomposition of organic
matter because of a stimulation of microbial ac-
tivity. If mineralization exceeds plant uptake, nu-
trient leaching will be the consequence. It pri-
marily occurs when plant demand is low and
rising soil temperature increases nitrogen min-
eralization rates. This process is enforced by in-
creased precipitation and loss of snow cover as
predicted for many temperate regions (Niklaus
2007). Soil erosion is increased by intensive rain-
fall, which is likely to increase under climate
change. One percent increase in precipitation is
expected to lead to 1.5–2% increase in erosion
rates (Nearing et al. 2004). Extreme rainfall and
shifting from snow to rain will also increase the
rate of erosion. Changes of plant biomass can
further increase these effects: plant canopies re-
duce soil erosion by weakening the power of
rain, roots stabilize soils, and crop residues re-
duce sediment transportation. In arid and semi-
arid regions, dry soils are sensitive to soil ero-
sion through wind and rain. Increased frequency
of droughts further intensifies erosive losses as
plant biomass and its positive effects on soils are
reduced (Nearing et al. 2004; Niklaus 2007).

Weeds, pests, and pathogens

In current agriculture, preharvest losses to
pests in major food and cash crops are esti-
mated to be 42% of global potential production
(Gitay et al. 2001). Temperature rise and ele-
vated CO2 concentration could increase plant
damage from pests in future decades, although
only a few quantitative analyses exist to date
(Easterling et al. 2007; Ziska and Runion 2007).
Weeds, like crops, show positive response to
elevated CO2. Moreover, weeds show a larger
range of responses, including larger growth, to
elevated CO2 because of their greater genetic
diversity (Ziska and Runion 2007). Several im-
portant crop weeds in the United States have
expanded since the 1970s, which is consistent
with climate trends (Gitay et al. 2001). How-
ever, future weed distribution and the accompa-
nied changes in weed–crop competition remain

highly uncertain. Temperature rise will boost in-
sect growth and development by increasing ge-
ographical distribution and increasing overwin-
tering (Ziska and Runion 2007). Pathogens are
recognized as a significant limitation on agro-
nomic productivity. While elevated CO2 will not
directly affect the pathogens, it will alter plant
defense mechanisms. Especially, higher winter
temperatures will lead to an increasing occur-
rence of plant diseases in cooler regions (Ziska
and Runion 2007).

Climate impacts on agricultural markets

According to currently available studies, aggre-
gated global impacts of climate change on world
food production are likely to be small. Parry
et al. (2004) predict negative impacts on world
crop production by −5% by the end of the cen-
tury. According to Fischer et al. (2005), produc-
tion losses in developing countries in the range
of 5–15% will be compensated by similar in-
creases of production in the developed coun-
tries, in particular North America and Russia.
Thus, climate change will result in larger trade
flows from mid- and high-latitudes to the low
latitudes (Easterling et al. 2007). However, most
of the studies available to date only cover grad-
ual scenarios of climate change and related im-
pacts. If tipping points in the climate system
are transgressed, the picture is likely to become
much bleaker (Battisti and Naylor 2009). Even
without climate change, there will be a grow-
ing dependency of developing countries on net
cereal imports. Climate change will further in-
crease this dependency by 10–40% (Fischer et al.
2005). In the past, the average rate of productiv-
ity growth in agriculture and food production
exceeded population growth. Supply exceeded
demand, which resulted in a long-term decline
of real food prices until the turn of the millen-
nium. Even if the strong food price increases
in 2007/2008 may have been an exception, it
can be expected that world food prices will
gradually increase in the future. Besides climate
change, the dynamics of population, income, and
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technology will continue to play an important
role. Furthermore, depending on technological
and policy changes in the energy sector, an in-
creasing demand for bioenergy will have an im-
pact on agricultural markets. In poor, net food
importing countries, food security could deteri-
orate as a result. For countries with a strong pro-
duction potential, bioenergy demand could also
become an engine for agricultural and economic
growth.

Climate impacts on food security

Food security has four major components: Food
availability through production and trade; sta-
bility of food supplies; access to food; and
actual food utilization. They all can be af-
fected by climate change (Gregory et al. 2005;
Easterling et al. 2007). Assessments of crop pro-
duction can therefore only provide a partial as-
sessment of climate change impacts on food se-
curity. In addition, climate change is not the only
factor that may cause food security problems.
Regional conflicts, changes in international trade
agreements and policies, infectious diseases, and
other societal factors may exacerbate the impacts
(Easterling et al. 2007). The capacity to cope
with environmental stress is as important as the
degree of exposure to climate-related stresses.
Thus, projections of undernourishment depend
on climate impacts and also on economic de-
velopment, technical conditions, and population
growth (Gregory et al. 2005). At the beginning
of the millennium, between 800 and 900 mil-
lion people were at risk of hunger. Most of them
lived in Asia and sub-Saharan Africa (FAO 2006,
p. 8). In the future, many factors including cli-
mate change and socioeconomic development
will influence the number of people at risk, and
there are still a lot of uncertainties about re-
gional climate impacts on food supply and de-
mand. However, it is very likely that sub-Saharan
Africa will surpass South Asia as the most
food-insecure world region (Tubiello and Fischer
2007). Few studies have tried to quantify the
impacts of climate change and socioeconomic

factors on food security (Fischer et al. 2002,
2005; Parry et al. 2004; Tubiello and Fischer
2007). They indicate that the number of people
at risk of hunger will mostly depend on socioeco-
nomic development. Economic growth and slow-
ing population growth can significantly reduce
the number of people at risk of hunger. In a pes-
simistic scenario with strong global warming,
high population growth, and no CO2-fertilization
effects, the number of additional people at risk
of hunger may be as high as 500–600 million
by 2080 (Parry et al. 2004). Again, the situa-
tion may become even worse, if tipping points in
the climate system are transgressed (Battisti and
Naylor 2009).

Adaptation options in agriculture

Agricultural vulnerability

In the past, adaptation in agriculture was the
norm rather than the exception. Farmers have
demonstrated sufficient adaptive capacity to cope
with weather variations on weekly, seasonal, an-
nual and even longer timescales (Burton and Lim
2005; Rosenzweig and Tubiello 2007). Mod-
ern agricultural technologies have minimized cli-
mate impacts through irrigation, the use of pes-
ticides and fertilizers, and the manipulation of
genetic resources (Kandlikar and Risbey 2000).
In the future, however, climate will change at
a rate that has not been previously experienced
in human history. Adaptive capacity of farmers
is determined by their wealth, human capital,
information and technology, material resources
and infrastructure, and institutions and entitle-
ments of the society (Kandlikar and Risbey 2000;
Belliveau et al. 2006; Easterling et al. 2007). It is
obvious that rich countries are better equipped
to cope with climate variations than develop-
ing countries, where decisions are made in the
context of the local agricultural cycle, poverty,
and often limited access to markets. Many pos-
sible adjustments are prevented by the lack
of information, financial resources, and institu-
tional support. New technologies are often not
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implemented due to lack of education (Kandlikar
and Risbey 2000; Smithers and Blay-Palmer
2001).

Adjustments in production technology

Technical improvements and management ad-
justments at the farm level include the following:

� Shifted dates of planting allow farmers to take
advantage of the longer growing season that
is permitted by higher winter temperatures in
higher latitudes. Earlier planting can lead to
an increase in the yield potential by using cul-
tivars that need longer time to mature. The
potential for earlier harvesting can avoid heat
and drought stress in late summer (Easterling
1996; Olesen and Bindi 2002; Rosenzweig and
Tubiello 2007).

� New crop varieties can provide more appro-
priate thermal requirements and increased re-
sistance to heat shock and drought. Breeding
of new varieties is certainly a major option for
improved adaptation, but development of new
varieties, which are well adapted to specific
regional conditions, is expensive and typically
needs a decade or longer until they can be
distributed to farmers. Hence, breeding pro-
grams need to be planned at a longer timescale
(Olesen and Bindi 2002; Smit and Skinner
2002; Rosenzweig and Tubiello 2007).

� Altering and widening existing crop rotations
can help to adapt to changing climate condi-
tions by introducing new, better adapted crop
types. A broader crop mix will decrease the
dependency on weather conditions in a certain
growing season and hence stabilize produc-
tion and farm income under higher climate
variability. However, it will also require tech-
nical and management adjustments and may
reduce some gains from specialization in the
production of certain crops (Olesen and Bindi
2002; Easterling et al. 2007; Rosenzweig and
Tubiello 2007).

� Rising water demand caused by higher tem-
peratures can be balanced by improved wa-
ter management and irrigation. A shift from

rainfed to irrigated agriculture may be an op-
tion, although water availability, costs, and
competition with other economic sectors need
to be considered. Adjustments like timing of
irrigation and improvement of water-use ef-
ficiency can ensure water supply for crops
even under warmer and dryer climate. More-
over, crop residue retention and altered tillage
practices can reduce water demand. Various
types of low-cost “rainwater harvesting” prac-
tices have been developed in poor countries
(Easterling 1996; Smithers and Blay-Palmer
2001; Smit and Skinner 2002).

These adjustments, alone or in combination,
can minimize climate impacts on agriculture. On
average, adaptation can provide around 10–15%
yield benefit compared to a situation without
adaptation measures. Thus, adaptation may shift
negative yield changes caused by rising temper-
atures from 1.5◦C to 3◦C warming in low lati-
tude regions and from 4.5◦C to 5◦C in mid- to
high-latitude regions. If temperatures rise above
these thresholds, the adaptive capacity is likely
to be exhausted and severe losses are to be ex-
pected (Easterling et al. 2007). However, inter-
actions between different adaptation options and
economic, institutional, and cultural barriers to
adaptation are not considered in most available
studies (Easterling et al. 2007).

Insurance schemes

In addition to changes in production technol-
ogy, insurance schemes (e.g., crop insurance
or income stabilization programs) can provide
compensation for crop and property damages
caused by climate-related hazards, like droughts
or floods. However, these options are not avail-
able for farmers everywhere, not even in all de-
veloped countries (Bielza et al. 2007). There
are specific challenges for insurance schemes in
the agricultural sector. Extreme weather events
can affect a large group of people at the same
time, and the insurance pool may not be able to
cover all the claims. If reinsurance mechanisms
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or government support schemes are not available,
insurance companies would have to charge high
premiums, which may be unaffordable for most
farmers. Thus, agricultural insurance schemes
are usually supported by the public sector to pro-
vide broad coverage at affordable premiums (Eu-
ropean Commission 2001; Bielza et al. 2007). In
some developed countries, financial support for
crop insurance and disaster payments are a ma-
jor part of their agricultural sector policies. The
United States, Canada, and Spain have the most
developed agricultural insurance policies. Up to
60% of farmers in these countries purchase at
least one insurance policy (Garrido and Zilber-
man 2007). Insurance in developing countries is
only available to a limited extent. In India, the
National Agriculture Insurance Scheme was im-
plemented to protect farmers against losses due
to crop failure caused by drought, flood, hail-
storm, cyclone, fire, pests, and diseases. All food
crops, oilseeds, and annual commercial and hor-
ticultural crops are covered. However, only 4%
of farmers are currently protected by the crop
insurance scheme. Almost half of the farmers in
India still do not even know about the insurance
option (Bhise et al. 2007).

International trade

On average, global food production is likely to
be sufficient to meet global consumption over
the coming decades. However, climate change
will reduce crop yield in some regions, while
it will have beneficial effects in others. A well-
functioning system of international trade flows,
which is responsive to price signals, will be
needed to balance production and consumption
between and within nations. Increased agricul-
tural output in a region where agricultural pro-
duction improves can then be used to compen-
sate potential losses in other regions (Juliá and
Duchin 2007). It has been shown in the past that
open markets are promoting economic devel-
opment. In the agricultural sector, protectionist
policies in the industrialized countries are still
preventing the developing countries from partic-
ipating to a larger share in international markets.

In the future, international trade between rich
and poor countries, but also among poor coun-
tries, can to a certain degree serve as an insurance
mechanism against severe production shortfalls
due to extreme weather events. Even in a chang-
ing climate, it is unlikely that extremely bad har-
vests will occur at the same time in several major
supply regions.

Government policies to support
adaptation in agriculture

The adaptive capacity at the farm level is unlikely
to be sufficient in many poor regions. Noncli-
matic forces such as economic conditions and
policies have significant influences on agricul-
tural decision-making. Therefore, changes in na-
tional and international policies for the agricul-
tural sector are needed to support adaptation at
the local level (Smit and Skinner 2002; Rosen-
zweig and Tubiello 2007). The weight given to
climate change in the policy process will depend
on national and local circumstances, including
local risks, needs, and capacities. Further reform
of agricultural policies in developed countries
should not only make agricultural production
more climate-friendly, but also provide better
options for poor countries to improve their adap-
tive capacity. More financial resources have to be
shifted away from direct farm income support to-
ward better agricultural education, research, and
technological development to assure yield im-
provement and yield stabilization under chang-
ing climate and market conditions. Improved
infrastructure is needed for the extension of irri-
gation or for appropriate storage, transportation
facilities, and better weather forecasting and cli-
mate impact research. Low density of weather
stations and limited historical weather data, es-
pecially in Africa and other developing regions,
is one reason for high uncertainties in current cli-
mate model scenario outputs. This in turn makes
it more difficult for these countries to develop
appropriate adaptation strategies (Belliveau et al.
2006; Easterling et al. 2007).

Improved policies can also guide transitions
where major land use changes, changes of
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industry locations, or migration occur. Financial
and material support can create alternative liveli-
hood options. Planning and management of such
transitions may also result in less habitat loss and
lower environmental damage. The establishment
of functioning and accessible markets for inputs
such as seeds, fertilizers, and labor, as well as
financial services can improve income security
for farmers (Easterling et al. 2007).

Conclusions

Climate impacts on agriculture strongly depend
on regional and local circumstances. Adaptive
capacity and adaptation options are largely de-
termined by the level of economic development
and institutional setting, which also differ widely
across the globe. While positive and negative
effects of climate change on global agriculture
may on average almost compensate each other,
the uneven spatial distribution is likely to af-
fect food security in a harmful way in many
regions. Food security could be severely threat-
ened, if tipping points in the climate system are
transgressed. One prominent example of a cli-
mate tipping point is the dynamics of the In-
dian monsoon, which could be disrupted under
certain conditions (Zickfeld et al. 2005). This
would negatively affect agricultural production
conditions in large parts of South Asia. Gener-
ally speaking, developing countries in the tropics
will face the strongest direct climate impacts,
while having the lowest level of adaptive ca-
pacity. The most affected regions are expected
to be sub-Saharan Africa and the Indian sub-
continent. If global mean temperature will rise
by more than 2–3◦C compared to preindustrial
levels, countries in mid and high latitudes will
also be strongly affected. Uncertainties still pre-
vail with regard to future precipitation patterns
and water availability at the regional level, the
impacts of extreme events on agriculture, and
changes in soil fertility and agricultural pests and
pathogens. Further research is also required on
the interactions between various climate-related
stress factors. The role of CO2 fertilization in

connection with nutrient and water limitations
needs further clarification. Negative climate im-
pacts on agriculture may be reduced through
a range of adaptation measures. Adjustments
in production technology and soil management,
crop insurance schemes, diversified international
trade flows, and better designed agricultural poli-
cies can improve regional food availability and
security of farm income. However, limited re-
sources such as fertile soils, freshwater, financial
means, and institutional support may often pre-
vent the required adjustments.
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Chapter 1.2

Downscaling Global Climatic Predictions to
the Regional Level: A Case Study of Regional
Effects of Climate Change on Wheat Crop
Production in Victoria, Australia
Garry O’Leary, Brendan Christy, Anna Weeks, James Nuttall, Penny Riffkin, Craig Beverly,
and Glenn Fitzgerald

Introduction

Downscaling global climate change predictions
to the regional level requires both regional cli-
matic and crop growth data. Crop simulation
models provide robust and objective methods
to extrapolate likely crop response to climate
change over different landscapes and time pe-
riods (Hansen and Jones 2000; Hoogenboom
2000). The example taken in this chapter from
Victoria, Australia, demonstrates how such an
approach may be applied to inform possible
adaptation strategies with respect to known crop
growth responses to local climatic variables. This
is an approach that can be applied in other re-
gional areas where sufficient climatic and crop
data is available.

A landscape scale analysis allows the ex-
ploration of local adaptation strategies to cli-
mate change. Such models must include func-
tions to account for the effects of elevated CO2

and temperature that are expected to occur over
the coming decades. These models also must
account for shortages of water if crops in the

study area suffer or are likely to suffer signifi-
cant water stress. Previous regional analyses of
climate change in Australia have been made as
a series of point-source analyses using represen-
tative localities to describe the likely response
of wheat to future climate scenarios (Hammer
et al. 1987; Wang and Connor 1996; Asseng
et al. 2004; Howden and Jones 2004; Howden
and Crimp 2005; Anwar et al. 2007; Crimp et al.
2008). In Victoria, the few locations previously
modeled are not considered representative of the
region (e.g., Birchip or Mildura), particularly for
southern Victoria where future wheat productiv-
ity and area of production might increase under
a warmer and drier climate. This chapter shows
how a landscape-scale crop model has performed
against experimental data across the region, in-
cluding elevated atmospheric CO2 data in a Free
Air Carbon dioxide Enrichment (FACE) exper-
iment located at Horsham, Victoria, Australia,
from 2007 (Mollah et al. 2009). The landscape-
scale crop model was selected from the suite of
the catchment analysis tools (CAT; from Beverly
et al. 2005). After satisfactory validation, we

Crop Adaptation to Climate Change, First Edition. Edited by Shyam S. Yadav, Robert J. Redden, Jerry L. Hatfield,
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Fig. 1.2.1. The annual global warming values (◦C) and CO2 concentrations (parts per million) for B1-low, A2-mid, and
A1Fi-high scenarios for years between 2000 and 2100, relative to the IPCC (2001, 2007) standard 1990 baseline.

applied the landscape-scale crop model to simu-
late likely effects of climate change on crop pro-
duction across the whole of Victoria to help in-
form future policy on adaptive strategies needed
in rural Victoria. Spring wheat is normally sown
in autumn and winter to coincide with the winter
dominant rainfall of the region. This typically
results in sowing from April to July in the north-
ern region and from March to September in the
southern region. Specifically, we examine how
crop phenology might need to be altered to max-
imize yield in various production zones in Vic-
toria and how farmers can use this knowledge to
minimize the risks of uncertain climatic change
and variability.

Methods

IPCC scenarios

We chose to utilize the Intergovenmental Panel
on Climate Change (IPCC) scenarios to define
likely climatic changes that are well understood
throughout the world (IPCC 2001, 2007). This
was to provide a known reference for others to
compare our results to analyses done in other
locations under the same or similar climate sce-
nario. Prior to the IPCC publishing their sce-
narios, many scientists proposed their own. The
most common were a mean temperature rise of
about 2◦C and sometimes a doubled atmospheric
CO2 concentration. There were numerous varia-
tions, particularly in relation to rainfall (Whetton

et al. 2000). Sometimes, future rainfall changes
were considered so unreliable that the histori-
cal rainfall patterns were considered a sufficient
representation of a climate changed future (Wang
and Connor 1996).

We originally chose the IPCC scenarios of
A1Fi, A2, and B1 to reflect realistic possible fu-
tures of a worst-case scenario (A1Fi), and the
most conservative (B1) was chosen to provide
a boundary to compare potential gains or losses
(Fig. 1.2.1). However, during our analyses, we
decided to consider only the A1Fi scenario be-
cause it was clear that worldwide mitigation ef-
fects expressed in A2 and B1 were unrealistic.
Indeed, Australia has shelved an emissions trad-
ing scheme until the end of 2013 for political
reasons. Further, the present day (2010) actual
atmospheric CO2 concentrations at Horsham is
382 ppm, which is very close to the A1Fi scenario
(391 ppm), and it is now possible that the future
might be much more pessimistic than A1Fi as
originally determined in 1990.

Downscaling from global to regional
Victoria, Australia

Daily crop simulation models that account for
rainfall, temperature, solar radiation, evapora-
tion, and CO2 can be employed to study the
likely effects of climate change on crop pro-
duction; however, current global climatic models
generally operate on an annual basis and must be
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downscaled to meet the daily input requirement
of the crop models. A useful method used in
Victoria by the Commonwealth Scientific and
Industrial Research Organization (CSIRO) in-
volves scaling historic daily climate sequences
by a derived mean-monthly spatial pattern of cli-
mate change per degree of global warming (Sup-
piah et al. 2001). The historical sequence weather
data can provide a reference or base line for cur-
rent nonclimate changed environment compar-
isons to some future environment. The compar-
isons, however, can be made in many ways and
are somewhat dependent on the type of future
data generated.

We have explored two methods for down-
scaling global data. The first was the method
of Suppiah et al. (2001) as applied by Anwar
et al. (2007) (Method A) to provide a continu-
ous sequence that represents the nonstationery
nature of climate change, i.e., increasing global
warming trend each year applied to the histori-
cal sequence. The historical sequence is the basis
of future climate where autocorrelation is main-
tained. The advantage of this method is that it
provides a realistic, smooth, and complete se-
quence of weather data for analyses of an in-
cremental nature over time. The disadvantage of
the method is that stochastic sequences with the
same variance consistent with a specific climate
change scenario are not considered.

We used patterns of climate change per de-
gree of global warming on a monthly basis

for four climate variables (rainfall, maximum
and minimum temperature, and solar radia-
tion) across Victoria (Hennessy et al. 2006).
The pattern was applied to 70 years histori-
cal data across Victoria (1935–2004) (obtained
from the Department of Environment and Re-
source Management, Queensland as patch-point
data, http://www.longpaddock.qld.gov.au/silo/).
This was then used to create a 70-year future
scenario from 2003 to 2072 by Method A. This
method assumes that the identical sequence of
the detrended historical data is applied to future
climate, but the monthly means are amended to
reflect the future climate scenarios. The choice
of historic year range was to ensure consistency
with leap-year generation.

To deal with stochastic options that provide
a more realistic analysis representative of mul-
tiple seasons for any particular future year, e.g.,
2030 or 2070, a sequence of years is needed
to represent the future year (Method B). We
achieved this by applying the detrended histor-
ical data referenced by the base year (1990) to
the particular year of interest by applying the
global warming factor for that year to the whole
data sequence so that it is shifted vertically (in
this exaggerated maximum temperature exam-
ple, Fig. 1.2.2). This implies that for each future
year, we have a sequence of weather data having
the same number of years as the historical data.
This method allows the climate change effect to
be analyzed without confounding from atypical
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Fig. 1.2.2. Exaggerated example of the comparison of the historical (circles) and high global warming scenario (squares)
daily maximum temperature for January (Method A). The detrended data from the base year has been amended by the global
warming and pattern of change factors representative of the year 2030 (Method B).
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individual years. Both methods assume that the
autocorrelation that exists between years in the
historical data is applied to all sequences applied
to any future years (Fig. 1.2.2). They, however,
do not address extreme events that are believed
to increase in intensity and frequency due to pro-
gressive climate change.

The future climate change projections based
on the IPCC scenarios indicate significant
change for Victoria, Australia. Expectations of
warmer and drier conditions with rising atmo-
spheric CO2 concentrations are predicted for
western Victoria (Whetton et al. 2000). Crop
simulation models can be used to determine the
likely crop response to these changed climate
conditions, although they first need to be vali-
dated to ensure they adequately predict response
to elevated CO2 levels.

The generation of climate changed data
for spatiotemporal modeling

The Catchment Analysis Toolkit (CAT) climate
change module, CATCLIM, was developed as
part of the Victorian Climate Change Adaptation
Programme (VCCAP) to generate future climate
patterns to assess the likely impacts of climate
change on cropping systems in Victoria. CAT-
CLIM is a user interface that sits within the
CAT modeling framework and enables flexible,
repeatable, batch methods to generate future cli-
mate data (Fig. 1.2.3). Both methods (A and B)
of downscaling have been incorporated into a
software package interfaced to our CAT model
(Weeks et al. 2010). The package generates the
daily sequence of data that the user specifies.
We have made a database that contains Methods

Fig. 1.2.3. CAT interface showing rainfall pattern of change for the month of May, with CATCLIM module opened.
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A and B for all years to 2070 for all climate
stations in Victoria for B1, A2, and A1Fi IPCC
scenarios.

The crop simulation model

The crop model of choice was the Landscape
CAT model (Beverly et al. 2005). This is a
daily time step model that simulates water bal-
ance for a crop, including crop transpiration and
deep drainage. It comprises submodels that sim-
ulate crop phenology, above-ground biomass,
and grain yield accumulation. The yield model
is based on the OLEARY & CONNOR model
(O’Leary and Connor 1996a, 1996b) that allows
preanthesis assimilation partitioning to grain and
partitioning to grain during the grain filling stage
on a daily basis unlike its parent, the PER-
FECT wheat model (Littleboy et al. 1992) that
was originally designed for tropical environ-
ments and does not perform well with respect
to grain yield simulation in southern Australia.
The model simulates a catchment water balance
in a three-dimensional mode that allows analy-
ses of the fate of water in the root zone (0–2 m),
aquifers, and streams. The model requires sig-
nificant soil parameters such as lower and up-
per extractable water limits, bulk density, pH,
and initial soil water and mineral and organic
carbon and nitrogen. A spatial database com-
prising these data is interpolated across the land-
scape with respective weather data used as in-
put to apply the model to a 100 × 100 m grid
across Victoria. Initially, this was applied only to
southwestern Victoria but extended to the whole
State so we could compare the results against
previous studies in other regions and so that
the methodology could be applied state-wide at
short notice.

The model, however, needed to respond to
atmospheric CO2 levels. Functions from the
CROPSYST model that proportionally adjust
radiation use efficiency (RUE) and transpira-
tion efficiency (TE) were used (Stöckle and
Nelson 2001) with simplifying assumptions of
aerodynamic resistance of crop canopy of

300 s m−1 and canopy resistance of 36 s m−1 at
350 ppm CO2.

RUECC = (−1.7/(350 × (1 − 1.7))
× CO2 × 1.7)/(−1.7/(350
× (1 − 1.7)) × CO2 + 1.7)

(1.2.1)
TECC = RUECC/{[δ + (γ

× (36 + 300)/300)] /[δ
+ γ × (((36 × CO2)/(350
× RUECC) + 300)/300]}

(1.2.2)

where RUECC is the proportional adjustment
made to RUE (g/MJ) such that RUECC = 1 is
equivalent to present day RUE; TECC is the pro-
portional adjustment made to TE (kg/ha/mm)
such that TECC = 1 is equivalent to present
day TE; CO2 is the atmospheric CO2 con-
centration (ppm), delta (kPa/◦C), and gamma
kPa/◦C) are the psychrometric constant and slope
of saturated vapor pressure–temperature curve,
respectively.

These functions were first tested in the
OLEARY & CONNOR wheat crop model be-
cause that model had been well validated in
the Mallee and Wimmera districts of Victoria
and the public domain code made amendments
easy. Both CAT and the OLEARY and CON-
NOR models account for shortages of water and
nitrogen supplies.

We tested both these models for their perfor-
mance against observed data from field experi-
ments at Walpeup, Horsham, and Hamilton. One
year of data (2007) from the Horsham FACE ex-
periment was available to test performance un-
der elevated CO2 (550 ppm to represent the year
2050 under the A1Fi scenario). In addition to the
elevated CO2, the agronomic treatments of irri-
gation, N fertilization, and time of sowing were
also available in the FACE experiment. Two fur-
ther years of FACE data will be available later to
complete a more comprehensive analysis despite
providing an initial satisfactory validation. Other
crop models are currently being tested.
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Fig. 1.2.4. Comparison of simulated and observed time from sowing to anthesis
(days) from the CAT wheat model tested against data from north-western Victo-
ria (O’Leary and Connor 1996a, 1996b), Western Victorian (O’Leary and Connor
1996a, 1996b; Mollah et al. 2009), and southwestern Victoria (from Riffkin, unpub-
lished data).

Phenological Development

Figure 1.2.4 shows the performance of the CAT
wheat model against observed phenological data
across Victoria. A range of cultivar types is rep-
resented by thermal sums providing a modest
mean root mean squared error of 5.2 days for
the prediction of anthesis date. The phenological
model of CAT employs thermal time methodol-
ogy adjusted for photoperiod via a sowing time
curve, based on the photosensitive behavior of
the representative cultivar types. As such, it does
not account for vernalization per se because de-
pendence on this will be problematic in warming
climates.

Biomass and grain yield accumulation

The range of early and mid-season cultivar
types grown from the drier north to the wetter
southern region, with and without elevated CO2,
provided performance typical of these models
(Fig. 1.2.5). The response to elevated CO2

was within or close to the experimental error
(data not shown), and while our analyses are
incomplete, the performance of the model shows
sufficient explanatory behavior with respect to
elevated CO2 such that when applied elsewhere

across the landscape, the response is believed to
be realistic within the error range of the model
of around 0.74 t/ha for grain yield. Published
mean errors for these types of simulation models
are typically around 0.75 t/ha.

Results

Likely response of wheat crop yield
to climate change across Victoria

We applied the IPCC extreme climate change
scenario (A1Fi) using Method B, employing
68 years of data representing that scenario at
2050 across the whole of the available crop-
ping and pasture land in Victoria. We simulated
wheat yield with the CAT model from 12 times
of sowing (one per month from January to De-
cember) for three crop types (short-, mid-, and
long-season types) under the CCAM Mark 2 and
Mark 3 downscaled climate data (Fig. 1.2.6).

Can current wheat varieties be adapted
to new climates in Victoria?

The initial impact of climate change on crop
growth in Victoria is generally expected to be
positive with elevated temperature and CO2 level
enhancing growth to a level that more than
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Fig. 1.2.5. Comparison of simulated wheat biomass at anthesis (a) and grain yield (b) from a range
of crops from the Mallee (�), Wimmera (©, �, and �), and Western Districts (♦). Data from the 2007
Australian AGFACE experiment shows the ambient CO2 (�), and elevated CO2 (�) environments. The 1: 1
relationship is the dashed line.

compensates for the lower growing season rain-
fall. Eventually, as the climate continues to be-
come drier and hotter, crop growth will reach
a threshold and then decline. This report shows
some preliminary results as to when this thresh-
old may be reached for wheat in Victoria.

The future climate change projections based
on IPCC scenarios indicate significant changes

for Victoria. Expectations of warmer and drier
conditions with rising atmospheric CO2 concen-
trations are predicted for western Victoria. Sig-
nificant differences occurred between the CCAM
Mark 2 and Mark 3 climate data, reflecting some
uncertainty in an IPCC A1Fi climate outlook.
Despite this uncertainty, clear trends are evident.
For the more arid zones, sowing a faster maturing
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Sowing: May 1 CCAM Mark 2 Sowing: May 1 CCAM Mark 3

Sowing: June 1 CCAM Mark 2

Sowing: July 1 CCAM Mark 2

Sowing: August 1 CCAM Mark 2

(a)

Sowing: August 1 CCAM Mark 3

Sowing: July 1 CCAM Mark 3

Sowing: June 1 CCAM Mark 3

Fig. 1.2.6. Effect of IPCC scenario A1Fi downscaled by two models (CCAM Mark 2 and CCAM Mark 3) on percentage
change in mean wheat grain yield from current climate examining the impact of sowing time on a fast-developing crop
type (a), medium-developing type (b), and slow-developing type (c).
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Sowing: May 1 CCAM Mark 2 Sowing: May 1 CCAM Mark 3

Sowing: June 1 CCAM Mark 2

Sowing: July 1 CCAM Mark 2

Sowing: August 1 CCAM Mark 2

(b)

Sowing: August 1 CCAM Mark 3

Sowing: July 1 CCAM Mark 3

Sowing: June 1 CCAM Mark 3

Fig. 1.2.6. (Continued)
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Sowing: May 1 CCAM Mark 2 Sowing: May 1 CCAM Mark 3

Sowing: June 1 CCAM Mark 2

Sowing: July 1 CCAM Mark 2

Sowing: August 1 CCAM Mark 2

(c)

Sowing: August 1 CCAM Mark 3

Sowing: July 1 CCAM Mark 3

Sowing: June 1 CCAM Mark 3

Fig. 1.2.6. (Continued)
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type (e.g., cv. Silverstar) on the June 1 resulted
in the best outcome with some small gains and
losses predicted. Sowing earlier or later resulted
in yield losses of around 10–20%. In the wet-
ter areas of southern Victoria, consistent gains in
yield of around 10–20% should occur in all cul-
tivar types (e.g., Silverstar, Chara, or Mackellar)
but only from later sowing times (July to August)
(Fig. 1.2.6).

The highest yields, however, in southern
Victoria occurred for cv. Mackellar sown in
July under the present climate with potential for
greater yields if sown in August under the A1Fi
scenario (CCAM Mark 2 or Mark 3) (Fig. 1.2.7).

Once the impact of climate change on produc-
tivity is determined, the models are then used
to explore how the agricultural enterprises can
change to better adapt to future climate stresses.
For the cropping data shown above, the model-

ing has explored how changing practices (e.g.,
sowing time) can overcome the predicted yield
losses in Victoria (Fig. 1.2.8). Areas shown indi-
cate the parts of the landscape where crop yield
start to decrease in spite of changing manage-
ment practices.

Discussion

Our analyses show very intriguing results. From
previous simulation analyses in the Mallee re-
gion, significant declines in mean wheat grain
yield have been reported of around 20% (P.
Grace, unpublished data; Anwar et al. 2007),
which is consistent with our landscape analy-
sis in that region where declines are expected to
range from 10% to 20%. However, significant
gains in yield are expected in much of the wet-
ter regions in the medium term. However, by

Sowing: July 1 Historic Sowing: July 1 2050

Sowing: August 1 Historic Sowing: August 1 2050

Fig. 1.2.7. The effect of sowing time on wheat yield (cv. Mackellar) under historic and CSIRO CCAM Mark 3 A1Fi climate
change scenario. Note the increase in area for the 3000–4000 kg/ha band under the climate changed scenario for both July and
August sowings and the beneficial effect of delaying sowing until August compared to the present climate optimum.



P1: SFK/UKS P2: SFK Color: 1C

BLBS082-1-2 BLBS082-Yadav July 12, 2011 12:41 Trim: 246mm X 189mm

DOWNSCALING GLOBAL CLIMATIC PREDICTIONS TO THE REGIONAL LEVEL 23

Crop yield still increasing by year 2070

Decreasing crop yield by year 2070

Decreasing crop yield by year 2050

Decreasing crop yield by year 2030

Decreasing crop yield by year 2015
Kilometers

0 98 196

Fig. 1.2.8. Area where crop yield (slow-season type) can no longer adapt to climate change and starts to decrease in yield
under the A1Fi CSIRO Mark 3 scenario. Note the southern areas (black) where yields are still increasing by 2070.

2070, with temperature rise of between 2◦C and
3◦C, yield declines are expected over much of
Victoria. One particular problem is the variance
between the climate models. We only tested two
Australian models (CSIRO Mark 2 and 3) and
did not have the latest CSIRO Mark 3.5 model
data available, but that is expected to show sim-
ilar spatial patterns to Mark 3.0. This variance
between the climate models means that we can-
not rely on the maps as an authority in a spatial
context because if the patterns are different, then
the crop response will be correspondingly differ-
ent. In reality, the crop models are more accurate
than the climate models and the uncertainty of
the input climate data limit the conclusions to
a regional aspect rather than the 100 × 100 m
grid cell analyses that we pursued. The problem
of uncertainty of climate predictions has been
previously noted to the extent that no specific in-
centives for farmers were proposed in some early
analyses (Lottkowitz 1989).

From a policy point of view, however, we can
make suggestions as to the directions needed in
managing the expected climate change in Victo-
ria with respect to the grains industry. One par-
ticular question deals with adapting crop culti-
vars to a future climate. The expected response
of spring wheat to possible future climates in
Australia ranges from positive (0% to 20%) to

negative (20% to 0%). Some studies have re-
ported an expectation of little change in grain
yield or where gains are indicated, they are ex-
pected to be negated by other factors (Power
et al. 2004). Reasons for such diverse conclu-
sions are varied but include spatial variance in
soil types, agronomy, and the climate itself. Of
these, climate is probably the largest factor af-
fecting the yield expectation in any locality in
Australia.

Two undisputed climatic factors that will have
large effects on crop production are the rising
global temperatures and atmospheric CO2 con-
centrations. The extent to which these are mod-
erated by rainfall in nonirrigated production sys-
tems is another source of uncertainty with greater
response to elevated CO2 under dry conditions
reported in some locations (e.g., Reyenga et al.
1999), but not all (e.g., Asseng et al. 2004). Un-
der the present climate, the adaptation strategy
of Australian crop scientists is to design crops
that can be sown early enough to produce a large
enough biomass by the time of flowering. Their
aim is to breed plants that can set a sufficiently
large number of grains outside the period where
winter and spring frosts destroy those grains. The
problem, however, is that delayed flowering will
threaten grain filling because of the inevitable
terminal drought. The aim is to maximize grain
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yield while minimizing environmental stress
to crops.

Under future climates, how might our present
wheat cultivars need to be altered to maximize
grain yield? The present genetic variability in
wheat (see Chapter 6, this book) appears to be
sufficient to cope with the climatic changes rep-
resented by the IPCC A1Fi scenario but only to
about 2050, as the threshold temperature toler-
ance is reached.

The most critical climatic factor is the increas-
ing temperatures. While mean temperature under
A1Fi appears manageable, fluctuations above the
normal coping range for crops is expected to in-
duce more frequent catastrophic crop failures.
Crops are most sensitive to high temperatures
during pollen formation and fertilization, which
usually occurs between September and Octo-
ber in Victoria. Currently, no contemporary crop
models simulate the effect that increasing tem-
perature has on the biophysical processes during
grain set due largely to the poor knowledge of
how to model such behavior at a field or land-
scape scale (Kirby et al. 1999; Wheeler et al.
2000). While our simulations do not explicitly
account for such failures, they should be consid-
ered the best case scenario rather than the worst
case despite the simulated declining yields be-
yond 2050 for much of Victoria.

We expect that if mean temperatures rise by
3◦C in western Victoria by 2100 as estimated
by CSIRO’s latest modeling (CSIRO Mark
3.5), then crop failures would be more the
norm and there would be limited capacity for
our wheat genetic resources to prevent such
failure. However, in the context of moderate
temperature rise of about 2◦C, we expect that
wheat crop phenological development can be
re-engineered toward slower developing spring
types to maximize grain yield under future
climate scenarios across Victoria.

Conclusions

Overall, scaled down detailed modeling is re-
quired to put global climate change predictions in

a local context. Agronomic options, such as date
of sowing, and genetic options, such as varietal
maturity type, are significant factors in adjust-
ment to climate change. Further local knowledge
with validation of crop modeling is required to
meaningfully examine climate change scenarios
at the local level both for policy making and to
assist farmers in choosing adjustment strategies.

Specifically, for our example region of study,
reduced rainfall in the drier regions is the big
challenge—reduced rainfall in the high rainfall
zone (500–800 mm pa) is less problematic. In the
semiarid zone of the region, yield loss (10% to
20%) is expected in North West Victoria if crops
sown outside the June sowing time. For the high
rainfall zone in the south west, yield gains (10%
to 20%) are expected.

Adaptation in the high rainfall zone is maxi-
mized by slower developing types and later time
of sowing with yields still increasing by 2070
in South West Victoria. However, yields are ex-
pected to decline in most regions by 2070.

Farmers are already adapting to climate
change/variability in Victoria. These strategies
include sowing early and late, minimum tillage,
stubble retention, opportunity cropping, com-
puter models of climate and weather (Southern
Oscillation Index, seasonal outlooks, and radar),
and computer models of crops and strategies.
Lower risk options include cereals, long fallow,
hay and spring crops, and sheep.

In summary, because adaptation is crucial and
there are great benefits still to be gained, the
following directions point to high benefit/cost
ratio research and development:

� Adapted cultivars (e.g., slow-developing
types);

� Adapted agronomic practices (e.g., low cost
precision agriculture and reduced tillage);

� More efficient water and fertilizer use (e.g.,
remote and proximal sensing);

� Focus on productivity, profitability, and prod-
uct quality;

� Better understanding of weather/crop ex-
tremes;
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� Better understanding of disease and pest be-
havior (biosecurity); and

� Stronger partnerships among growers, indus-
try, and government.
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Chapter 2

Agroecology: Implications for Plant Response
to Climate Change
Jerry L. Hatfield and John H. Prueger

Introduction

Agricultural ecosystems capture the raw materi-
als of light, water, carbon dioxide (CO2), and nu-
trients and convert these into diverse plant prod-
ucts, e.g., carbohydrates, proteins, and starch. In
plants, the overall process is driven by solar ra-
diation and the chemical transformation process
of photosynthesis. However, the changing cli-
mate, affecting water availability, temperature,
and CO2, will affect plant growth processes and
ultimately affect the ability of plants to efficiently
produce the protein, starch, and other plant prod-
ucts that the human race requires as food. It is
important to understand the effect that climate
will have on individual plants and plant commu-
nities as part of agroecosystems. Atmospheric
concentrations of CO2 have increased to lev-
els that have never been experienced by mod-
ern agriculture, and currently, the atmospheric
concentration is 380 ppm and rising almost
2 ppm per year. Worldwide temperature and pre-
cipitation patterns as projected by the Intergov-
ernmental Panel on Climate Change (IPCC) in
their latest report suggest that a rise in temper-
ature of 0.8–1◦C over the next 30–50 years is
possible with more variation in the precipitation
amounts around the world (IPCC 2007). Pre-

cipitation is expected to become more variable
around the world with an increase in the inter-
annual variation in the number and intensity of
storms. Within the United States, Tebaldi et al.
(2006) show a warming trend of 1.5–2◦C over
the next 100 years for most of the United States
and a slight increase in precipitation over most
of the United States. They project an increase in
the number of heatwave days in which the tem-
perature will be higher than the climatic normals
by 5◦C and an increase in warm nights, defined
as occurring when the minimum temperature is
above the 90th percentile of the climatological
distribution for the day (Tebaldi et al. 2006).
Coupled with these changes is the decrease in the
number of frost days by 10% in the eastern half of
the United States and an increase in the length of
the growing season by over 10 days. The increase
in extreme temperature events, warm nights, and
more variable precipitation will impact agricul-
tural systems. Warmer winters will affect peren-
nial crops and weeds, and also expand the poten-
tial habitable range of some insects and disease
pests. Although there is uncertainty about the
absolute magnitude of the changes over the next
50 years, there is general agreement that CO2 lev-
els will increase to near 450 ppm, temperatures
will increase by 0.8–1.0◦C, and precipitation will
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become more variable as defined in the IPCC
AR4 analysis (IPCC 2007). It is also critical to
point out that these changes in climate are not
uniform across regions, and the trends for North
America show distinct regional differences in
temperature and precipitation patterns (Hatfield,
this book). The implications of climate change
on agriculture are illustrated in a recent study by
Ortiz et al. (2008) in which they predicted the
potential impact on wheat production in India
if the temperature increased 0.8◦C over the next
50 years. The impacts on the production poten-
tial would be large and would drastically alter the
ability of India to produce a sufficient food sup-
ply for its population. Changes in temperature
have caused longer growing seasons and directly
impacted phenological phases at high latitudes
(Schwartz et al. 2006; Wolfe et al. 2005). These
examples demonstrate the need to continue to
understand the potential impacts of climate vari-
ation on agroecosystems in order to ensure an
adequate food supply for the world. The changes
that are occurring in the climate and their impacts
on agriculture warrant discussion about how to
understand the impacts of temperature, CO2, and
precipitation on agroecosystems in order to as-
semble the information needed to develop adap-
tive strategies that can provide a reliable food
supply. In this chapter, we will detail the potential
physical and physiological impacts of changes in
climate on agroecosystems.

Energy balance

Changes in climate will affect the energy balance
of leaves and canopies. One of the easier ways
to examine these impacts is through the transpi-
ration rates of leaves or the evapotranspiration
(ET) rates of canopies. For an individual leaf, the
transpiration rate is governed by the net radiation
balance of the leaf, the water supply to the leaf,
the leaf shape, which affects the rate of water
vapor movement to the atmosphere or the water
vapor conductance in response to wind speed,
and the leaf conductance, which determines how
the stomata are responding to the water potential

of the leaf and the light regime. This is more
easily described by the following equation:

St (1 − αl) + Ld − εσ T 4
a

= ρC p(Tl − Ta)

ra
+ ρC p

γ ∗
(eo − ea)

rS + ra
, (2.1)

where St is the incoming solar radiation (W m−2),
αl is the albedo of the leaf, Ld is the incoming
longwave radiation (W m−2), εσT4 is the long-
wave radiation emitted by the leaf at the leaf
temperature (Tl), ρ is the density of air (kg m−3),
Cp is the specific heat of air (J kg−1 K−1), Tl is
leaf temperature (◦C), Ta is the air temperature
(◦C), ra is the aerodynamic conductance to heat
transfer (s m−1), γ ∗ is the psychrometric constant
(kPa ◦C−1), eo is the saturation vapor pressure at
Tl (kPa), ea is the actual vapor pressure of the air
(kPa), and rs is the stomatal conductance (s m−1).

Leaf level feedback

One way to understand the impacts of a changing
climate on the energy balance of a leaf is through
the energy flows shown in Fig. 2.1. To fully ap-
preciate the impacts of a changing climate, it
is necessary to realize that a small change in
temperature affects many of the variables in Eq.
(2.1). Increasing temperature of the atmosphere
will directly affect the incoming longwave ra-
diation, which will add to the heat load on a
leaf and also change the saturation vapor pres-
sure of the atmosphere leading to an increase in
the actual vapor pressure deficit. Both of these
parameters will increase the rate of water va-
por loss to the atmosphere and increase wa-
ter use by the leaf because of an increase in
the evaporative demand. This type of a large
leaf or big leaf model for a plant is a simplis-
tic representation of the dynamics of leaf wa-
ter use response to increasing temperatures and
the effect of elevated CO2 concentrations on the
stomatal conductance values for different leaves.
However, increase in CO2 concentrations leads
to a decrease in stomatal conductance, which
in turn reduces water loss from the leaf and
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Energy balance of a leaf

Air temperature

Vapor pressure

Water-use rate

Leaf-air temperature

Leaf temperature

Water-use rate

Stomatal conductance

Atmospheric CO2

Fig. 2.1. Schematic of the energy balance of a leaf and the feedback
caused by changing climate.

increases leaf temperature. This decreases the
gradient of leaf—air temperature, which is feed-
back that reduces water use by the leaf. There
are interacting effects in the climate variables in
which a change in temperature alone would in-
crease water use by the leaf, while the single ef-
fect of increasing CO2 would decrease water use
rates by leaves (Fig. 2.1). The combined effect
has offsetting factors, and the actual amount of
water use will remain dependent upon the water
supply to the leaf, which will be governed by the
precipitation or irrigation amounts. Changing the
temperature and CO2 values in the atmosphere
will have significant impacts on the water status

of the leaf and, therefore, on the physiological
processes that are dependent upon temperature.

Canopy level feedback

A more realistic representation of the energy bal-
ance would be to change Eq. (2.1) to represent
a plant canopy in which the form of equation
remains the same with nomenclature changed so
as to depict a canopy level rather than a leaf level
response by modifying the terms in Eq. (2.1)
to represent a canopy as a collection of leaves
and stems rather than a single leaf. Diagrammat-
ically, this can be expressed as shown in Fig. 2.2.

Canopy energy balance and feedbacks

+

+

+

+

–

–

Tc

Ta
Ta

TsTs

ea

ea

Tc

Canopy
volume

Canopy
volume

Canopy water use – Canopy water use +

Soil
Dry soil Wet soil

Canopy
volume

Fig. 2.2. Schematic of energy balance feedback in canopy water use and canopy
temperature with a dry and wet soil surface.
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When we move from the leaf to canopy level, the
additional effect caused by the soil surface will
provide feedback to the canopy. In row crop agri-
culture, where the canopy can be treated as an
expanding volume over the course of the grow-
ing season, the interactions between the soil sur-
face and plant canopy vary with the microcli-
matic variables, e.g., temperature, wind speed,
vapor pressure, and the additional variable of
soil surface wetness. When the canopy is small,
the water use rate is governed by the soil sur-
face wetness because, if the soil surface is dry,
then there is little soil water evaporation and the
solar radiation that reaches the soil surface goes
to heating the air and increasing the vapor pres-
sure deficit (VPD), which in turn increases the
water use rate of the crop. This leads to warmer
plant temperatures and a more rapid rate of plant
development and water use. Plants subjected to
these conditions will be subjected to a greater
chance of water stress, which limits their growth
rate. The result is a warmer canopy that offsets
any positive feedback from the role that CO2 has
on stomatal conductance. Conversely, a wet soil
surface increases the vapor pressure of the air
surrounding the canopy, which lowers the evap-
orative demand and reduces the water use by
the canopy (Fig. 2.2) with the net result being
a negative impact on canopy water use and also
canopy temperatures. As the canopy develops
and completely covers the soil surface so that
energy balance is not dominated by processes at
the soil surface, the feedback is typical of what
is shown in Fig. 2.1 for a leaf.

When we extend from a single leaf to the
canopy, then the multiple layers of leaves re-
quire the consideration of both the soil and plant
canopy as sources of water for the evaporation
process, which creates an expansion of the con-
ductance terms to include the multiple layers of
the canopy. There are interactions among the pa-
rameters within both Eqs (2.1) and (2.2). For ex-
ample, Lhomme and Monteny (2000) described
the theoretical relationship between stomatal
conductance (rs) and surface temperatures (Tc),
and found that rs was very sensitive to foliage

temperatures, while errors in leaf area that would
be related to the fraction of sunlit leaves were
less sensitive. Using theoretical approaches to
estimate the impact of climatic changes on the
energy balance of crops will have to account
for the interrelationships of key parameters that
govern the amount and rate of energy exchanges.
The largest change between the energy balance
for a leaf and a canopy is the temporal dynamics
of canopy development. This causes the canopy
albedo to change because the soil has differ-
ent reflectance compared to leaves and also be-
cause of the exposure of the soil surface to solar
and longwave radiation. Likewise, an increase
in air temperature will directly affect evapora-
tion rates from soil surface and plant canopies.
At the canopy level, there is a separation of the
evaporation from the soil surface and the plant
canopy. These relationships between soil water
evaporation (E) and plant transpiration (T) as
part of the canopy evapotranspiration (ET) have
been described by Ritchie (1971). He found that
soil water evaporation is affected by soil wa-
ter content of the surface and degree of plant
cover on the surface. The interactions between
the soil surface and plant canopies have been
described in a series of papers by Ritchie and
Burnett (1971), Ritchie et al. (1972), and Ritchie
and Jordan (1972). These papers provide the
foundation for many of the simulation models
on the response of plants to soil water and parti-
tioning of evaporation and transpiration. Climate
change will increase the combined evaporation
of water from soils and plants throughout the
year. As we begin to evaluate the agroecologi-
cal dynamics in response to climate change, it is
impossible to assess the impact of changing tem-
perature in isolation from the changes in CO2 and
precipitation because of the interactions on the
dynamics of plant water use.

Changing CO2 concentrations
on plant growth

Increase in CO2 concentrations on plant growth
begins with the process of photosynthesis.
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Most plants fix CO2 with the C3 photosynthetic
pathway using ribulose-1,5-biphosphate car-
boxylase (rubisco) as the primary enzyme. Plants
using C3 pathways include wheat (Triticum aes-
tivum), rice (Oryza sativa L.), soybean (Glycine
max), sunflower (Helianthus annuus), cotton
(Gossypium hirsutum), and potato (Solanum
tuberosum). The process of photorespiration
(oxygenation) releases CO2 back to the atmo-
sphere when rubisco reacts with O2; however,
rising atmospheric CO2 levels cause the carboxy-
lation process of rubisco to increase, while the
oxygenation process is suppressed. Moore et al.
(1999) reported that photosynthetic acclimation
to increased CO2 occurred because plants ex-
posed to long-term elevated CO2 levels did not
continue to exhibit the enhanced impacts on the
photosynthetic rates. These observations would
suggest that exposure to the high levels projected
in climate change may not produce the same de-
gree of response when plants are continually ex-
posed to high concentrations.

There is another photosynthetic pathway that
has to be addressed in any discussion of chang-
ing CO2 concentrations, and that is the C4 path-
way in which CO2 is concentrated within the
cell to concentrations that saturate photosynthe-
sis and in doing so render the photorespiration
rate to a near zero value. Plants in this cate-
gory are maize (Zea mays), sorghum (Sorghum
bicolor), and sugarcane (Saccharum offici-
narum). Since these plants have an internal
mechanism that concentrates CO2 internally,
there is a small physiological response to increas-
ing CO2 concentrations. Although the number of
C4 species is small compared to the C3 species,
they are valuable crops on a worldwide basis in
terms of productivity.

Plant responses to increasing CO2 are through
the increase in assimilation rates and a decrease
in stomatal conductance to water vapor (rs in
Eq. (2.1)), which reduces the leaf transpiration
rate. These responses are observed when there
is adequate water available for transpiration.
The increase in assimilation rates and reduced
leaf transpiration, which leads to increased leaf

temperature, induce conditions for enhanced
growth rates of plants. The increase in leaf tem-
perature that can be determined through an anal-
ysis of Eq. (2.1) for the leaf scale shows the
degree of feedback that can occur in plants
(Fig. 2.1). Ghannoum et al. (2001) observed in
C4 plants that there was a positive response of
photosynthetic rates to increased Tl. Increasing
CO2 concentrations lead to partial stomatal clo-
sure, which in turn decreases conductance to
loss of water vapor from leaves to the atmo-
sphere. Chamber-based studies by Kimball and
Idso (1983) have reported that elevated CO2, on
average a doubling of CO2, decreases stomatal
conductance about 34%. Morison (1987) calcu-
lated an average decrease of about 40% with
no difference between C3 and C4 species. In a
meta-analysis on observations reported for wild
C3 and C4 grass species, with no stresses, el-
evated CO2 decreased stomatal conductance by
39% and 29% for C3 and C4 species, respectively
(Wand et al. 1999). Ainsworth et al. (2002) found
an average decrease of about 40% in stomatal
conductance for soybean across a wide range of
CO2 concentrations, with the decrease attributed
to a CO2 doubling of about 30%. Ainsworth and
Long (2005) evaluated a range of data generated
by free-air CO2 enrichment (FACE) experi-
ments for which the daytime CO2 concentra-
tions of 550–600 ppm generated an average de-
crease in stomatal conductance of 20%. They
did not find any significant difference between
C3 and C4 species, similar to the results of
Wand et al. (1999). Cousins et al. (2001) ob-
served that young sorghum leaves exposed to el-
evated CO2 exhibited increased photosynthetic
rates because of decreased photorespiration and
enhanced energy-use efficiency. They suggested
that this response was due to decreased CO2

leakage from the bundle sheath cells. Wall et al.
(2001), also working on sorghum in FACE exper-
iments, observed that elevated CO2 concentra-
tions to 200 μmol mol−1 above ambient reduced
the stomatal conductance by 0.17 mol (H2O)
m−2 s−1 with an increase in the assimilation rate
by 4.77 μmol (CO2) m−2 s−1 and with a greater
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increase in the dry treatments compared to the
wet treatments. Thus, improved plant water sta-
tus in the sorghum plants has a positive effect on
the carbon gain in C4 plants.

Temperature interactions
with CO2 levels

Temperature optimums for C3 plants are lower
than that for C4 plants and have optimum
temperature in the 10–25◦C range, while C4

plants have more efficient responses in the
20–35◦C range. As the temperature increases,
there is an increase in growth of C3 plants to
elevated CO2 levels (Kimball et al. 1993; Ziska
1998). Long (1991) showed that the temperature
optimum in C3 plants increased with increasing
CO2 and concluded that this would increase the
spatial and temporal range for C3 plants because
of the increased temperature range. This is not
to imply that there would be an increase in grain
yield in C3 crops with increased CO2 because
of the effect of the higher temperatures on the
developmental rate of the crops. Amthor (2001)
and Polley (2002) suggested that the increase in
temperatures would offset the positive benefits
of increasing CO2. A complicating factor in the
temperature and CO2 response is when plants are
subjected to some degree of water stress due to
lack of precipitation. Niklaus and Korner (2004)
summarized the results from a 6-year study on
grasslands and concluded that the enhanced
growth response to CO2 is maintained under
less-than-favorable water conditions. This can be
attributed to the effect of increased CO2 on
increasing the stomatal conductance, which
leads to decreased water use and allows for
conservation of limited soil water. Arnone et al.
(2008) observed that net ecosystem exchange
(NEE) in native plant communities to anoma-
lously warm years was suppressed the next year.
They suggested that the increased frequency
of warm years projected with climate change
might lead to a sustained decrease in CO2 uptake
in terrestrial ecosystems and a reduced NEE.
Amthor (2001) suggested that the enhanced
growth response did not lead to increased grain

yield in C3 crops. The combined effect of these
observations reveals that although increasing
CO2 causes a positive response in terms of
photosynthesis and stomatal conductance, these
are offset by temperature effects on plant growth
and these effects may be evident across seasons
in perennial crops.

Field responses to CO2 compared
to controlled-environment studies

Experiments on plant response to elevated CO2

may not be representative of actual field condi-
tions in pasture species. Thornley and Cannell
(1997) suggested that elevated CO2 and temper-
ature experiments to determine these effects on
photosynthesis and other ecosystem processes
were limited in their usefulness. They reasoned
that laboratory or field experiments incorporat-
ing sudden changes in temperature or elevated
CO2 were short term in nature and rarely pro-
duced quantitative changes in NPP, ecosystem
C, or other ecosystem properties connected to
long-term responses to gradual climate change.
The second reason which is a part of the grazing
complex is that these studies do not incorporate
grazing as a component in these experiments, and
this prevents the effects of grazing on ecosystem
properties such as net primary productivity
(NPP), leaf area index (LAI), belowground pro-
cesses, and ecosystem C from thoroughly being
evaluated. Thornley and Cannell (1997) used
their Hurley Pasture model to simulate ecosys-
tem responses of ungrazed and grazed pastures
to increasing trends in CO2 concentrations and
temperature, with these studies producing three
results: (1) rising CO2 induces a carbon sink,
(2) rising temperatures produce a carbon source,
and (3) a combination of the two effects is likely
to generate a carbon sink for several decades (5–
15 g C m−2 yr−1). After modeling the dynamics
of mineral N availability in grazed pastures un-
der elevated CO2, Thornley and Cannell (2000)
concluded that the role of the mineral N pool and
its turnover rate was to slowly increase C content
in plants and soils, and they stressed the impor-
tance of understanding the impact of elevated
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CO2 on the nutrient dynamics in both plants
and soils.

CO2–nutrient interactions

Native grass ecosystems

Examination of the interactions between cli-
mate change and plant nutrition may be best
understood by first examining the interactions
in rangelands and pasturelands. In these ecosys-
tems, plant growth is often limited by nitrogen.
Terrestrial N occurs in organic forms that are not
readily available to plants, and the guiding prin-
ciple in how rangeland will respond to global
changes will depend on the rate of N cycling
between organic and inorganic N compounds.
Soil fauna and micro flora decompose plant ma-
terial that falls to the soil surface or roots or root
exudates and the decomposed material will be-
come part of the soil organic matter (SOM) pool.
During SOM decomposition, mineral and other
plant-available forms of N will be released. The
regulation of the rate of N-release is through sev-
eral plant and environmental variables, which in
turn are affected by climate change and CO2 en-
richment. Increasing temperatures increases the
rate of SOM decomposition with even greater
effects in colder regions where small increases
in temperature can have dramatic effects on de-
composition and other soil processes (Reich et al.
2006b; Rustad et al. 2001). Increased warming
will interact with soil water by causing an in-
creased rate of soil water evaporation, which may
limit microbial activity (Wan et al. 2005). The
extension of the growing season due to warming
can affect decomposition processes (Wan et al.
2005). As soil water becomes limiting, an inter-
action between soil water and temperature will
arise and decomposition will become more de-
pendent on soil water content and less on tem-
perature (Epstein et al. 2002; Wan et al. 2005).
Lower soil water contents will lead to reduced
decomposition rates.

Luo et al. (2004) showed that the progres-
sive nitrogen limitation (PNL) hypothesis linked
to CO2 enrichment reduced plant-available N by
increasing plant demand for N and enhancing the

sequestration of N in long-lived plant biomass
and SOM pools. The greater plant demand for
N is caused by effects of elevated CO2 on plant
growth. The continual accumulation of N in or-
ganic compounds may eventually reduce soil
N availability and limit plant growth response
(Reich et al. 2006, 2006b; van Groenigen et al.
2006; Parton et al. 2007). On the other hand,
increased C input may stimulate N accumula-
tion and may be linked to a number of pro-
cesses, including increased biological fixation
of N, greater retention of atmospheric N de-
position, reduced losses of N in gaseous or
liquid forms, and more complete exploration
of soil by expanded root systems (Luo et al.
2006). N concentration of leaves or aboveground
tissues declined on shortgrass steppe, tallgrass
prairie, and mesic grassland at elevated CO2 and
on tallgrass prairie with warming, but total N
content of aboveground tissues increased with
plant biomass in these ecosystems and on annual
grasslands (Owensby et al. 1993; Hungate et al.
1997; King et al. 2004; Wan et al. 2005; Gill
et al. 2006). The degree to which N responds to
increasing atmospheric CO2 is not welldefined
and varies among ecosystems (Luo et al. 2006).
The interactions for forage quality and soil C
storage will have to be better defined to under-
stand what may happen in agroecosystems.

Cultivated agroecosystems

In cultivated agroecosystems, interactions of el-
evated CO2 and N are as equally complex as
in native species. Ghannoum et al. (2007) sum-
marized the effect of climate change on nutri-
ent status in crops. They found the critical N
concentration for adequate growth was reduced
for a number of species with increasing CO2

concentrations. They suggested that one of the
critical questions was whether increasing CO2

concentrations affected the nutrient concentra-
tion in plants and would define the point at which
plant organs stopped accumulating mass. Poorter
and Navas (2003) suggested that the amount of
N fertilizer required in C3 crops to achieve max-
imum productivity under increasing CO2 would
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not increase. This is due to the fact that the criti-
cal N concentration decreases in C3 species with
increasing CO2. However, in C4 plants, the N
required for maximum production may increase
because there is no evidence for a decrease in N
concentration with elevated CO2. Kimball et al.
(2001) observed an interaction between N sta-
tus in plants and grain quality in wheat. They
showed that low N reduced grain quality, which
was further exaggerated by high CO2 concen-
trations. An interesting observation in Australia
by Conroy and Hocking (1993) showed a steady
decline in grain protein from 1967 to 1990. Al-
though they suggested that not all of this change
could be specifically linked to rising CO2, CO2

increases might have been a contributing factor
to this decline. These observations would suggest
that nutrient status in plants would interact with
changing CO2 concentrations and there is no spe-
cific or general statement that can be made about
the impacts of rising CO2 on N requirements
in crops. Erbs et al. (2010) completed a study
on CO2 enrichment and nitrogen management
on grain quality in wheat and barley (Hordeum
vulgare L.) and found that increasing CO2 to
550 ppm with adequate and half of the nitro-
gen required affected crude protein, starch, total
and soluble β-amylase, and single kernel hardi-
ness. They observed that increasing CO2 reduced
crude protein by 4–13% in wheat and 11–13% in
barley but increased starch by 4% when reduced
nitrogen fertilizer was applied. They concluded
that flour from cereal grown under elevated CO2

and low nitrogen fertilization would have dimin-
ished nutritional and processing quality. This re-
cent study highlights the need to increase our
understanding of these interactions because they
are not well defined in managed ecosystems, and
understanding these interactions would provide
insights into the interactions of genetic by man-
agement interactions. In cultivated systems, it is
apparent that greater attention will have to be
given to N management in cultivated crops with
climate change in order to increase production
efficiency and to maintain both yields and pro-
tein concentration in grains.

Water-use efficiency

CO2 impacts on water-use efficiency

One of the responses to elevated CO2 is an
increase in water-use efficiency (WUE). This
has been summarized as one of the positive
impacts of increasing CO2 concentrations. In-
creasing WUE would be advantageous in plant
communities because of the increased variabil-
ity of rainfall during the growing season. The
effect of increasing CO2 causes an increase in
growth, which creates more leaf area with a re-
duced stomatal conductance and thus increasing
WUE. As part of the efforts to describe the inter-
actions of plant growth, CO2, and temperature,
there have been a series of mathematical rela-
tionships developed that can be used as part of
simulation models. A couple of different rela-
tionships are described that address WUE from
a physiological (Eq. (2.2)) and energy balance
(Eq. (2.3)) standpoint. These relationships have
been described in some early research by Bier-
huizen and Slatyer (1965) in which they devel-
oped a physiological basis for WUE as follows:

Nc = (cCa/1.5)

[
LAI/ (rb + rs)D

+ (LAI − LAID) / (rb + rs)o

]
,

(2.2)

where c = 0.7 for corn, Ca is the CO2 concentra-
tion in the air, LAI is the leaf area index of the
canopy, rb is the boundary layer conductance
(s m−1), rs is the stomatal conductance (s m−1),
and the subscripts D and o represent leaves in
direct sunlight and leaves in shade, respectively.
Sinclair et al. (1976) used a similar form of a rela-
tionship to describe transpiration from a canopy
as follows:

Tc =
(ρε

P

)
⎡
⎢⎢⎣

LAID

(
e∗

D − e
)

(rb + rs)D

+ (LAI − LAID)

(
e∗

o − e
)

(rb + rs)o

⎤
⎥⎥⎦ ,

(2.3)

where ε is the ratio of the molecular weight
of water vapor to dry air, P is the atmospheric
pressure, e is the water vapor density in the air,
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and e∗ the saturation vapor pressure of the air.
This approach can be used to determine the rela-
tive contributions of different layers of the plant
canopy to the total transpiration or CO2 flux
(Sinclair et al. 1976). These equations have been
tested on a number of different canopies with
acceptable results in describing WUE. The ratio
of Nc/Tc can be utilized to examine the instan-
taneous WUE of plant canopies under a range
of management practices. With the development
of instrumentation to measure CO2 and H2O va-
por fluxes above plant canopies across a range
of conditions, the approach given through Eqs
(2.2) and (2.3) provides new insights into canopy
level processes. Utilizing this approach can eval-
uate the interrelationships of elevated CO2 on
WUE as a result of the changes in growth patterns
(LAI) and physiological responses (rs). Changes
in canopy LAI as a result of the enhanced CO2

response on the leaves will be a positive feed-
back, while increased temperatures will provide
a negative feedback. Since there is a positive im-
pact on vegetative growth leading to increase in
LAI and increasing temperature hastens pheno-
logical development, there should be an increase
in WUE during the vegetative period of growth.
Diagrammatically, these interactions and feed-
back between temperature and CO2 on WUE are
illustrated in Fig. 2.3. Enhancement of WUE is

Leaf growth
Leaf growth

WUE

WUE

Canopy water use

Canopy
conductance

Ta CO2

+
+

+

–

–

–

–

–

Fig. 2.3. Schematic diagram of the effects of temperature
and CO2 changes on WUE of canopies.

achieved by either reducing the water use with
no reduction in plant growth or by increasing
plant growth with no increase in water use by
the crop. The effect of increasing CO2 is most
detectable on decreasing stomatal conductance,
while increasing LAI with a net result of an in-
crease on WUE. Increasing temperature would
have a negative impact on WUE because of the
increased evaporative demand on the crop and
the additional water stress, which would feed
back to decreasing LAI.

Mechanisms of CO2 impacts

The mechanisms linked with water conservation
caused by elevated CO2 at the leaf scale (i.e.,
changes in stomatal conductance) were modified
by processes at the whole-plant and/or ecosys-
tem level. Field et al. (1995) summarized three
factors that influenced ET at the canopy scale
differently than the leaf scale. These are:

Air, leaf, and soil surface temperatures affect the water
vapor pressure deficit if the ambient air, the water va-
por pressure in the leaf intercellular space and above
soil and litter surface; stomatal aperture and density
combined with leaf area, affects the total area over
which saturated intercellular air is in contact with the
atmosphere; and canopy architecture affects the aero-
dynamic coupling of leaves and soils to the atmo-
sphere.

As a result of these factors, ET and soil wa-
ter use are generally less affected by high CO2

than at the leaf scale (Field et al. 1995). There
are limited observations of increases in ET at
elevated CO2, although not commonly observed
(Hui et al. 2001). There are compensatory ef-
fects of ET that create small to nonexistent re-
ductions that are related to increased foliage tem-
perature (from solving the energy balance) and
increased LAI associated with CO2 enrichment
(Allen et al. 2003). In a chamber study, Jones
et al. (1985) reported 12% reduction in season-
long transpiration and 51% increase in WUE
measured for canopies of soybean crops grown in
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ambient and doubled CO2. Foliage temperatures
measured in these chambers by infrared sensors
have typically been observed to increase 1–2◦C
(soybean), 1.5◦C (dry bean), and 2◦C (sorghum)
in response to doubled CO2 (Pan 1996; Prasad
et al 2002; Prasad et al. 2006a; 2006b). Soybean
foliage temperatures at doubled CO2 averaged
1.3◦C warmer at midday (Allen et al. 2003). An-
dre and du Cloux (1993) observed an 8% de-
crease in transpiration of wheat in response to
doubled CO2, which is very similar to the 5% re-
duction in ET of wheat observed for an increase
of 200 ppm CO2 in FACE studies (Hunsaker et al.
1997). Reddy et al. (2000), using chambers, ob-
served that cotton canopies had an 8% reduction
in transpiration with doubled CO2 averaged over
five temperature treatments, which is more than
the 4% reduction in seasonal water use of cot-
ton at ambient versus 650 vpm CO2 that Kimball
et al. (1983) found from lysimeter experiments
in Arizona. Bernacchi et al. (2007) observed an
average reduction in ET from soybean canopies
of 12% when grown at 550 compared to 375
ppm in FACE with the range over the three sea-
sons of 9–16%. This is similar to the 9% ET re-
duction Allen et al. (2003) observed in soybean
with doubling of CO2 in the sunlit, controlled-
environment chambers for a 28/18◦C treatment
(nearly the same mean temperature as the Illi-
nois site); however, they observed no reduction
in ET for a high temperature treatment 40/30◦C.
The extent of CO2-related reduction in ET ap-
pears to be dependent on temperature because of
the effect of air temperature on vapor pressure
deficit. Horie et al. (2000) reported a similar re-
sponse in rice, doubling CO2 lead to a 15% re-
duction in ET at 26◦C, but resulted in increased
ET at higher temperature (29.5◦C). At 24–26◦C,
rice WUE was increased by 50% with doubled
CO2, but the CO2 enrichment effect declined as
temperature increased. At higher temperature,
the CO2-induced reduction in stomatal conduc-
tance was less. Hunsaker et al. (2000) found that
ET decreased with increasing CO2 (200 μmol
mol−1 above ambient) with a difference in spring
wheat response caused by the N status of the

crop. In the high N treatment, the cumulative
seasonal ET average 3.8% less than the control
under high N and only 0.9 % less under low N.
This also affected the WUE with an average in-
crease of 21% in the high N plots and 9% for the
low N.

Sensitivity analysis of soybean stomatal con-
ductance in response to an increase in CO2 from
330 to 800 ppm showed that CO2 enrichment
would cause an increase in foliage temperature
of about 1◦C when air VPD was low, but an in-
crease of nearly 2.5◦C with a VPD of 1.5 and
4◦C with a VPD of 3 kPa (Allen, 1990). As
the VPD increased, foliage temperatures simu-
lated with this crop climate model (Allen, 1990)
exceeded those observed under larger VPD in
sunlit controlled-environment chambers (Prasad
et al. 2002; Allen et al. 2003; Prasad et al. 2006).
Allen et al. (2003) found that soybean canopies
decreased their stomatal conductance at progres-
sively larger VPD (associated with higher tem-
perature), such that foliage temperature did not
increase as much predicted by the crop climate
model. Concurrently, the anticipated reduction
in ET with CO2 doubling, while being 9% less
at cool temperature (28/18◦C), became progres-
sively less and was nonexistent (no difference) at
very high temperatures (40/30◦C and 44/34◦C).
In other words, the CO2-induced stomatal con-
ductance increase became less apparent as tem-
perature increased.

Water-deficit interactions with CO2

A comparison of Ohio and Florida conditions
were made with the CROPGRO-Soybean model
using hourly energy balance and feedback of
stomatal conductance on transpiration and leaf
temperature by Boote et al. (1997) using a ver-
sion developed by (Pickering et al. 1995), to
study simulated effects of 350 versus 700 ppm
CO2. They found that simulated transpiration
was reduced 11–16% for irrigated sites and
7% for a rainfed site in Florida, while the ET
was reduced in Ohio, 6–8% for irrigated sites
and 4% for the rainfed site. Simulated WUE
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was increased 53–61%, similar to the 50–60%
increase in soybean WUE found by Allen et al.
(2003) for doubling of CO2. The simulated re-
sults showed that smaller reduction in T and ET
for the rainfed site was associated with more ef-
fective prolonged use of the soil water, but also
gave a larger yield response (44%) for rainfed
crop than for irrigated (32%). The model sim-
ulated transpiration reductions (11–16%) were
similar to those measured (12%) by Jones et al.
(1985). Model simulations also produced 1◦C
higher foliage temperature at midday under
doubled CO2.

Water deficit conditions will further impact
the interactions of CO2 enrichment with water
supply and evaporative demand. Increases in
stomatal conductance with elevated CO2 will
create soil water conservation and potentially
less plant water stress, especially in crops grown
with periodic soil water deficit or under high
evaporative demand. Reduction in water stress
and the concurrent effects on photosynthesis,
growth, and yield has been documented for
wheat (Kimball et al. 1995; Wall et al. 2006) and
sorghum (Ottman et al. 2001; Wall et al. 2001;
Triggs et al. 2004). At the Arizona FACE site,
sorghum showed significant CO2-induced en-
hancement of biomass and grain yield for water
deficit treatments, but no significant enhance-
ment for sorghum grown with full irrigation
(Ottman et al. 2001). In the sorghum FACE stud-
ies, stomatal conductance was reduced 32–37%
(Wall et al. 2001), while ET was reduced 13%
(Triggs et al. 2004). An earlier observation from
the Arizona FACE experiments was reported
by Pinter et al. (2000) in which they found that
the blowers used to inject the CO2 into the area
had a significant impact on the microclimate
of the crop. In these studies on sorghum, the
nighttime air and foliage temperatures were
0.6–1.0◦C warmer than without the blowers.
The increase in temperatures caused a decrease
in the dew duration, a hastening of plant
development, and earlier senescence of the crop.
Conley et al. (2001) observed that increasing the
CO2 concentration to 200 μmol mol−1 above

ambient levels of 370 μmol mol−1 reduced the
water requirements in sorghum. In irrigated
sorghum, the cumulative ET was reduced by
10% and in drought-stressed sorghum ET was
reduced by 4%; however, WUE for grain was
increased by 9% in the irrigated and 19% in
the drought-stressed plots. They concluded that
increased CO2 would reduce water requirements
provided that warming was minimal.

WUE in crops is changed by amount of wa-
ter that is transpired by the crop. Gregory et al.
(2000) showed that only a small fraction of total
water was available for crop production through
transpiration, which resulted in a low WUE. The
impact of reducing E is greatest on clayey soils
with frequent rainfall events and low evapora-
tive demand and least on sandy soils with in-
frequent rainfall and high evaporative demand.
They pointed out, however, that decreases in E
to maximize T would lead to increased VPD
in canopies, which would increase T and lower
WUE. The balance among the different parame-
ters is complex and at the canopy level that need
to be understood to guide future management
decisions. Hatfield et al. (2001) evaluated the ef-
fects of soil management practices on WUE and
showed there were available practices that would
lead to increased WUE; however, in rainfed
crops, productivity is primarily limited by soil
water availability. A recent comparison of soy-
bean and grain sorghum in two different tillage
systems, Prior et al. (2010) found elevated CO2

increased photosynthetic rate in soybean more
than grain sorghum and increased WUE in both
crops. Comparison of the C3 crop (soybean) with
the C4 crop (sorghum) in this study provides
an indication of the differences among species
and in this study the enhancement of WUE was
greater in the soybean under conditions of in-
creased CO2. In this study, there was no interac-
tion between tillage system and CO2 response.

Climate impacts on crop yields

There are effects of elevated CO2 on seed
yield of crops. Bunce (2008) found a significant
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variety by CO2 concentration interaction in bean
(Phaseolus vulgaris) in which the highest yield-
ing variety under elevated CO2 was not the high-
est yielding variety under ambient conditions.
He observed that the major response to elevated
CO2 was an increase in the number of pods that
led to the increase in yield. He concluded that
variation in the response of pod and seed num-
ber might be more important than photosynthetic
of stem biomass response (Bunce, 2008). Ud-
dling et al. (2008) concluded that the effects of
elevated CO2 and irrigation on grain production
and biomass partitioning in wheat were modified
by the source–sink balance of the plant. They
had observed sink limitation was the major con-
straint on CO2-induced grain yield enhancement
of spring wheat. They suggested that efforts to
increase photosynthetic rates before and after an-
thesis as a method to increase grain yield in wheat
under conditions of elevated CO2 might not pro-
duce the desired results unless source strength
was considered as well (Uddling et al. 2008). In
a recent study from Australia on wheat, Luo et al.
(2009) used the APSIM-Wheat model to evalu-
ate different adaptation strategies that included
rainfall and N management. They found nega-
tive impacts on grain yield were predicted for
high (−15%) and low (−10%) plant-available
water capacity and these effects were not off-
set by changes in N application rates or cul-
tivar selection. The most effective adaptation
strategy was early sowing to take advantage of
increased soil water early in the growing sea-
son. Wang et al. (1992) has earlier used simula-
tion models to assess climate change impacts on
wheat productivity and found that increasing the
CO2 concentrations to 700 ppm would increase
yields by 28–43%; however, the simultaneous
increases in temperature of 3◦C would decrease
yields by 25–60% using the current cultivars.
They did not consider changes in the rainfall pat-
terns in their study; however, changes in rainfall
may favor earlier maturing cultivars compared to
late maturity cultivars (Luo et al. 2009). Xiong
et al. (2010) explored different scenarios of wa-
ter availability for agriculture in China and found

future cereal irrigation demand was sensitive
to the characteristics of daily precipitation and
overall results suggested that there would be
insufficient water for agricultural purposes in
China. Water stress may become more of a ma-
jor climate factor determining crop response to
climate in the coming decades. These findings
are similar to those reported by Hlavinka et al.
(2009), who found that drought was one of the
major causes of interannual yield variability of
crops grown in the Czech Republic. Xiao et al.
(2009) observed from the 1981–2005 that there
were increased wheat yields at both high and
low altitudes with the increase in temperature
and precipitation and that further projections of
warmer temperatures and rainfall the yield in-
creases would be 3.1% at the low altitudes and
4.0% at the high altitudes. The interactions of
temperature and precipitation in specific regions
of the world will mediate the responses observed
in grain yields of crops.

There have been trends in the water require-
ments of crops. Supit et al. (2010) observed
that the water requirements for wheat showed a
downward trend in the period from 1976 to 2005.
This was attributed to a shorter growing season
that was induced by higher temperatures in the
spring. The downward trend could also be asso-
ciated with a lower evaporative demand in winter
and spring caused by a diminished global radia-
tion (St) values. They found that only a number of
regions showed an upward trend. For sugar beets
(Beta vulgaris), they found a downward trend in
water requirements caused by a lower evapora-
tive demand related to reduced solar radiation
in summer and autumn for the Mediterranean
regions of France and Spain. The areas with the
upward trends in water use were related to higher
temperatures in summer and autumn (Supit et al.
2010). Haim et al. (2008) found that wheat and
cotton yields in Israel were sensitive to rainfall
in dryland regions. They observed that there was
a decrease in yields of both crops under climate
change scenarios. Yang et al. (2008) observed
that shifts in climate had occurred in Northwest
China and over the last 40 years the northwestern



P1: SFK/UKS P2: SFK Color: 1C

BLBS082-02 BLBS082-Yadav July 12, 2011 12:44 Trim: 246mm X 189mm

AGROECOLOGY: IMPLICATIONS FOR PLANT RESPONSE TO CLIMATE CHANGE 39

area shifted to a warm-wet pattern from a warm-
dry pattern; however, there was a pattern of
increasing aridity in the rest of Northwest China.
Shifts in rainfall patterns with climate change
will have significant impacts on crop growth and
yield in all agricultural areas, and these effects
may offset the positive impacts induced by in-
creasing CO2 concentrations.

In India, Pathak and Wassmann (2009)
observed that there was no trend in rainfall
patterns over the last three decades; however,
minimum and maximum temperatures showed
an increasing trend of 0.06◦C yr−1 and 0.03◦C
yr−1, respectively, in Ludhiana. In their analysis,
they used years with moderate rainfall as the
baseline yields, and in years with scarce rainfall
wheat yields were only 34% of the baseline
yield but only 61% of baseline yield in years
with low rainfall. In years with high rainfall,
yields were 200% of the baseline yield in
Ludhiana but only 105% in Delhi. They found
that early sowing benefited yields in all rainfall
conditions. Grassini et al. (2009) observed that
yield followed the longitudinal gradient caused
by seasonal rainfall and evaporative demand.
These gradients were induced by the water-stress
patterns during the growing season in which
rainfed crops grown in the Western Corn-Belt
were frequently subjected to transient and un-
avoidable water stress around the silking period.
It was also observed that adequate water at
planting helped offset, but did not eliminate, the
water-stress periods. These effects could be ex-
aggerated with further increases in temperature
that would increase the evaporative demand on
the crop and increase the longitudinal gradient in
yield. A similar study on wheat in India by Ortiz
et al. (2008) showed that increased temperatures
would reduce productivity in areas that were al-
ready within the optimal range. They suggested
that one of the positive agricultural practices
would be to adopt conservation agriculture that
would lead to increased soil water supply for the
crop and also reducing the soil water evaporation
rate to increase the amount available for crop
transpiration.

Implications for agroecology

The interacting factors of temperature, CO2, and
rainfall patterns within the growing season will
affect plant growth in many different ways. In-
creasing temperature will hasten plant develop-
ment and when coupled with rising CO2 will
lead to smaller plants with moderate increases
in plant mass. The interaction of these param-
eters is complex, and it becomes further com-
plicated by rainfall patterns during the growing
season. Water is a dominant factor that will over-
ride the positive impacts of CO2 increases and
further diminish plant growth and yield when
coupled with temperature stresses. The implica-
tions for agroecology are multifaceted because of
these interactions. These can be summarized as
follows:

1. Increasing CO2 will lead to positive effects
on plant growth with more positive impacts
on C3 than on C4 plants. The enhanced re-
sponses for C3 plants are attributed to com-
petitive inhibition of photorespiration and the
internal CO2 concentrations being less than
Michaelis–Menten constant of ribulose bis-
phosphate carboxylate/oxygenase (Amthor
and Loomis, 1996). These effects are more
evident on plant growth than on grain yields.

2. Increasing temperatures will lead to a faster
rate of development in plants that is consis-
tent across species. The difference between
C3 and C4 plants is not as evident in temper-
ature response compared to the CO2 effect.

3. Increasing temperatures will increase the wa-
ter use rate of crops because of the effect of
air temperature on VPD.

4. Increasing CO2 will increase the stomatal
conductance, which leads to an increase in
WUE of crops because there is an increased
growth relative to the transpiration rate. These
effects are not consistent among species with
the final response dependent upon the soil
water status.

5. There are interactions between CO2 and N
management at the canopy level and there is
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a generally positive impact of elevated CO2

on N response.

As we progress into the future, there will
have to be a concerted effort to blend genetic
responses with management responses in order
to ensure that there is maximum grain supply
for the world’s increasing populations. The cur-
rent literature does not provide a clear consensus
on how these interactions affect grain yield. Our
challenge will be to determine how to quantify
the responses to climate factors across a range of
genetic material and agronomic practices.

References

Ainsworth EA and Long SP (2005) What have we learned
from 15 years of free-air CO2 enrichment (FACE)? A
meta-analytic review of the responses of photosynthesis,
canopy properties and plant production to rising CO2.
New Phytologist 165: 351–372.

Ainsworth EA, Davey PA, Bernacchi CJ et al. (2002) A meta-
analysis of elevated [CO2] effects on soybean (Glycine
max) physiology, growth and yield. Global Change Biol-
ogy 8: 695–709.

Allen LH Jr (1990) Plant responses to rising carbon dioxide
and potential interactions with air pollutants. Journal of
Environment Quality 19: 15–34.

Allen LH Jr, Pan D, Boote KJ et al. (2003) Carbon diox-
ide and temperature effects on evapotranspiration and
water-use efficiency of soybean. Agronomy Journal 95:
1071–1081.

Amthor JS (2001) Effects of atmospheric CO2 concentrations
on wheat yield: Review of results from experiments using
various approaches to control CO2 concentrations. Field
Crops Researchs 73: 1–34.

Amthor JS, Loomis RS (1996) Integrating knowledge of crop
responses to elevated CO2 and temperature with mech-
anistic simulation models: Model components and re-
search needs. In: GW Koch and HA Mooney (eds) Carbon
Dioxide and Terrestrial Systems, pp. 317–346. Academic
Press, San Diego, CA.

Andre M, du Cloux H (1993) Interaction of CO2 enrichment
and water limitations on photosynthesis and water use
efficiency in wheat. Plant Physiology and Biochemistry
31: 103–112.

Arnone JA III, Verburg PSJ, Johnson DW et al. (2008) Pro-
longed suppression of ecosystem carbon dioxide uptake
after an anomalously warm year. Nature 455: 383–386.

Bernacchi CJ, Kimball BA, Quarles DR et al. (2007) De-
creases in stomatal conductance of soybean under open-
air elevation of CO2 are closely coupled with decreases

in ecosystem evapotranspiration. Plant Physiology 143:
134–144.

Bierhuizen JF, Slatyer RO (1965) Effects of atmospheric
concentration of water vapor and CO2 in determin-
ing transpiration-photosynthesis relationships of cot-
ton leaves. Agricultural and Forest Meteorology 2:
259–270.

Boote KJ, Pickering NB, Allen LH Jr (1997) Plant modeling:
Advances and gaps in our capability to project future crop
growth and yield in response to global climate change.
179–228. In: LH Allen Jr, MB Kirkham, DM Olszyk, and
CE Whitman (eds) Advances in Carbon Dioxide Effects
Research, ASA Special Publication No. 61, ASA-CSSA-
SSSA, Madison, WI.

Bunce JA (2008) Contrasting responses of seed yield to ele-
vated carbon dioxide under field conditions within Phase-
olus vulgaris. Agriculture, Ecosystems and Environment
128: 219–224.

Conley MM, Kimball BA, Brooks TJ et al. (2001) CO2 en-
richment increase water –use efficiency in sorghum. New
Phytologist 150: 407–412.

Conroy J, Hocking P (1993) Nitrogen nutrition of C-3 plants
at elevated atmospheric CO2 concentrations. Physiologia
Plantarum 89: 570–576.

Cousins AB, Adam NR, Wall GW et al. (2001) Reduced
photorespiration and increased energy-use efficiency in
young CO2-enriched sorghum leaves. New Phytologist
150: 275–284.

Epstein HE, Burke IC, Lauenroth WK (2002) Regional pat-
terns of decomposition and primary production rates in
the U.S. Great Plains. Ecology 83: 320–327.

Erbs M,. Manderscheid R, Jansen G et al. (2010) Effects of
free-air CO2 enrichment and nitrogen supply on grain
quality parameters of wheat and barley grown in a crop
rotation. Agriculture, Ecosystems and Environment 136:
59–68.

Field CB, Jackson RB, Mooney HA (1995) Stomatal re-
sponses to increased CO2: Implications from the plant
to the global scale. Plant, Cell and Environment 18:
1214–1225.

Ghannoum O, von Caemmerer S, Conroy JP (2001) Plant wa-
ter use efficiency of 17 Australian NAD-ME and NAPD-
ME C4 grasses and ambient and elevated CO2 partial
pressure. Functional Plant Biology 28: 1207–1217.

Ghannoum O, Searson MJ, Conroy JP (2007) Nutrient and
water demands of plants under global climate change. In:
PCD Newton, RA Carran, GR Edwards, and PA Niklaus
(eds) Agroecosystems in Changing Climate, pp. 53–83.
Taylor & Francis, New York, NY.

Gill RA, Anderson LJ, Polley HW et al. (2006) Potential
nitrogen constraints on soil carbon sequestration un-
der low and elevated atmospheric CO2. Ecology 87:
41–52.

Grassini P, Yang H, Cassman KG (2009) Limits to maize
productivity in Western Corn-Belt: A simulation analysis
for fully irrigated and rainfed conditions. Agricultural
and Forest Meteorology 149: 1254–1265.



P1: SFK/UKS P2: SFK Color: 1C

BLBS082-02 BLBS082-Yadav July 12, 2011 12:44 Trim: 246mm X 189mm

AGROECOLOGY: IMPLICATIONS FOR PLANT RESPONSE TO CLIMATE CHANGE 41

Gregory PJ, Simmonds LP, Pilbeam CJ (2000) Soil type,
climatic regime, and the response of water use ef-
ficiency to crop management. Agronomy Journal 92:
814–820.

Haim D, Shechter M, Berliner P (2008) Assessing the impact
of climate change on representative field crops in Israeli
agriculture: A case study of wheat and cotton. Climate
Change 86: 425–440.

Hatfield JL, Sauer TJ, Prueger JH (2001) Managing soils for
greater water use efficiency: a review. Agronomy Journal
93: 271–280.

Hlavinka P, Trnka M, Semeradova D et al. (2009) Effect
of drought on yield variability of key crops in Czech
Republic. Agricultural and Forest Meteorology 149:
431–442.

Horie T, Baker JT, Nakagawa H et al. (2000) Crop ecosys-
tem responses to climatic change: Rice. In: KR Reddy
and HF Hodges (eds) Climate Change and Global Crop
Productivity, Chapter 5, pp. 81–106. CAB International,
New York, NY.

Hui D, Luo Y, Cheng W et al. (2001) Canopy radiation-
and water-use efficiencies as affected by elevated CO2.
Global Change Biology 7: 75–91.

Hungate BA, Chapin III F S, Zhong H et al. (1997) Stimula-
tion of grassland nitrogen cycling under carbon dioxide
enrichment. Oecologia 109: 149–153.

Hunsaker D J, Kimball BA, Pinter PJ Jr et al. (1997) Soil wa-
ter balance and wheat evapotranspiration as affected by
elevated CO2 and variable soil nitrogen. In: Annual Re-
search Report 1997, pp. 67–70. U.S. Water Conservation
Laboratory, ASDA, ARS, Phoenix, AZ.

Hunsaker DJ, Kimball BA, Pinter P J Jr et al. (2000) CO2

enrichment and soil nitrogen effects on wheat evapo-
transpiration and water use efficiency. Agricultural and
Forrest Meteorology 104: 85–105.

IPCC (2007) In: Core Writing Team, RK Pachauri, and A
Reisinger (ed) Climate Change 2007: Synthesis Report.
Contribution of Working Groups I, II and III to the Fourth
Assessment Report of the Intergovernmental Panel on
Climate Change, p. 104, IPCC, Geneva.

Jones P, Jones JW, Allen LH Jr (1985) Seasonal carbon
and water balances of soybeans grown under stress treat-
ments in sunlit chambers. Transactions of the ASAE 28:
2021–2028.

Kimball BA, Idso SB (1983) Increasing atmospheric CO2:
effects on crop yield, water use, and climate. Agricultural
Water Management 7: 55–72.

Kimball BA, Mauney JR, Nakayama, FS, Idso SB (1993)
Effects of increasing atmospheric CO2 on vegetation.
Vegetation 104/105: 65–75.

Kimball BA, Pinter PJ, Garcia RL et al. (1995) Productivity
and water use of wheat under free-air CO2 enrichment.
Global Change Biology 1: 429–442.

Kimball BA, Morris CF, Pinter PJ Jr et al. (2001)
Wheat grain quality as affected by elevated CO2,
drought and soil nitrogen. New Phytologist 150: 295–
303.

King JY, Mosier AR, Morgan JA et al. (2004) Plant nitro-
gen dynamics in shortgrass steppe under elevated atmo-
spheric carbon dioxide. Ecosystems 7: 147–160.

Lhomme JP, Monteny B (2000) Theoretical relationship be-
tween stomatal resistance and surface temperatures in
sparse vegetation. Agricultural and Forest Meteorology
104: 119–131.

Long SP (1991) Modification of the response of photosyn-
thesis productivity to rising temperature by atmospheric
CO2 concentrations: Has its importance been underesti-
mated? Plant, Cell and Environment 14: 729–739.

Luo Q, Bellotti W, Williams M et al. (2009) Adaptation
to climate change of wheat growing in South Australia:
Analysis of management and breeding strategies. Agri-
culture, Ecosystem and Environment 129: 261–267.

Luo Y, Su B, Currie WS et al. (2004) Progressive nitrogen
limitation of ecosystem responses to rising atmospheric
carbon dioxide. BioScience 54: 731–739.

Luo Y, Hui D, Zhang D (2006) Elevated CO2 stimulate net
accumulations of carbon and nitrogen in land ecosystems:
A meta-analysis. Ecology 87: 53–63.

Moore BD, Cheng SH, Sims D et al. (1999) The biochemical
and molecular basis for photosynthetic acclimation to
elevated atmospheric CO2. Plant, Cell and Environment
22: 567–582.

Morison JIL (1987) Intercellular CO2 concentration and
stomatal response to CO2. In: E Zeiger, GD Farquhar,
and IR Cowan (eds) Stomatal Function, pp. 229–251.
Stanford University Press, Stanford, CA.

Niklaus PA, Korner, C (2004) Synthesis of a six-year study
of calcareous grassland responses to in situ CO2 enrich-
ment. Ecological Monographs 74: 491–511.

Ortiz R, Sayre KD, Govaerts B et al. (2008) Climate change:
can wheat beat the heat? Agriculture, Ecosystems and
Environment 126: 46–58.

Ottman MJ, Kimball BA Pinter PJ et al. (2001) Elevated
CO2 increases sorghum biomass under drought condi-
tions. New Phytologist 15: 261–273.

Owensby CE, Coyne PI, Auen LM (1993) Nitrogen and phos-
phorus dynamics of a tallgrass prairie ecosystem exposed
to elevated carbon dioxide. Plant Cell and Environment
16: 843–850.

Pan D (1996) Soybean responses to elevated temperature and
doubled CO2. Ph.D. dissertation. University of Florida,
Gainesville, FL, 227pp.

Parton W, Silver W L, Burke IC et al. (2007) Global-scale
similarities in nitrogen release patterns during long-term
decomposition. Science 315: 361–364.

Pathak H, Wassmann R (2009) Quantitative evaluation of
climatic variability and risks for wheat yield in India.
Climatic Change 93: 157–175.

Pickering NB, Jones JW, Boote KJ (1995) Adapting SOY-
GRO V5.42 for prediction under climate change condi-
tions. In: C Rosenzweig, JW Jones, and LH Allen, Jr
(eds) Climate Change and Agriculture: Analysis of Po-
tential International Impacts, ASA Spec. Pub. No. 59,
pp. 77–98. ASA-CSSA-SSSA, Madison, WI.



P1: SFK/UKS P2: SFK Color: 1C

BLBS082-02 BLBS082-Yadav July 12, 2011 12:44 Trim: 246mm X 189mm

42 CROP ADAPTATION TO CLIMATE CHANGE

Pinter PJ, Jr, Kimball BA, Wall GW et al. (2000) Free-air CO2

enrichment (FACE): Blower effects on wheat canopy mi-
croclimate and plant development. Agricultural and For-
est Meteorology 103: 319–333.

Polley HW (2002) Implications of atmospheric and climatic
change for crop yield and water use efficiency. Crop
Science 42: 131–140.

Poorter H, Navas ML (2003) Plant growth and competition at
elevated CO2: On winners, losers and functional groups.
New Phytologist 157: 175–198.

Prasad PVV, Boote KJ, Allen LH, Jr (2006a) Adverse high
temperature effects on pollen viability, seed-set, seed
yield and harvest index of grain-sorghum [Sorghum bi-
color (L.) Moench] are more severe at elevated carbon
dioxide due to high tissue temperature. Agricultural and
Forest Meteorology 139: 237–251.

Prasad PVV, Boote KJ, Allen LH, Jr et al. (2006b) Species,
ecotype and cultivar differences in spikelet fertility and
harvest index of rice in response to high temperature
stress. Field Crops Research 95: 398–411

Prasad PVV, Boote K J, Allen LH, Jr et al. (2002) Effects
of elevated temperature and carbon dioxide on seed-set
and yield of kidney bean (Phaseolus vulgaris L.). Global
Change Biology 8: 710–721.

Prior SA, Runion GB, Rogers HH et al. (2010) Elevated
atmospheric carbon dioxide effects on soybean and
sorghum gas exchange in conventional and no-tillage sys-
tems. Journal of Environment Quality 39: 596–608.

Reddy KR, Hodges HF, and Kimball, BA (2000) Crop
ecosystem responses to climatic change: Cotton. In: KR
Reddy and HF Hodges (eds) Climate Change and Global
Crop Productivity, Chapter 8, pp. 161–187. CAB Inter-
national, New York, NY.

Reich, PB, Hobbie S E, Lee T et al. (2006a) Nitrogen limi-
tation constrains sustainability of ecosystem response to
CO2. Nature 440: 922–924.

Reich PB, Hungate, BA, Luo Y (2006b) Carbon-nitrogen
interactions in terrestrial ecosystems in response to rising
atmospheric carbon dioxide. Annual Review of Ecology,
Evolution, and Systematics 37: 611–636.

Ritchie JT (1971) Dryland evaporative flux in a subhumid
climate. 1. Micrometeorological influences. Agronomy
Journal 70: 723–728.

Ritchie JT, Burnett E (1971) Dryland evaporative flux in a
subhumid climate: II. Plant influences. Agronomy Jour-
nal 63: 56–62.

Ritchie JT, Burnett E, Henderson RC (1972) Dryland evap-
orative flux in a subhumid climate: III. Soil water influ-
ences. Agronomy Journal 64: 168–173.

Ritchie JT, Jordan WR (1972) Dryland evaporative flux in
a subhumid climate: IV. Relation to plant water status.
Agronomy Journal 64: 173–176.

Rustad LE, Campbell JL, Marion GM et al. (2001) A
meta-analysis of the response of soil respiration, net
nitrogen mineralization, and aboveground plant growth
to experimental ecosystem warming. Oecologia 126:
543–562.

Schwartz MD, Ahas R, Aasa A (2006) Onset of spring
starting earlier across the Northern Hemisphere. Global
Change Biology 12: 343–351.

Sinclair TR, Murphy CE, Jr, Knoerr KR (1976) Develop-
ment and evaluation of simplified models for simulating
canopy photosynthesis and transpiration. Journal of Ap-
plied. Ecology 13: 813–839.

Supit I, van Diepen C A, Boogaard H L et al. (2010) Trend
analysis of the water requirements, consumption and
deficit of field crops in Europe. Agricultural and For-
est Meteorology 150: 77–88.

Tebabldi C, Hayhoe K, Arblaster JM, Meehl GE (2006) Cli-
mate change, Going to the extremes; An intercomparison
of model simulated historical and future changes in ex-
treme events. Climate Change 79: 185–211.

Thornley JHM, Cannell MGR (1997) Temperate grass-
land responses to climate change: An analysis us-
ing the Hurley Pasture Model. Annals of Botany 80:
205–221.

Thornley JHM, Cannell MGR (2000) Dynamics of mineral
N availability in grassland ecosystems under increased
[CO2]: Hypotheses evaluated using the Hurley Pasture
model. Plant Soil 224: 153–170.

Triggs JM, Kimball, BA, Pinter PJ, Jr et al. (2004) Free-
air carbon dioxide enrichment (FACE) effects on energy
balance and evapotranspiration of sorghum. Agricultural
and Forest Meteorology 124: 63–79.

Uddling J, Gelang-Alfredsson J, Karlsson PE et al. (2008)
Source-sink balance of wheat determines responsiveness
of grain production to increased [CO2] and water sup-
ply. Agriculture, Ecosysystems and Environment 127:
215–222.

Van Groenigen K-J, Six J, Hungate BA et al. (2006) Element
interactions limit soil carbon storage. Proceedings of the
National Academy of Sciences of the United States of
America 103: 6571–6574.

Wall GW, Brooks NR, Adam NR et al. (2001) Elevated at-
mospheric CO2 improved Sorghum plant water status by
ameliorating the adverse effects of drought. New Phytol-
ogist 152: 231–248.

Wall GW, Garcia RL, Kimball BA et al. (2006) Interactive
effects of elevated carbon dioxide and drought on wheat.
Agronomy Journal 98: 354–381.

Wan S, Hui D, Wallace, L, Luo Y (2005) Direct and indirect
effects of experimental warming on ecosystem carbon
processes in a tallgrass prairie. Global Biogeochemical
Cycles 19: 2014 (doi:10.1029/2004GB002315).

Wand SJ E, Midgley, GF, Jones MH, Curtis PS (1999) Re-
sponses of wild C4 and C3 grasses (Poaceae) species to el-
evated atmospheric CO2 concentration: A meta-analytic
test of current theories and perceptions. Global Change
Biology 5: 723–741.

Wang YP, Handoko J, Rimmington GM (1992) Sensitivity
of wheat growth to increases in air temperature for differ-
ent scenarios of ambient CO2 concentration and rainfall
in Victoria, Australia—a simulation study. Climate Re-
search 2: 131–149.



P1: SFK/UKS P2: SFK Color: 1C

BLBS082-02 BLBS082-Yadav July 12, 2011 12:44 Trim: 246mm X 189mm

AGROECOLOGY: IMPLICATIONS FOR PLANT RESPONSE TO CLIMATE CHANGE 43

Wolfe DW, Schwartz MD, Lakso AN et al. (2005)
Climate change and shifts in spring phenology of
three horticultural woody perennials in northeastern
USA. International Journal of Biometeorology 49(5):
303–309.

Xiao G, Zhang Q, Yao Y et al. (2009) Impact of re-
cent climatic change on the yield of winter wheat
at low and high altitudes in semi-arid northwestern
China. Agriculture, Ecosysystems and Environment 127:
37–42.

Xiong W, Holman I, Lin E et al. (2010) Climate change,
water availability and future cereal production in China.
Agriculture, Ecosysystems and Environment 135: 58–69.

Yang Y, Feng Z, Huang HQ, Lin Y (2008) Climate-induced
changes in crop water balance during 1960–2001 in
Norhtwest China. Agriculture, Ecosysystems and Envi-
ronment 127: 107–118.

Ziska LH (1998) The influence of root zone temperature on
photosynthetic acclimation to elevated carbon dioxide
concentrations. Annals of Botany 81: 717–721.



P1: SFK/UKS P2: SFK Color: 1C

BLBS082-3-1 BLBS082-Yadav July 12, 2011 12:58 Trim: 246mm X 189mm

Chapter 3.1

Impacts of Climate Change on Crop
Production in Latin America
Andy Jarvis, Julian Ramirez, Osana Bonilla-Findji, and Emmanuel Zapata

Introduction: A background on
agriculture in Latin America

Latin American countries (LAC), defined for
this chapter as countries in Latin America from
Guatemala southward to the southern tip of
South America, can be characterized as under-
going a transition from rural-based economies
into more manufacturing-based economies. Yet
farmers in these countries are still poor and vul-
nerable; they are starting to acquire and imple-
ment novel and better adapted technologies for
production. However, while even the least devel-
oped countries within the region have economies
dominated by the industrial and service sector,
Latin America still remains a major global pro-
ducer and exporter of basic staple commodities
and high-value agricultural exports (De Gregorio
1992; OECD 2010). According to Food and
Agriculture Organization of the United Nations
(FAO) data (2009), the gross value of agricul-
tural crops in LAC amounted to $110 billion in
2005, which is 11% of the global value. Within
Latin American economies, the agricultural sec-
tor accounts for an average 5% of Gross Do-
mestic Product (GDP) (ECLAC 2010), although
there is significant variability in importance of
agriculture between different countries (ranging

from some 4.1% [Chile] to some 22.2%
[Guatemala]). LAC export on average nearly
three times what they import in terms of agricul-
tural produce (FAO 2010). The principal crops
with the greatest area under cultivation in LAC
include soybeans, maize, wheat, sugarcane, and
beans. Soybean and maize have had particularly
high annual growth rates over the past 20 years
(7.5% and 3.4%, respectively).

Brazil is the leading agricultural power in
terms of export crops in the region as well
as in terms of GDP growth (OECD 2010;
Tables 3.1.1 and 3.1.2). In 2007, it ranked first in
exports of coffee (1.5 million tons, Table 3.1.2),
sweet potato (5000 tons, Table 3.1.2), and soy-
bean (23.7 million tons, Table 3.1.1) and second
in maize and sorghum (11 million and 225 billion
tons, respectively).

Another important country in terms of
exports is Argentina, with sorghum (1.1 mil-
lion tons, Table 3.1.1), wheat (9.6 million
tons, Table 3.1.1), and maize (15 million tons,
Table 3.1.1) being the key crops. Meanwhile,
Colombia is the main exporter of sugarcane
(56 thousand tons), but also the largest im-
porter of maize (3.3 million tons, Table 3.1.2).
Ecuador is a strong exporter of bananas (5.1 mil-
lion tons, Table 3.1.1), plantain (112 thousand

Crop Adaptation to Climate Change, First Edition. Edited by Shyam S. Yadav, Robert J. Redden, Jerry L. Hatfield,
Hermann Lotze-Campen and Anthony E. Hall.
c© 2011 John Wiley & Sons, Ltd. Published 2011 by John Wiley & Sons, Ltd.
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Table 3.1.1. Import (I) and export (E) of the five principal crops by country in Latin America for 2007 based on FAOSTAT
(tons).

Banana Maize Sorghum Soybeans Wheat

Country I E I E I E I E I E

Argentina 319 0 4 14,990 2 1,072 2,245 11,843 0 9,645
Bolivia 0 79 4 24 1 11 244 66 110
Brazil 0 66 1,096 10,933 3 225 98 23,734 6,638 104
Chile 178 0 1,777 148 261 0 419 3 1,086 0
Colombia 6 1,640 3,323 2 67 332 0 1,286
Costa Rica 24 2,272 688 1 301 0 207
Ecuador 0 5,175 562 18 0 0 5 468
El Salvador 54 596 0 0 1 221
Guatemala 12 1,409 701 9 0 1 3 1 494 2
Guyana 0 6 0 1 45
Honduras 7 567 230 1 0 0 0 0 149 0
Nicaragua 3 39 132 6 0 0 0 0 107 0
Panama 0 437 338 0 5 119 0
Paraguay 2 12 13 2,109 1 6 15 3,521 13 274
Peru 0 0 1,571 8 22 0 49 0 1,531 0
Suriname 0 54 14 0 4
Uruguay 42 0 74 10 2 0 27 773 47 112
Venezuela 0 0 546 0 0 2 1,466
Total 647 11,750 11,674 28,259 359 1,315 3,744 39,945 13,990 10,137

tons, Table 3.1.2), and tropical fruits (2.668 tons,
Table 3.1.2). Within the Central American coun-
tries, Honduras (178 thousand tons), Costa Rica
(144 tons), and Guatemala (111 tons) are strong
in exports of palm oil (Table 3.1.2).

Given the significant reliance of Latin Ameri-
can economies on agricultural production, and
the exposure of agriculture to a variable cli-
mate, there is considerable concern in the region
from climate change. The impacts of climate
change on Latin American Agriculture have,
however, been only studied for a limited number
of crops and/or production systems or have been
restricted to a small geographic domain (in re-
lation to the whole region) (e.g., Travasso et al.
2006; Laderach et al. 2009a, 2009b; Ramirez
et al. 2009; Schroth et al. 2009). In addition, fu-
ture climate forecasts and modeling approaches
are limited to a few platforms and no compre-
hensive assessment has been done with regard to
the validity of global climate model (GCM) fore-
casts over the region. All these result in substan-
tial difficulties for local and regional decision-
making processes and therefore adaptation

measures’ development and implementation.
Here, we provide an overview of the importance
of agriculture in Latin America, its vulnerability,
and the likely expected changes in climates by
2020s, 2050s, and 2080s. We intend to broadly
assess the most significant issues and depict im-
portant knowledge gaps as well as suggesting the
orientation of future research over the region.

Expected climate change
in Latin America

Two different types of changes are expected dur-
ing the twenty-first century. First, changes in cli-
mate variability (i.e., frequency and intensity of
extreme events), and second, changes in base-
line climates (i.e., long-term averages around
specific periods). Development and hence vul-
nerability of Latin American agriculture is
considerably subjected to climate variability
(Altieri and Koohafkan 2008), although the con-
siderable uncertainty arising from it makes it
hard to both forecast the possible changes and
assess the impacts of such changes (Barnett et al.
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2006; Collins et al. 2006; Weitzman 2009); yet
the farmers generally tend to quickly respond and
adapt to new extreme conditions by means of
establishing complex mechanisms and farming
systems (Altieri and Koohafkan 2008). Changes
in baseline climates, on the other hand, pose a
strong pressure on agricultural production, since
these changes tend to overwhelm crop vari-
eties adaptation thresholds, causing considerable
yield decreases and thus increasing vulnerability
(Fischer et al. 2001; Challinor et al. 2007; Lobell
et al. 2008). Different types of adaptation mea-
sures are required for the two types of changes.

A key element of climate variability in the
Latin American region is the El Nino South-
ern Oscillation (ENSO) phenomenon. Recent
changes in frequencies and intensities of ENSO,
especially regarding a perceptible increase in
the magnitude of El Niño, suggest that anthro-
pogenic activities could have influenced these
changes (Bronnimann et al. 2004). While GCMs
try to address this, their ability to fully sim-
ulate ENSO has been debated (Trenberth and
Hoar 1997; Timmermann et al. 1999; Bronni-
mann et al. 2004). Whether the frequency and/or
intensity is going to increase with human-led cli-
mate change is still open to debate (Trenberth and
Hoar 1997; Fedorov and Philander 2000; Bron-
nimann et al. 2004), but it is highly likely that
El Nino and La Nina cycles will continue being
part of the drivers of Latin American agricul-
ture and therefore economies (Adams et al. 1999;
Timmermann et al. 1999).

In order to look at the likely impacts of climate
change on long-term climate baselines, we cal-
culated the changes in baselines (i.e., anomalies)
using the SRES-A1B emission scenario (IPCC
2000) and a representative selection of seven
GCMs from the IPCC Fourth Assessment Re-
port (IPCC 2007a) for the entire Latin American
region (Figs. 3.1.1 and 3.1.2).

Temperatures are predicted to increase mostly
in central South America and Central America
and the Caribbean, with the least warming in the
southern cone. The greatest uncertainty lies in the
Central Amazon. For precipitation, many coastal

areas of South America and the northern An-
des (Peru, Ecuador, and Colombia) are predicted
to receive increases in overall annual rainfall,
while the Amazon, the northern coast of South
America (including Venezuela and the Guyanas),
and Central America and the Caribbean are
predicted to receive in some cases significant
losses.

Decision-making processes are considerably
affected by uncertainties arising from climate
prediction (Stott and Kettleborough 2002; Stain-
forth et al. 2005; Collins et al. 2006; Jarvis et al.
2010), making uncertainty assessment and con-
sideration critical in order to assess and address
adaptation issues within the twenty-first century.
In addition, there’s no certainty that an agree-
ment between several GCMs means that a pre-
diction is more accurate, since anything beyond
the baseline period is merely a forecast. Given the
direction and magnitude of changes, uncertain-
ties might vary and affect adaptation measures
design, implementation, and as a result decision-
making processes could be considerably more
complicated (Jarvis et al. 2010). Current vulner-
ability of Latin American agriculture and its re-
liance in a well-suited climate and soil makes
it hard to define a unique adaptation strategy
other than governmental support to aid small-
holders’ adaptation. Yet, site-specific adaptation
measures need to be developed, tested, and prop-
erly transferred, taking into account the cultural
and environmental differences among regions
and the vulnerability (both current and future)
of the different production systems.

In Latin America, and using our subset of
seven GCMs, uncertainty (given by the stan-
dard deviation among predictions) in precipita-
tion changes is concentrated in the northern part
of the continent and Central America (Figs 3.1.1
(bottom) and 3.1.3b). A direct relationship (i.e.,
linear trend) is observed between uncertainties
and the extent of the change for both tempera-
ture and precipitation (Fig. 3.1.3). Large changes
(either increases or reductions) often involve
greater differences among GCMs, while small
changes involve considerably less differences.
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Fig. 3.1.3. Changes in annual mean temperatures (a) and total annual precipi-
tation (b) by 2020s (triangles), 2050s (circles), and 2080s (squares), using seven
GCM patterns and the SRES-A1B emission scenario. Associated uncertainties
(y-axis) are reported as standard deviations of anomalies to each period among
GCMs.

Differences between countries also tend to in-
crease toward the future (Fig. 3.1.3)

The predicted changes for particular countries
are shown in Table 3.1.3. Average increases in
annual temperature are 1.0◦C in 2020, to 2.4◦C
in 2050, and to 3.8◦C in 2080, although the un-
certainty increases considerably the further into
the future you go. The quite significant predicted
change in temperature to 2020 is notable, es-
pecially for countries such as Paraguay (1.2◦C)
and Venezuela (1.1◦C). Meaningful predictions
oriented and focused on policy-making pro-
cesses are critical for vulnerable regions of Latin
America, such as the Andes. Here, we provide

average changes and uncertainties among a set of
representative GCMs. Policy-making processes
should involve both uncertainties and magni-
tudes of the changes in order to optimize the
investments in adaptation.

The significant decreases in precipitation in
Central American, Venezuela, French Guiana,
Guyana, and Suriname are of most concern,
especially when combined with the expected
changes in temperature. This is likely to signifi-
cantly increase water stress for many crops, both
annual and perennial, and to alter food fluxes
to markets as a result of the changes in photo-
synthetic rates and therefore maturity. Summing
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this with changing sunshine hours could result
in either too early or too late physiological ma-
turity for some crops. Further analysis is needed
to examine within cropping cycle changes in cli-
mate and equate these with likely crop responses.
High altitude crops (and therefore farmers crop-
ping these crops), for example, are likely to re-
spond in a different manner than low-altitude
crops. However, this issue is largely dependent
upon the complexity of the cropping system (i.e.,
location, photoperiod, varieties and technolo-
gies, planting dates, among others) and needs
to be addressed independently for each crop, ge-
ographic area, and, probably, farming system.

Past impacts of climate
on production

The impact of ENSO-related climate variability
on the agricultural sector has been well docu-
mented (IPCC 2001). Over recent years, relative
to 1970–1999 and 2000–2005 periods, the in-
crease in extreme weather events led to a 2.4-
fold increase in flooding, droughts, and land-
slides (IPCC 2007a in Magrin et al. 2007),
many of them related to ENSO. During the
last quarter of century, two very severe ENSO
episodes (1982–1983 and 1997–1998) inflicted
great losses and increased vulnerability of agri-
culture to natural disasters (Magrin et al. 2007).
In the case of El Niño 1997–1998, losses in the
agricultural sector totaled about 20% in the re-
gion: 17% in Peru, 19% in Colombia, 23% in
Bolivia, and almost 50% in Ecuador (ECLAC
2009).

Irregular rains and high temperature in Peru
are affecting potatoes and maize crops (Data
from MINAM Estudio Nacional Ambiental
2009). During the last 12 agricultural campaigns,
80,000 ha of potatoes and 60,000 ha of white
maize have been lost due to climate change. Pro-
duction has been divided by a factor of 2. In the
Argentinean Pampas region, the potential wheat
yield has been declining at increasing rates since
1930 mainly due to minimum temperature in-
creases (Magrin et al. 2009).

However, the impacts are not always nega-
tive. It has been determined that maize and soy-
bean yields tend to be higher than normal dur-
ing El Niño and lower during La Niña (Berlato
and Fontana 1997; Grondona et al. 1997;
Magrin et al. 1998; Baethgen and Romero 2000).
In Brazil and Argentina, abundant soil mois-
ture typical from El Niño conditions has pro-
duced a record soybean crop. In the Argentinean
dry pampas and in Uruguay, wheat productiv-
ity has shown increases (24% and 3%, respec-
tively) (Magrin et al. 2007 in ECLAC 2009).
During the last decade, El Niño’s influence in
Eastern Paraguay region also led to a dramatic
increase on soybean production. The country is
now the fourth largest soybean exporter in the
world (USDA-FAS 2007 in Fraisse et al. 2008),
producing about 3% of the world’s production.

Increased precipitation in the 1960–2000 pe-
riod resulted in higher productivity for maize
crops in the Argentinean humid pampas (26%)
and the Argentinean dry pampas (41%), in
Uruguay (49%) and southern Brazil (12%), as
well as higher yields from Uruguay pastures
(7%) (Magrin et al. 2007 in ECLAC 2009). Over
last century, maize productivity in the Argen-
tinean pampas increased from 1.500 kg/ha to
4.000 kg/ha; trend also partially explained by
technological improvements. There was also a
positive impact on soybean and sunflower with
increases in crop yields accounting for 38% and
12%, respectively (Magrin et al. 2005). On the
northern coast of Peru, increases in temperature
during El Niño have caused the shortening of
cotton and mango growing cycles (Torres et al.
2001).

Looking toward the future

According to the observations on Latin America
compiled in the Fourth Assessment Report of the
IPCC (IPCC 2007), soybean and wheat crops
and to a less extent maize are expected to rise
in temperate areas such as southeastern South
America. Increased heat stress and dryer soils
are expected to reduce productivity to a third
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of current levels, in tropical and subtropical re-
gions where crops are currently close to the heat
tolerance limit (ECLAC 2009). On the basis of
estimation of the FAO, the more sensitive crops
in the Andean region are palm, soybean, Sug-
arcane, cassava, potato, maize, barley, rice, and
wheat. In Brazil, these are soybean, Sugarcane,
cassava, maize, rice, and wheat (ECLAC 2009).
Projections indicate that changes will be modest
up to 2020 but will increase after 2050 and could
be substantial even with a rise of just 1.5–2◦C
from the current temperature. The most substan-
tial increase in temperature and precipitation is
expected to take place in the Amazon region, in
both wet and dry season (ECLAC 2009).

Because cereals, oilseed, and protein crops
depend on temperature and, in many cases,
daylength to reach maturity, increases in tem-
perature may shorten the length of their growing
period and, in the absence of compensatory man-
agement responses, reduce yields (Porter and
Gawith 1999; Tubiello et al. 2000) and change
suitable area for their cultivation.

According to International Food Policy Re-
search Institute (IFPRI; Nelson et al. 2009), who
used the IMPACT model coupled with DSSAT,
climate change will have a negative effect on
crop yields in Latin America and the Caribbean
in 2050. The region will face average yield de-
clines of up to 6.4% for rice, 3% for maize, 3%
for soybean, and up to 6% for wheat. These re-
sults show the same trend of a predominantly
negative impact on crops in Latin America than
other studies that use crop-simulation models
and future climate scenarios:

Maize productivity among small producers in Latin
America and the Caribbean could drop by an average
of 10% by 2055, although in Colombia yields remain
essentially unchanged while in Venezuelan Piedmont
yields are expected to decline to almost zero (Jones
and Thornton 2003).

Productivity of rice will generally decline in
Latin America falling by between 3% and 16%
in Guyana and ca. 31% Costa Rica, 16–27%

in Guatemala and between 2% and 15% in
Bolivia.

According to 95% of projections, Sugarcane
productivity will fluctuate by +5% in Brazil and
the Andean region (ECLAC 2009). Maize pro-
ductivity projections forecast a decline in Brazil
and an oscillation of +5% in the Andean region
(ECLAC 2009).

For soybean and maize in southeastern Latin
America, modeling which considered increased
CO2 concentration, adaptive measures including
optimal planting dates and nitrogen rates pre-
dicted maize mean yield increases of 14% and
23% for 2020 and 2050 under SRES A2 (and
11% and 15% under SRES B2). The correspond-
ing figures for mean soybean yields were 35%
and 52% for 2020 and 2050, respectively, un-
der SRES A2 (under SRES B2 24% and 38%)
(Gimenez 2006).

In Sao Paolo region of Brazil, by the turn of
the century, the land area suited for growing cof-
fee in the state of Sao Paulo will have diminished
by between 10% (if temperatures increase by
1◦C and precipitations by 15%) and 97% (with
increases of 5.8◦C and 15%, respectively) (Pinto
et al. 2002).

Conclusions

Latin America countries have a significant per-
centage of their GDP in agriculture (5% aver-
age), and the region is a net exporter of food
globally, accounting for 11% of the global value.
Climate change is predicted to increase temper-
atures throughout the continent, but especially
in Central America and the Caribbean (where
much of the poverty lies) and countries on the
Caribbean coast in South America. Rainfall in-
creases are expected in many parts of the con-
tinent, but yet again it is Central America and
Caribbean countries that are predicted to receive
the greatest reductions in precipitation. For some
regions (coastal regions of Costa Rica, for exam-
ple), this does not imply severe impacts, while for
other areas (currently subjected to drought such
as the Caribbean coasts of Colombia, Venezuela,
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and in the Caribbean) these changes do require
the urgent definition of adaptation actions to cope
with negative impacts (such as severe and pro-
longed drought). Moreover, the impacts of these
changes on crop production are largely unknown
and research is needed to further understand the
complex crop responses to climate changes both
in terms of variability and long-term average cli-
mates. However, the current data indicates ex-
pected increases (or very little decreases) in some
of the major commodities in the continent (e.g.,
soybean and cassava) as well as reductions in
most other crops (e.g., beans, bananas, pota-
toes). Research must work toward better esti-
mations of impacts on crop production, while
crop specialists must examine different adapta-
tion options to address the specific issues. Given
the high heterogeneity in production landscapes
in Latin America, multiple adaptation measures
must be developed and implemented in a site-
specific manner.

References

Adams RM, Chen CC, McCarl BA, Weiher RF (1999) The
economic consequences of ENSO events for agriculture.
Climate Research 13: 165–172.

Altieri MA, Koohafkan P (2008) Enduring Farms: Climate
Change, Smallholders and Traditional Farming Commu-
nities. Third World Network, Penang, Malaysia. ISBN:
978-983-2729-55-6.

Baethgen WE, Romero R (2000) Sea surface temperature
in the El Niño region and crop yield in Uruguay. In:
Comisión Nacional sobre el Cambio Global (CNCG).
Climate Variability and Agriculture in Argentina and
Uruguay: Assessment of ENSO Effects and Perspectives
for the Use of Climate Forecast: Final Report to the
Inter-American Institute for Global Change Research.
Comisión Nacional sobre el Cambio Global, Montev-
ideo, Uruguay.

Barnett DN, Brown SJ, Murphy JM, Sexton DMH, Webb
MJ (2006) Quantifying uncertainty in changes in extreme
event frequency in response to doubled CO2 using a large
ensemble of GCM simulations. Climate Dynamics 26(5):
489–511.

Berlato MA, Fontana DC (1997) El Niño Oscilaçao Sul e
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MINAM Perú (2009) Estudio Nacional Ambiental del
Ministerio del Ambiente (MINAM). Available from:
http://www.minam.gob.pe/index.php?option=com_
content&view=article&catid=1:noticias&id=187:
minam-participara-en-diversas-actividades-por-el-dia-
de-la-tierra&Itemid=21. Accessed January 5, 2010

Nelson GC, Rosegrant MW, Koo J et al. (2009) Climate
change: Impact on agriculture and costs of adaptation.
Food Policy Report 19, International Food Policy Re-
search Institute (IFPRI), Washington, DC.

OECD (2010) Latin American Economic Outlook 2010.
ISBN: 978-92-64-07521-4.

Pinto HS, Assad ED, Zullo J Jr et al. (2002) O aqueci-
mento global e a agricultura. Mudanças Climáticas. Com
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Chapter 3.2

Changing Climate in North America:
Implications for Crops
Jerry L. Hatfield

Introduction

Agriculture is responsive to changing climate in
terms of the effect on plant growth and develop-
ment. The distribution of crops around the world
is evidence of the role of climate as a defin-
ing parameter for the effective growth of crops.
This is no different in North America in which
the distribution of crops is dependent upon hav-
ing adequate resources of light, temperature, and
precipitation. The impact of adequate climate ex-
tends beyond just growth and development into
the realm of product quality in which climate also
impacts the quality of the forage or grain or prod-
ucts such as fiber quality in cotton (Gossypium
hirsutum L.) or wine quality from grapes. Chang-
ing climate can also affect the presence of insects
or diseases, which in turn will have an impact
on plant production and quality (e.g., aflatoxin
in grains). Changing climate has two timescales
that will impact crops: first, the longer timescale
that may affect placement of crops across the
country, and second, the within-season timescale
reflected in the weather patterns that will affect
the growth and development of crops along with
the stresses they encounter.

Climate change

Scenarios of climate change into the next 30–50
years vary by region of the world, and there are
no specific broad statements that can be made
about the pathway for climate change. The Inter-
governmental Panel on Climate Change (IPCC)
has assembled several different models that have
been used to develop potential scenarios for the
world. Projections into the future are based on
global circulation models (GCMs) that attempt
to incorporate the major driving factors into the
models and to also account for the potential
variability and uncertainty in these projections.
There are some general statements that can be
derived from these efforts, and these focus on
temperature and precipitation because these are
the two critical parameters that will affect plant
growth and induce plant stress either through
direct effects of temperature on plant growth, in-
duced plant stress because of the increased water
use rates caused by increased evaporation rates,
or direct effects on evaporation because of the
impact of reduced or altered precipitation pat-
terns. Meehl et al. (2007) summarized that on a
global basis.
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It is very likely that heat waves will be more in-
tense, more frequent, and longer lasting in a future
warmer climate. Cold episodes are projected to de-
crease significantly in a future warmer climate. Al-
most everywhere, daily minimum temperatures are
projected to increase faster than daily maximum tem-
peratures, leading to a decrease in diurnal temperature
range. Decreases in frost days are projected to occur
almost everywhere in the middle and high latitudes,
with a comparable increase in growing season length.

In terms of precipitation, they stated that

For a future warmer climate, the current generation of
models indicates that precipitation generally increases
in the areas of regional tropical precipitation maxima
(such as the monsoon regimes) and over the tropi-
cal Pacific in particular, with general decreases in the
subtropics, and increases at high latitudes as a conse-
quence of a general intensification of the global hydro-
logical cycle. Globally averaged mean water vapour,
evaporation and precipitation are projected to increase
(Meehl et al. 2007).

These summaries point out the expected global
change in temperature and precipitation.

For North America, there are regional differ-
ences as would be expected. Temperatures are
expected to increase across North America; how-
ever, the largest increases are expected to oc-
cur in the northern latitudes above 50◦N, with
more moderate increases in the remainder of
North America (Christensen et al. 2007). The
projected rise in mean temperature for the mid-
continent regions by 2100 is 4◦C, with an un-
certainty range of ±2◦C. They summarized that
in the northern latitudes, there would be more
warming during the winter months, while in the
mid-continent regions, there would be less sea-
sonal variation (Christensen et al. 2007). Across
the mid-latitudes, the expectation is similar to the
global trend with a greater increase in the night-
time minimum temperatures than the daytime
maximum temperatures. The projected increase
in the number of days with high temperatures,
defined as those days that are significantly above
the average temperature, will also impact plant

stress because of the sudden change in evapora-
tive demand on the plant. This latter aspect has
implications for plant growth and development.
Meehl et al. (2004) observed that there would be
a decrease in the number of frost days in the year;
however, the largest decrease was observed to be
in the spring compared to the fall. There would
be regional differences in these patterns because
of the impact of local factors, e.g., regional at-
mospheric circulation patterns and pressure sys-
tems (Meehl et al. 2004). There is an increase
in the number of days within the year that will
exceed 32◦C based on the use of model simula-
tions incorporating the lower emissions scenar-
ios. The climatic analysis for the number of days
above 32◦C for the 1960–1979 period is shown in
Fig. 3.2.1, while the expected change during the
period from 2080 to 2099 is shown in Fig. 3.2.2.
There is an increase in the number of days above
32◦C throughout the United States.

Precipitation patterns across North America
have shown regional variability in the changes
over the past 50 years as shown in Fig. 3.2.3. The
upper Northwest and Southeast United States
have experienced declines in annual precipi-
tation, while throughout the remainder of the
United States, there has been variation even
within individual states, e.g., Iowa. The pro-
jections for North America for the period from
2080 to 2099 show large differences in the sea-
sonal patterns of precipitation. Throughout the
United States and into Southern Canada, there is
a decrease in summer precipitation, while winter
and spring precipitation for the upper portion of
the United States and Canada shows an increase
(Fig. 3.2.4). In the southern portion of the United
States and Mexico, there is a large decrease in
winter and fall precipitation (Fig. 3.2.4). These
regional differences in precipitation will have a
major impact on soil water availability in rainfed
agriculture, especially with the decrease in sum-
mer precipitation over the United States and the
agricultural region of Canada.

One important aspect of climate change that
has significance for agriculture is the poten-
tial impact, not only on the mean values of
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Fig. 3.2.1. Average number of days above 32◦C in the United States for the period from 1961 to
1979. (Adapted from Karl et al. 2009.)

0 15 30 45 60 75 90 105 120 135 150 165 180 >180

Fig. 3.2.2. Projected number of days above 32◦C for the 2080–2099 period based on projections
from the lower emissions scenarios. (Adapted from Karl et al. 2009.)
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Fig. 3.2.3. Changes in annual precipitation over the United States from 1958 to 2008.
(Adapted from Karl et al. 2009.)

Fig. 3.2.4. Projected regional changes in precipitation across North America for the period
of 2080 to 2099. (Adapted from Karl et al. 2009.)
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temperature and precipitation, but also on the
frequency and severity of meteorological events
within the growing season. Mearns et al. (1995)
showed that relatively small changes in mean
temperature can lead to large increases in the
frequency of extreme events. Mearns et al.
(1995) observed that in the Central Plains, a
frequency decrease was the major change along
with change in intensity. Gutowski et al. (2007)
found that high intensity precipitation would
constitute a larger fraction of the total precipi-
tation under scenarios of global warming. These
observations were found to be evident for all
regions and seasons. Rind et al. (1990) sug-
gested that both drought and floods may intensify
with climate change. The change in probability
of drought may increase more than that would
be expected due a reduction in mean precipita-
tion, and conversely, increases in floods or ex-
tremely wet portions of the year may be larger
than expected from the increase in mean pre-
cipitation. The probability of drought will in-
crease because the reduction in rainfall will be
linked with an increase in potential evapotran-
spiration that will exaggerate the effect of a re-
duction in precipitation. This characteristic of
climate change has to be considered in evalua-
tion of the potential impacts on agriculture or
agroecosystems. Wang (2005) observed, based
on the use of 15 global climate models, that
in the primary agricultural areas of the world,
there would be potential drought. The only con-
sistent wet areas predicted from this ensemble of
models were the northern middle and high lati-
tudes, and this was limited to nongrowing sea-
son. This is similar to the analysis of Tao et al.
(2003) for China in which they found that rain-
fed crops in the north China Plain and northeast
China would have challenges induced by soil
moisture deficit and decreases in precipitation.
Kim (2005) observed that future trends in pre-
cipitation induced by warming would lead to in-
creased cold-season precipitation and increased
rainfall-portion of precipitation with a replace-
ment of snowfall in Sierra Nevada river basins in
the western United States. Dai (2006) evaluated

the impact of surface air temperature, dew-point
temperatures, and air pressure from around the
world on specific humidity and relative humid-
ity. He found that the spatial patterns of specific
humidity were controlled by surface tempera-
ture. This change in specific humidity will im-
pact the water vapor of the atmosphere and have a
large impact on the potential evapotranspiration
of agricultural areas.

Implications of climate change

There will be noticeable changes in climate,
which will have impacts on the climatic re-
sources for agriculture. Increases in temperature,
shifts in precipitation patterns, and increases in
potential evapotranspiration all have significant
potential impacts on plant growth, development,
and yield. There have been more detailed stud-
ies conducted in countries throughout the world
about the potential impact of changing climate
on the agricultural production of different crops.
The reader is referred to the studies by Ortiz et al.
(2008) on wheat production in India and Tao et al.
(2009a) on maize (Zea mays L.) production in
the North China Plain. Their approach to this
modeling effort was described in an earlier re-
port by Tao et al. (2009b) in which they used the
interactions of CO2 and H2O vapor exchanges
in plant canopies as the basis for evaluating the
biophysical responses to climate change. These
studies need to be duplicated for the expected
change in climate for North America since many
of the crops are the same. Lansigan et al. (2000)
in evaluating the impacts of climate variability
on rice (Oryza sativa L.) found that the degree
of vulnerability to climate variability was pri-
marily related to the developmental stage of the
crop at the time of the weather aberration. They
observed that short-term weather patterns affect
yield through changes in temperature, potential
evapotranspiration, and soil water availability.
Hatfield et al. (2008) summarized the impacts
of temperature, precipitation, and CO2 changes
in crops typically grown in North America and
found that many crops would have decreased
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grain yields because of the increased tempera-
tures, which would be partially offset by the ef-
fect of rising CO2 and improved water-use effi-
ciency. They proposed that the combined impacts
of genetic improvement coupled with manage-
ment techniques to reduce exposure to climatic
stress would be able to maintain crop yields. Al-
though most studies evaluating the impact of cli-
mate change on agriculture has been focused
on annual crops, there are potential impacts
on perennial crops (Lobell et al. 2006). Lobell
et al. (2006) observed that the climate change in
California would cause yield reductions in the six
major perennial crops in California, wine grapes
(Vitis vinifera subsp. vinifera), almonds (Prunus
dulcis Mill. D.A. Webb), table grapes (V. vinifera
L.), oranges (Citrus sinensis L. Osbeck), walnuts
(Juglans regia L.), and avocados (Persea Amer-
icana var. americana), by 2050. This yield de-
crease was induced by the effect of the warming
temperatures on crop yield.

Variation in soil water availability will have a
large impact on crop yield. Adequate soil wa-
ter supplies are critical for the plant to meet
the potential evapotranspiration demands, and
when soil water declines below a critical thresh-
old, there are negative impacts on photosynthetic
rates and plant growth. In addition to soil water
variation, there is a compounding factor induced
by soil degradation. Tao et al. (2005) showed
that soil degradation would exaggerate the im-
pacts of climate change on precipitation because
of the negative impacts of soil degradation on
soil water holding capacity.

Responses to temperature differ among crop
species throughout their life cycles and this will
define how climate change will affect the distri-
bution of crops and weather within the growing
season will affect plant growth and development.
For each species, there are defined maximum
and minimum temperatures within which growth
can occur, as well as an optimum temperature
at which plant growth progresses at its fastest
rate and the temperature responses are summa-
rized in Hatfield et al. (2011). Exposure to tem-
peratures above the optimum causes the growth

rate to slow and finally cease at the maximum
temperature. Vegetative development (node and
leaf appearance rate) hastens as temperatures in-
crease up to the species optimum temperature.
For most plant species, vegetative development
usually has a higher optimum temperature than
does reproductive development. Progression of
a crop through phenological phases is gener-
ally accelerated by increasing temperature up to
the species-dependent optimum temperature. As
an example, the effect of a 1◦C temperature in-
crease on cotton yield was evaluated by Pettigrew
(2008), who found lint yield was reduced by 10%
in two cultivars due to a reduction in boll mass
and less seed in the bolls. Maize has been one
of the most studied crops in terms of temper-
ature responses. Increasing temperature causes
the maize life cycle and the reproductive phase
duration to be shortened, resulting in decreased
grain yield (Badu-Apraku et al. 1983; Muchow
et al. 1990). When the maize plant is exposed to
elevated temperatures above the optimum, there
are yield decreases caused by temperature ef-
fects on pollination and kernel set. Exposure to
temperatures above 35◦C is lethal to pollen via-
bility (Herrero and Johnson 1980; Schoper et al.
1987; Dupuis and Dumas 1990). The critical du-
ration of pollen viability (prior to silk reception)
is a function of pollen moisture content, which
is strongly dependent on vapor pressure deficit
(Fonseca and Westgate 2005) and would be tem-
pered by availability of adequate soil water. Tem-
peratures above 30◦C increasingly damaged cell
division and amyloplast replication in maize ker-
nels and thus reduced grain sink strength and
yield (Commuri and Jones 2001). Ben-Asher
et al. (2008) evaluated the effect of high temper-
ature on sweet corn (Zea mays L. var. rugosa)
in a controlled environment chamber and found
the highest photosynthetic rate was at tempera-
tures of 25/20◦C, while at 40/35◦C (light/dark),
the photosynthetic rate was 50–60% lower. They
also found a gradual decline in photosynthetic
rate for each 1◦C increase in temperature. These
two examples for cotton and maize illustrate the
impact of within-season temperatures on growth



P1: SFK/UKS P2: SFK Color: 1C

BLBS082-3-2 BLBS082-Yadav July 12, 2011 13:9 Trim: 246mm X 189mm

CHANGING CLIMATE IN NORTH AMERICA: IMPLICATIONS FOR CROPS 63

and yield. Climate change would encompass a
trend in both average temperatures and also ex-
treme temperature events that would have on
crop plants. The consequence of warming tem-
peratures may exert negative impacts on crop
production because of the stress on the plant.

The impacts of variable precipitation on
plants will affect the soil water availability,
which is discussed in detail in the chapter on
agroecology (Chapter 2, this volume). Warm-
ing temperatures will increase potential evapo-
transpiration, and when coupled with more vari-
able precipitation, it will lead to the probability
of increased water stress in all plants. The in-
creased incidence of water stress will further ex-
aggerate the negative impacts of temperature on
all plants.

Challenges

There will be an increasing demand for agri-
cultural production throughout the world. Smith
et al. (2007) as part of the IPCC process sum-
marized the current state of agriculture and the
potential consequence of climate on agricultural
production. There are a number of scenarios that
are likely to occur in North America.

1. The trend toward decreasing precipitation in
the southwest will continue to place a strain
on diminishing water resources. Agricultural
systems are a large user of irrigation water
in this region and will have to develop more
efficient methods of applying water or poten-
tially shift to species that have a reduced water
demand. There is a shift in the precipitation
types, which are occurring with a tendency
toward more precipitation being deposited as
rainfall compared to snowfall in the Sierra
Nevada range of California (Lettenmaier et al.
2008). The current water handling system for
irrigation in California is designed to handle
snowmelt during the spring and early summer
and this change will require modifications in
the water capture and storage process. In these
areas where agricultural water supplies are

derived from water capture and then irriga-
tion, the challenge will be to more efficiently
use the available water supplies.

2. In the Great Plains, where wheat (Triticum
aestivum L.) and sorghum (Sorghum bicolor
(L.) Moench) are grown, the trend toward
more variable precipitation during the sum-
mer, warmer winters, and potentially more
extreme temperature events will place addi-
tional stress on these crops. It is unlikely that
there are replacement crops, but the empha-
sis will have to be on soil management prac-
tices that increase water storage in the soil
to provide more available water to the crop.
Although, there is a trend toward a longer
growing season, the likelihood of late season
frost will remain and will pose an additional
risk to crops like winter wheat.

3. The warming trends are not sufficient to cause
large-scale changes in crop production areas
of the United States. There may be shifts
in the management practices to accommo-
date higher temperatures during portions of
the growing season and an expansion of the
areas in which different maturity groups are
grown.

4. Water management will become a larger fac-
tor in crop production in the United States
in areas that have typically fully appreciated
the significance of water stress. The trends
toward wetter springs in the Corn Belt will
cause problems for field work and planting
operations, and in the upper Midwest where
soil drainage is prevalent, there will be an
increase in the use of drainage systems to re-
move excess water. However, the tendency
toward drier summers in the United States
will pose an additional risk because there may
be inadequate soil water reserves for optimal
crop production. The development of prac-
tices that can remove only the needed amount
of water from the soil profile and then limit
the drainage process to increase water stor-
age in the soil profile for the remainder of
the growing season would prove beneficial to
crop production. There is an additional risk
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in crop production due to increased precip-
itation during the fall harvest period, which
increases the problems with timely harvest
and high-quality grain.

5. Water management in many portions of the
United States, e.g., Southeast and Great
Plains, that have limited precipitation will
have to increase water availability to the crop
by increasing soil water storage capacity. Im-
provement of soil organic content to increase
water holding capacity is a potential method
of increasing water availability and storage.
The challenge will be for the development of
deep-rooted crops that can more fully explore
the soil profile to utilize the stored soil water.

6. A challenge for plant scientists and
agronomists in the North America will be to
more fully evaluate the interactions between
genetic resources and the environmental con-
ditions (soil and atmosphere). The scenarios
likely to occur under climate change will pose
new patterns of stresses and will require an
expanded understanding of the genetic by en-
vironment interactions.

The challenge for agriculture will be to define
the impacts of climate on agriculture, especially,
the extreme events in temperature and precipita-
tion. The increase in variability in both these
parameters will affect agricultural production.
There are models being developed that incor-
porate climate variation along with the biophys-
ical responses. These models may hold the key
to help evaluate scenarios for crop management
that will lead to increased resilience of crops to
climate variation. One of the primary challenges
for crop scientists and physiologists will be to
evaluate different species in combination with
management practices that will lead to increased
temperature and water stress resistance. This will
encompass both genetic and management com-
ponents as part of the cropping system. The need
for food will demand that these types of studies
be undertaken and the results put into practice
for the benefit of humankind.
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Chapter 3.3

Regional Impacts of Climate Change: Africa
Ranjana Bhattacharjee, Bonny R. Ntare, Emmanuel Otoo, and Pius Z. Yanda

Introduction

Africa, the second largest continent occupying
30 million square kilometers, accounts for about
20% of the world’s total land mass area. This
is the only continent that straddles the equator
centrally and surrounded by all three oceans: the
Atlantic, the Pacific, and the Indian Ocean. The
continent consists of 53 countries with a total
population of 880 million (FAO 2005) and a high
population growth rate (1.9% in 1992–2002).
Africa represents a wide range of climate sys-
tems (Hulme et al. 2005), spanning from hu-
mid equatorial regime, semiarid tropics in the
Sahel, arid climate of Sahara and Kalahari
deserts, along with mild Mediterranean type of
climates in the north, and temperate climate on
the mountains, although majority of the conti-
nent is considered arid or semiarid. A lot of
variation is observed even within these different
climatic zones because of differing degrees of
temporal variability, particularly with rainfall.
This is coupled with lack of proper climate data
that impedes the scientific understanding of these
systems compared to many parts of the world
(DFID 2004). The level of understanding too
varies between different regions, requiring re-
gional models to provide fine-scale climate in-
formation for impact studies, particularly in ar-

eas characterized by a diverse and heterogeneous
land mass. The continent is also characterized
by a vast array of natural resources, economic
challenges, and human settlements coupled with
poverty and insecurity. The changes occurring in
climatic conditions poses a new threat to Africa
for which the continent is not well prepared. For
example, the conditions occurring in eastern and
southern Africa is not an impact of climatic vari-
ability alone but is a situation of complex interac-
tion between social, political, economic, cultural,
and environmental factors. This is the reason sev-
eral reports on climate change noted Africa as the
most vulnerable and a complex continent, mak-
ing it difficult for a uniform assessment of the
impacts of climate change alone.

Recognizing the complexity that exists in dif-
ferent regions and different countries, the World
Meteorological Organization and the United Na-
tions Environment Programme (UNEP) estab-
lished the Intergovernmental Panel on Climate
Change (IPCC) in 1988 to determine the objec-
tive causes of climate change. The basic func-
tion of IPCC is to collate the best available
scientific, technical, and socioeconomic infor-
mation based on the work of hundreds of experts
from all regions of the world relevant for the un-
derstanding of climate change, its potential im-
pacts, and options for adaptation and mitigation.

Crop Adaptation to Climate Change, First Edition. Edited by Shyam S. Yadav, Robert J. Redden, Jerry L. Hatfield,
Hermann Lotze-Campen and Anthony E. Hall.
c© 2011 John Wiley & Sons, Ltd. Published 2011 by John Wiley & Sons, Ltd.
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According to fourth IPCC report, the average
annual temperatures in Africa have been rising
steadily, and during the twentieth century, there
was an average increase in temperatures of about
0.05◦C. For example, the countries in the Nile
Basin are experiencing an average increase of
about 0.2–0.3◦C, while in Rwanda, the tempera-
tures increased by 0.7–0.9◦C. Different climatic
models suggest that by the end of this century,
there will be an average increase in temperature
of about 3–4◦C across the entire African con-
tinent, about 1.5 times higher than the average
increase that will be experienced globally. An-
other long-term effect of climatic change that
Africa is experiencing is the reduction in rain-
fall in semiarid regions of West Africa, with the
Sahel experiencing an average of 25% decrease
in rainfall and number of rainfall events over the
last 30 years. Predictions suggest that the semi-
arid regions of Sahara and south-central Africa
will experience greatest warming. This is cou-
pled with other nonclimatic vulnerabilities such
as high population growth rate (annual rate of
2.4%, which is almost twice the global average
of 1.2%), high disease pressure (such as malaria,
HIV/AIDS, cholera, typhoid, and meningitis),
prevalence of environmental disasters such as
floods and droughts, which have increased in
frequency and severity over the past 30 years
(AMCEN/UNEP 2002), poor governance, cor-
ruption, conflicts, and weak institutions that add
to the complexity of climate change. This pa-
per therefore describes various aspects of cli-
mate change and is divided into several sections
summarizing agricultural production in relation
to climate change; more focusing on the Sahel;
a brief description of climate-dependent chal-
lenges, farmers’ perception to climate change;
coping and adaptation strategies to adapt to cli-
mate change; and few recommendations.

Climate change and agricultural
production in Africa

Over the past 250 years, deforestation, com-
bustion of fossil fuels, and production of agri-

cultural commodities such as rice and livestock
have caused atmospheric concentrations of car-
bon dioxide (CO2) and other greenhouse gases
to rise significantly. “Greenhouse” gases ab-
sorb energy radiated from Earth to space and
warm the atmosphere (Darwin 2001). Climate
change has therefore been aptly described as
one of the greatest challenges of our time (ev-
ident from the recent climate change meeting in
Copenhagen) and identified as a major threat to
sustainable growth and development in Africa,
and the achievement of the Millennium De-
velopment Goals. Climate change with its as-
sociated global warming is therefore likely to
reduce agricultural production in the Tropics,
where many developing countries are located
(Darwin 2001). Africa remains one of the most
vulnerable continents to climate variability and
change because of multiple stresses and low
adaptive capacity (Anuforom 2009). Increases
in mean global temperature will have numerous
effects on agricultural production, chief among
them being changes in growing seasons—the
length of time that soil temperature and soil
moisture conditions are suitable for crop growth.
The expansion of the Earth’s oceans will raise sea
levels and reduce the amount of land available
for agriculture. Extreme weather events, such as
storms and floods, may increase in frequency.
Higher atmospheric concentrations of CO2 will
improve water-use efficiency of all crops (by re-
ducing evapotranspiration) and increase the rate
of photosynthesis of most crops. The direct ef-
fects of CO2, however, will be small in regions
where fertilizer use is low or other factors inhibit
crop growth such as sub-Saharan Africa (SSA).
The direct detrimental effects of other fossil fuel
emissions, such as sulfur dioxide and ozone, will
offset some of the benefits of high concentrations
of CO2 (Darwin 2001).

In general, the agricultural production of a
country or continent is largely dependent on the
geographical distribution of thermal and mois-
ture regimes. On the basis of average annual
length of growing period (LGP) of crops, which
depends on precipitation and temperature, Africa
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is characterized by four major agroecological
zones, including humid, subhumid, semiarid, and
arid (Sahel) zones (Dixon et al. 2001). The fourth
assessment report of IPCC (2007a, 2007b) pre-
dicts that changes in rainfall patterns as observed
in some parts of Africa, particularly the Sahel, in
addition to shifts in thermal regimes, will influ-
ence local seasonal and annual water balances,
which in turn will affect agricultural crop produc-
tion. The variability and reduction in the rainfall
accompanied by a significant decline in LGP,
which has been observed in the Sahel over the
last 40 years, is an early indicator of climate
change and “events to come.” Many of the cli-
matic change models also predict that the Sahel
will face drier and climatically more variable fu-
ture. This will add to the pressure on traditional
farming systems and reduce the option and op-
portunities available for rural communities. If the
drought cycles continue to intensify, it will dam-
age the well-developed coping strategies from
handling drought risk management and could
lead to increased out-migration to urban areas
or to neighboring countries.

Available literatures also show that more than
180 million people, mainly small-scale farmers,
who are dependent on low-input and low-output
rainfed farming for their livelihood, are presently
living in these vulnerable environments (IPCC
2001; Fischer et al. 2002; Cooper 2004; Deressa
and Hassan 2009). It is projected that overall
crop yields in Africa, and East Africa in partic-
ular, may fall by 10–20% by 2050 because of
climate variability, but there are places where
yield losses may be much more severe, as well
as areas where crop yields may increase (Jones
and Thornton 2003). It is also established that
predicted changes in climate will have signif-
icant impacts on crop losses due to associated
effects of climate variability on increased oc-
currence of weeds, diseases, and pests. Besides,
many developing countries in Africa are seen as
being highly vulnerable to climate variability and
change (Slingo et al. 2005), in part because they
have only a limited capacity to adapt to changing
circumstances (Thomas and Twyman 2005). It is

clear that some degree of climate change during
the next century is now inevitable (Houghton
et al. 2001).

According to International Food Policy Re-
search Institute’s (IFPRI) report on Climate
Change: Impact on Agriculture and Costs of
Adaptation (Nelson et al. 2009), irrigation water
supply reliability, the ratio of water consump-
tion to requirements, is expected to worsen in
SSA due to climate change. The crop model
also indicates that in 2050 in SSA, average rice,
wheat, and maize yields will decline by up to
14%, 22%, and 5%, respectively, as a result of
climate change. The negative effects of climate
change on crop production are especially pro-
nounced in SSA, as the agriculture sector ac-
counts for a large share of GDP, export earnings,
and employment in most African countries. Fur-
thermore, the vast majority of the poor resides in
rural areas and depends on agriculture for their
livelihoods (Nelson et al. 2009). However, there
is no general agreement on the direction in which
changes in temperature and rainfall will take in
the future, but it is evident that climate change
may have negative consequences on agricultural
production and food security, mainly in the Sahel
region. A climate sensitivity analysis of agricul-
ture concluded that three African countries will
virtually lose their entire rainfed agriculture by
2100 (Mendelsohn et al. 2000a, 2000b) and two
of them are Sahelian countries: Chad and Niger.
A recent simulation exercise in Mali (assuming a
temperature rise of between 1◦C and 2.75◦C and
no adaptation measures applied) suggests that by
the year 2030, reduced precipitation will induce
a decline in cereal harvest of 15–19%, causing
a doubling of food prices. The combined effects
of lower production on farming household and
higher prices on the consumer’s access to food
raises the risk of hunger from its present baseline
of 34% to 64–70% of the Malian population by
2030 (Butt et al. 2003). The IPCC’s fourth assess-
ment report suggested 23 general climate change
models that span the entire globe. Some of these
models are relevant to Africa; however, the un-
derlying data used to generate this information
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Box 3.3.1 Key attributes of the IPCC’s fourth
assessment report for Africa

� Warming is very likely to be larger than the
global annual mean warming throughout the
continent and in all seasons, with drier
subtropical regions warming more than the
moister tropics.

� Annual rainfall is likely to decrease in much of
Mediterranean Africa and the northern Sahara,
with a greater likelihood of decreasing rainfall
as the Mediterranean coast is approached.

� Rainfall in southern Africa is likely to decrease
in much of the winter rainfall region and
western margins.

� There is likely to be an increase in annual mean
rainfall in East Africa. It is unclear how rainfall
in the Sahel, the Guinean Coast, and the
southern Sahara will evolve.

Source: Christensen et al. 2007

are often highly aggregated, making it difficult to
project changes in the regional climate. Box 3.3.1
represents the general trend for Africa, which is
expected to be worse for those particular com-
munities that are poor and do not have the capa-
bilities to withstand shocks and changes.

Evidences from this report shows that the
Sahel and its neighboring countries are most vul-
nerable to emerging climate changes with likely
agricultural losses between 2% and 7% of GDP.
Similarly, western and central Africa is expected
to incur losses ranging between 2% and 4%,
and northern and southern Africa to a range of
0.4% and 1.3% (Mendelsohn et al. 2000a,b). The
farmers in the Sahel are already coping with a
short unimodal rainy season, high intraseasonal
rainfall variability, and risk of periodic drought,
greatest during critical stages of crop growth;
high evaporative demands that peak at the be-
ginning and end of the rainy season. This further
increase the risk of drought stress during planting
and grain filling stages, and high rainfall inten-
sity that can cause run-off losses of as much
as 60–80% of precipitation and considerable
soil loss through erosion. Most significant is the

timing and the length of the growing season that
is unpredictable.

The Sahel

The Sahel is the semi-arid transition zone be-
tween the Sahara desert and the subhumid sa-
vanna zone that stretches across northern Africa
from Senegal in the west to Sudan in the east
(Hein and de Ridder 2006). The Sahel is there-
fore a dynamic ecosystem that responds not only
to climatic variability but also to human exploita-
tion of biospheric resources. It is characterized
by strong climatic variations and irregular rain-
fall pattern that ranges between 200 and 600 mm
(Fox and Rockström 2003; Kandji et al. 2006;
Hérault and Hiernaux 2003). Agriculture is pre-
dominantly rainfed and depends on 3–4 months
of summer rainfall. The succession of dry years
and wet years is a typical feature of the Sahelian
climate. Thus, the natural and societal systems in
this part of the world owe their existence to their
capacity to adapt to this fluctuating rainfall sup-
ply (Raynaut 2001). Droughts with varying de-
grees of severity occur in 2 out of every 5 years,
making harvests of the major food and cash crops
highly uncertain (Hengsdijk and van Kuelen
2002). Rainfed pearl millet (Pennisetum glau-
cum (L.) R. Br) and sorghum (Sorghum bicolor
L. Moench) are the main sources of food and
account for more than 70% of the total cereal
area, 60% of cereal production, 75% of total
calories intake, 52% of per capita grain con-
sumption, and one-third of protein intake. In re-
cent years, maize (Zea mays L.) cultivation has
increased significantly, particularly, as a result
of introduction of new cultivars and associated
technologies (Sanders et al. 1996). Maize yields
are still very low compared to the potential that
the varieties have. Rice (Oriza sativa L.) is also
rapidly replacing the coarse grains in household
consumption, particularly in urban areas. In ad-
dition, cowpea and peanut are grown as major
food legumes that are often inter- or mix-cropped
with millet and sorghum. Nearly all farm house-
holds own poultry and small ruminants (goats
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and sheep), with households in the upper stra-
tum owning cattle, donkeys, camels, and horses
as well. In poor crop production years, animals
are sold to buy food for household sustenance,
while in good years, they provide an important
investment opportunity for surplus funds. Main-
taining a high level of plant biodiversity within
the farm boundaries and in the agricultural land-
scapes has also been a recognized strategy to
reduce food insecurity. Simultaneous growing,
mixing, or intercropping different types of crops
(or cultivars of the same crops) is not uncommon
in northern Nigeria and in many other areas of
the Sahel (Kandji et al. 2006).

Climate-dependent challenges

Climate is one of the elements in a complex
combination of processes that has made agri-
culture and livestock farming highly unproduc-
tive in Africa. The change in climate pattern
is expected to affect population growth, migra-
tion, food availability, poor and degraded soils,
drought, and disease incidence among many oth-
ers. Over 60% of African population is directly
dependent on agriculture and natural resources
for their livelihood (FAO 2003), and agricul-
ture is highly dependent on climate variability
(Salinger et al. 2005), making the threat of cli-
mate change particularly urgent in Africa (Boko
et al. 2007). The current population growth of
SSA is 2.3% pa (World Bank 2009). The United
Nations predicts for the region a population of
nearly 1.5 billion in 2050. The effect of cli-
mate change on population growth, however,
is still debatable, while past studies suggest a
population expansion to compound the effect
of climate change. Recent studies suggest that
the real issue is not the growth in the number
of people per se but the growth in the num-
ber of consumers and their consumption levels
(Satterthwaite 2009). However, greater move-
ment of persons from worst affected areas to
more favorable environments will be a conse-
quence of climate change. Food availability (as-
sessed as calorie availability) will also be sig-

nificantly affected. Information about climatic
threats to food security in developing countries
is still limited (Darwin 2001). Without climate
change, calorie availability is expected to in-
crease in SSA between 2000 and 2050. With cli-
mate change, however, food availability in the re-
gion will average 500 calories less per person in
2050, a 21% decline (Nelson et al. 2009). Again,
in a no-climate change scenario, only SSA (of
the six regional groupings of developing coun-
tries studied in the report) sees an increase in
the number of malnourished children between
2000 and 2050, from 33 to 42 million. Climate
change will further increase this number by over
10 million, resulting in 52 million malnourished
children in 2050.

With climate change, it is expected that poorer
and degraded soils will become more evident
all through Africa. Over the last half-century,
for instance, the combined effects of population
growth, land degradation (deforestation, contin-
uous cropping, and overgrazing), and reduced
and erratic rainfall have transformed a large pro-
portion of the Sahel into barren land, resulting in
the deterioration of the soil and water resources.
Three drought years of the 1970s, 1980s, and
1990s made it worse. Even if rainfall has be-
come little better and food security improved in
recent years, the Sahel remains an environmen-
tally sensitive region and climate change is likely
to worsen the vulnerability of its ecological and
socioeconomic systems.

The movement of plant pests, animal diseases,
and invasive alien aquatic organisms across
physical and political boundaries threatens food
security and creates a global public concern
across all countries and all regions. The SSA also
has all the most important ticks and tick-borne
diseases such as East Coast Fever, Anaplasmosis,
Babesia, and Cowdria (heartwater). It is antici-
pated that climate change will result in changes
in the spatial distribution of ticks, as a result of
increases in temperatures and shifts in rainfall
patterns and amounts, and may cause consid-
erable problems, in that if the ticks and the dis-
eases they transmit moved into new areas, animal
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Box 3.3.2 Summary of farmers’ perceptions of
the indicators and causes of climate change
across different regions in Africa

Indicators:
� Increased drought incidences
� Unpredictable wind movements
� Changes in seasonal temperatures (very hot

summers and very cold winters)
� Prolonged winter seasons
� Marked delays in onset of rainy seasons
� Disappearance of wetlands and declining water

reservoirs

Causes:
� Deforestation
� Poor farming practices destroying soils and

water resources
� The rise of industries, towns, and cities
� Increasing incidences of wild fires
� Lack of respect of traditional cultural values

(e.g., cutting down of sacred trees)
� Unexplained natural forces

Source: Mapfumo et al. 2008

populations with little or no immunity would
be exposed and suffer major disease impacts
(United Nations 2008).

Perception of African farmers
to climate change

There are diverse and mixed views about the
causes and indicators of climate change across
and within communities in Africa, despite the
evidence of a general awareness (see Box 3.3.2).
At a local level, there is a wide range of indica-
tors that the farmers use for predicting wet and
drought seasons. For example, farmers believe
that cold winters indicate a drought, while hot
summers signify good rains.

Coping and adaptation strategies
to climate variability and change

The development of mitigation strategies and
coping mechanisms are complicated to certain

extent by the lack of regional models that can pre-
dict changes with a greater degree of certainty.
The varying results of different emission sce-
narios, general circulation models, and regional
climate models point to the overall uncertainty
of these simulations. The uncertainties at the var-
ious stages make it difficult to accurately predict
climate change and therefore the consequent im-
pact especially at the regional level. The coping
capacity will be governed in large measure by
the mitigation strategies relevant to the local and
regional socioeconomic conditions, within the
framework of national strategies.

Farmers’ strategies

Over generations, and especially in the more
arid environments where rainfall variability most
strongly influences livelihoods, farmers have de-
veloped coping strategies to buffer against the
uncertainties induced by season-to-season vari-
ation in water supply coupled with the socioe-
conomic drivers that impact their lives (Matlon
1988; Reardon et al. 1999; Carloni 2001). De-
pending on their assessment of risks and vulnera-
bility, farm households make certain choices and
adjustments in their technologies, production,
and consumption decisions. Farmers employ a
range of specific coping and adaptation strategies
to respond to climate shifts, some generic across
regions and some facilitated by specific local fac-
tors (Thomas et al. 2007). These include risk
management options such as choosing particular
crop varieties, investing in water management,
and diversifying both farming and other asso-
ciated livelihood enterprises prior to the onset
of the season; in-season adjustment of crop and
resource management options in response to the
nature of the rainfall season as it unfolds, and op-
tions that minimize livelihood impacts of adverse
climatic shocks (e.g., distress selling of assets,
borrowing, cutting expenditures on nonessential
items). However, such coping strategies enable
farming families to survive; they are risk averse
in nature. They are designed to mitigate the neg-
ative impacts of the poorer seasons, but fail to
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Fig. 3.3.1. Farmers’ adaptation to climate change.

exploit the positive opportunities of the “aver-
age” and “better than average” seasons. As a
result, most families remain poor and suscepti-
ble to further climatic variability and shocks. A
survey done by Deressa (2007) indicate that use
of different crop varieties is the most commonly
used method, whereas use of irrigation is the least
adaptation practiced among the major adaptation
methods identified in the Nile Basin of Ethiopia
(Fig. 3.3.1). The use of different crop varieties
could be associated with the less expense and
ease of access by farmers, and the limited use
of irrigation could be attributed to need for more
capital and the low potential for irrigation.

As future climatic changes unfold and farm-
ers learn how to implement adaptive strate-
gies (which in turn will depend on the type
of tenure, incomes, etc.), farmers could make
long-term adjustments such as changing crop
varieties that are grown as well as where
they are grown (i.e., location). Potential op-
tions include switching to more robust vari-
eties that are better suited to the new en-
vironment (Kurukulasuriya and Mendelsohn
2008). For instance, Matarira and Mwamuka
(1996) highlights those Zimbabwe farmers who
switched successfully to the use of the more
drought-resistant crops in areas where the fre-
quent occurrence of droughts has made agri-
culture production difficult. Another example
concerns the possible spread of major diseases
that attack smallholder crops such as the maize
streak virus and cassava mosaic virus in areas
where rainfall increases, and sorghum head smut

(a fungal disease) and groundnut rosette (a vi-
ral disease) in areas where rainfall decreases
(which could be compounded by farmers switch-
ing adaptively to sorghum in areas where maize
becomes marginal and to cowpea in the case of
groundnut). With frequent drought spells, there
is an increasing probability of aflatoxin contam-
ination (due to infection by Aspergillus flavus)
of groundnut (and its products), a major cause of
the collapse of the West Africa groundnut inter-
national trade in international market.

In Sahel, although most smallholder farmers
have very limited capacity to adapt to the cli-
mate variability and change, they have, however,
survived and coped in various ways over time.
Supporting the coping strategies of local farm-
ers through appropriate public policy and invest-
ment and collective actions can help increase the
adoption of adaptation measures that will reduce
the negative consequences of predicted changes
in future climate, with great benefits to the most
vulnerable rural communities.

Research strategies

Productivity-enhancing technologies

During the last 40 years, research led by the
Consultative Group on International Agricultural
Research (CGIAR) centers, Advanced Research
Institutes, and National Agricultural Research
Systems with support from the development part-
ners have initiated and promoted technologies to
increase crop productivity, combat land degra-
dation, and conserve soil and water in the Sahel
region in part, providing important support to
farmers to adapt to climatic variability. Short du-
ration varieties of millet, sorghum, cowpea, and
groundnut to escape the end-of-season drought;
extra-early maturing maize varieties tolerant to
drought and the New Rice for Africa have been
already developed, bringing hope to millions of
farmers and consumers in West Africa. Similarly,
a number of soil fertility/water retention tech-
nologies including tied ridges, dikes, complex
chemical fertilizers, indigenous rock phosphate,
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animal manure and composting, mulch, plowing,
and green manuring are available to increase crop
yields substantially. Farmers use crop mixtures
of different varieties of varying maturities and
food crop/tree associations mainly for flexibil-
ity; resource maximization (light, water, and nu-
trients); risk minimization; soil conservation and
maintenance; pests, diseases, and weed control;
and nutritional advantages. Therefore, optimized
management of agrobiodiversity (intra- and in-
terspecific) and natural resources is an effective
option for decreasing the vulnerability of small-
scale farmers to climate variability and change.
Development of drought and heat-tolerant vari-
eties is of high priority for crop improvement that
increasingly seeks genetic solutions to problems
of abiotic stress (Huntingford et al. 2005). Cul-
tivars that are more resistant to extreme weather
and growing conditions in terms of both yield
and quality need to be developed. This requires
consideration of the complete biological system,
which includes pests, diseases, toxins, protein
content, etc. Defining critical temperatures, and
their timing within the growing cycle, across all
major crops is crucial for providing more confi-
dent assessments of future global food produc-
tion. High-temperature events are likely to be
one of the major impacts of climate change and,
hence probabilities of their occurrence must be
included in future assessments. The development
and adoption of better “temperature-adapted”
varieties, together with improved management
practices, could result in the almost complete
mitigation of the negative impact of temperature
increases. The technologies to help farmers con-
trol pests are equally important. Climate change
could have positive and negative impact on each
pest. Better models are needed to assess their im-
pact as pest populations predictions models have
different spatial and temporal scales than global
climate models.

Diversification and intensification

Cereal/legume intercropping is a very common
practice among small-scale farmers in the semi-

arid tropics, but will not be enough to cope with
increasing climate variability and change. More
diversification is required, as better matching of
crop species to locations would increase eco-
nomic returns and reduce environmental haz-
ards associated with suboptimal performance.
Research work in CGIAR centers such as Inter-
national Crops Research Institute for the Semi-
Arid Tropics’ (ICRISAT) crop diversification
program in Niger developed an integrated land
management system called Sahelian Eco-Farm
(Pasternak et al. 2005). This consists of high-
value drought- and heat-tolerant trees, annual
cereals, legumes, and vegetables combined with
indigenous water harvesting techniques. It there-
fore addresses simultaneously a number of con-
straints to agricultural production, such as low
soil fertility, wind and water erosion, drought,
fodder for animals, and inefficient utilization
of labor. In addition, technologies for Bio-
Reclamation of Degraded Land are currently
being developed. These aims at restoring lat-
eritic and/or crusted bare soils through water
harvesting techniques and cultivation of specific
crops such as indigenous leafy vegetables that
are particularly well adapted to degraded land,
and that have great market potential especially
for women. These new, diversified cropping sys-
tems need to be further tested across climatic
gradients to prove their potential in reducing
negative impacts of climate change and stabiliz-
ing production. Geographic Information System
(GIS)-based adaptation mapping for crop species
(Hannaway et al. 2005) and interfacing GIS with
agronomic systems modeling will lead to identi-
fication of best options under different climatic
scenarios.

Harnessing biotechnology for the poor

New scientific knowledge in genomics and
biotechnology will be needed to speed up tech-
nology development, for example, in marker-
assisted selection of desirable traits in dual
purpose cereals and legumes or in the manipula-
tion of rumen function to maximize ruminants’
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capacity to digest roughage and reduce fermen-
tation gases (CH4 and CO2) that contribute to
global warming. Overall, technical research will
be geared toward producing a diversified range of
technological options to suit the needs of farmers
and pastoralists with different resource endow-
ments, management skills, and ability to bear
risk under the changing climate.

Ingram et al. (2008) outlined three major chal-
lenges for agronomic research in the climate or
food security debate that are relevant in Africa
under the changing climate: to understand bet-
ter on how climate change will affect cropping
systems (as opposed to crop productivity); as-
sessing technical and policy options for reduc-
ing the deleterious impacts of climate change on
cropping systems while minimizing further envi-
ronmental degradation; and understanding how
best to address the information needs of policy-
makers and report and communicate agronomic
research results in a manner that will assist the
development of food systems adapted to climate
change.

Conclusion

The world is presently experiencing the climate
change, and SSA is no exception. It is clear that
the associated consequences will be felt most
by SSA. Both the humid and arid and semi-
arid zones will witness unprecedented challenges
in agriculture production, which needs careful
planning and strategic research to counter these
challenges. Sayer and Campbell (2001) have ar-
gued that meeting the challenges of increased
agricultural productivity and environmental sus-
tainability in complex and marginal systems, a
paradigm shift in conventional research and de-
velopment is required. This shift would involve
a redirection of research objectives toward en-
hancing adaptive capacity by incorporating more
participatory approaches, by embracing key prin-
ciples of multi-scale analysis and intervention,
and by the use of a variety of tools (e.g., systems
analysis, information management, and impact
assessment tools).

Recommendations

For viable adaptation, stronger growth in
agriculture in Africa requires action across a
number of fronts, including infrastructure, par-
ticularly transport and irrigation; agricultural ex-
tension; the development of improved varieties
of crops; poverty rights, which give incentives to
invest in the land and farm, including for women;
access to microcredit; physical security so that
long-term rewards to investment can be realized;
better forecasting and response to weather; and
occurrence of pests and diseases. Assessments
of the relationships between crop productivity
and climate change rely upon a combination of
modeling and measurement. In contrast, the chal-
lenges associated with climate change impacts
and farmers adaptation are still unaddressed. It
is argued that the generation of knowledge for
policy and adaptation should be based not only
on syntheses of published studies, but also on
a more synergistic and holistic research frame-
work that includes the following:

1. Reliable quantification of uncertainty;
2. Techniques for combining diverse modeling

approaches and observations that focus on
fundamental processes; and

3. Judicious choice and calibration of models,
including simulation at appropriate levels of
complexity, that accounts for the principal
drivers of crop productivity, which may well
include both biophysical and socioeconomic
factors. It is argued that such a framework
will lead to reliable methods for linking sim-
ulation to real-world adaptation options, thus
making practical use of the huge global ef-
fort to understand and predict climate change
(Challinor et al. 2009).

When considering adaptation, it is important
to consider how weather and crop yield fore-
casts will be used and what spatial and temporal
scales will be the most appropriate for the users.
Useful weather/climate forecasts can range from
a few days ahead for some crop management
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decisions to decades in the future for infras-
tructure and strategic planning (Challinor et al.
2009). For example, ensemble climate modeling
can be used with crop models in order to predict
crop yield a season ahead of the harvest (Challi-
nor et al. 2005). Information should also be pro-
vided in relevant formats (Stone and Meinke
2005). Whether the information best suited to
users is based on computer-intensive systems,
or on less high-tech systems such as observa-
tional networks and capacity building, depends
to a large extent on the particular users consid-
ered (Patt et al. 2009). In Africa, for example,
a prudent way to address the threat of climate
change may be to focus on strategies for cop-
ing with climate variability, rather than longer
term climate change (Washington et al. 2006).
This may mean a greater focus on in situ and
remotely sensed observations as well as consid-
eration of the multiple stresses that act on food
security (Gregory et al. 2005; Haile 2005; Verdin
et al. 2005).
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Chapter 3.4

Regional Climate Impacts on Agriculture
in Europe
Hermann Lotze-Campen

Agriculture in Europe

Europe is one of the largest and most productive
suppliers of agricultural crops and commodities.
In 2004, the continent provided 20% of global
cereal production and had average yields per
hectare that were 60% higher than the global
average (Alcamo et al. 2007). Agricultural land
area, including arable land and woodland, cov-
ers more than three-quarters of the territory of
the European Union (EU) (European Commis-
sion 2007). Climate impacts on agriculture are
likely to have only minimal impacts on the Eu-
ropean economy as a whole, because agricul-
ture accounts for only 2% of gross domestic
product and for around 5% of total employment
(Barthelemy 2007). However, in some regions,
local effects of climate change could possibly be
large. Water abstraction utilized by agriculture
accounts for 32% of total water withdrawals. In
the northern regions, water abstraction is stable
or declining, but it is growing in southern regions
(Alcamo et al. 2007).

The Common Agricultural Policy (CAP) of
the EU dominates the trends in European agricul-
ture. In the last decade, it has been reformed to

reduce overproduction and environmental dam-
ages as well as to improve rural development
(Alcamo et al. 2007). In the future, European
agricultural policies need to support adaptation
of agricultural practices to changing climate con-
ditions. However, so far, there are many uncer-
tainties regarding future climate conditions in the
different regions of Europe. Moreover, socioeco-
nomic factors are likely to have more influence
over future productivity and land use decisions
than climate (Audsley et al. 2006). Current poli-
cies are designed to support farm income and
protect farmers from world market conditions
and external price fluctuations. Especially, ex-
port subsidies for some products tend to put agri-
culture in other world regions at a disadvantage.
In the future, pressures for change in the CAP
are likely to come from four different areas: the
demand for further trade liberalization from the
negotiations at the World Trade Organization,
implementation of climate adaptation strategies
in agricultural production, reducing greenhouse
gas emissions from agriculture as a contribution
to more general climate protection targets, and
an increased demand for biomass-based energy
carriers.

Crop Adaptation to Climate Change, First Edition. Edited by Shyam S. Yadav, Robert J. Redden, Jerry L. Hatfield,
Hermann Lotze-Campen and Anthony E. Hall.
c© 2011 John Wiley & Sons, Ltd. Published 2011 by John Wiley & Sons, Ltd.
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Present climate conditions
for agriculture

In Europe, there are very different conditions
for agriculture, determined by environmental
and socioeconomic factors (Kostrowicki 1991).
Northern regions are characterized by extensive
cattle breeding, as cropping is limited by unfa-
vorable climate conditions. In the Nordic coun-
tries, yields are very low due to a short grow-
ing season, which is 1–3 months shorter than,
e.g., in Germany. In addition, there are yield
risks due to night frosts in late spring and early
autumn. The Atlantic and Central Continen-
tal regions are characterized by intensive and
market-oriented agriculture operated by small-
to large-scale farming systems. The great Eu-
ropean plain, which is the most productive re-
gion in Europe, reaches from southeast Eng-
land through France, Benelux, and Germany into
Poland. France is the largest producer of cereals,
followed by Germany and Poland. Together, they
account for more than half of the total produc-
tion. In Southern Europe, highly intensive agri-
culture can be found as well as more traditional,
extensive agricultural practices. The warm and
dry climate limits cereal yields but favors grow-
ing of perennial crops such as fruit trees, olives,
and grapes. However, these crops are more vul-
nerable to extreme weather events that can re-
duce or destroy yields. Irrigation is very impor-
tant in many Mediterranean regions because of
high temperatures and insufficient precipitation
during the growing season. The Eastern Euro-
pean regions are still in the process of trans-
formation from the socialist past, resulting in
rising production intensity and higher yields. In
parts of Eastern Europe dry, continental condi-
tions and large differences in annual tempera-
tures limit the range of crops that can be grown.
However, Central Poland, the Hungarian plains
as well as Southwest Russia and the Ukraine be-
long to the potentially most productive areas in
Europe (Olesen and Bindi 2002; Maracchi et al.
2005).

Climate change impacts

Future climate conditions

In the period 1901–2005, the average annual
temperature rose throughout Europe by 0.9◦C.
Mean temperature increase was larger in winter
than in summer (Alcamo et al. 2007). Results
of global climate models indicate that large cli-
matic changes in Europe are likely. The mod-
els show strongest warming over Eastern Europe
and Northern Europe during winter and over
Western and Southern Europe during summer
(see Fig. 3.4.1). Especially in the Southwest-
ern parts such as France and the Iberian Penin-
sula, increase in average summer temperatures
may exceed 6◦C by the end of the century (Al-
camo et al. 2007). Maximum temperatures will
increase much more in Southern and Central Eu-
rope than in Northern Europe. In summer, this is
mostly due to higher temperatures on warm days.
During winter, warming is due to higher temper-
atures on cold days. This will lead to lower vari-
ability in winter temperatures. The increase in
minimum temperature exceeds the average win-
ter warming by a factor of two to three at many
locations (Alcamo et al. 2007).

Precipitation trends vary regionally. In North-
ern Europe and most of the Atlantic region, mean
winter precipitation will increase. In the Mediter-
ranean area, annual precipitation trends are neg-
ative especially in the eastern part. Mean precip-
itation per wet day is increasing in most parts
of the continent, even in those parts that gener-
ally become dryer (Alcamo et al. 2007). Climate
models indicate an increase in mean annual pre-
cipitation in Northern Europe and a decrease in
Southern Europe. Projections of seasonal pre-
cipitation patterns vary. It is likely that win-
ter precipitation in Western, Northern, and Cen-
tral Europe will increase while it will decrease
over the Mediterranean region. Summer pre-
cipitation will decrease substantially in South-
ern and Central Europe. In Northern Europe, it
will decrease to a smaller degree. During spring
and autumn precipitation, change is marginal
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Fig. 3.4.1. Projected annual and summer (June, July, August (JJA)) temperature and precipitation change by the 2080s for
Europe under the SRES A1B scenario. (Source: Based on Christensen et al. 2007, p. 875.)

(Alcamo et al. 2007). The intensity of daily
precipitation will increase substantially even in
regions where mean precipitation decreases in
the Central and Mediterranean regions (Alcamo
et al. 2007).

Heat waves and droughts will occur more
often due to the combined effect of warmer
temperatures and less summer precipitation. By
the late twenty-first century, the Mediterranean
and even much of Eastern Europe may expe-
rience an increase in dry periods. Central Eu-
rope could eventually have the same number of
hot days as currently occur in Southern Europe,
while in the Mediterranean droughts will start
earlier and last longer (Alcamo et al. 2007).

Impacts on European regions

Climate change will have diverse effects on agri-
culture. In Southern Europe, impacts are likely to
be negative, while in the North, effects are likely
to be positive. In Central and Western Europe,
effects will be small. Several studies indicate a
larger yield increase in Northern Europe com-
pared with yield reductions in Southern Europe
so that yield losses will average out for cereals.
Thus, aggregate effects could be slightly positive
for Europe as a whole (e.g., Olesen and Bindi
2002; Ewert et al. 2005; Maracchi et al. 2005;
Audsley et al. 2006). The different effects of cli-
mate change across Europe will be a challenge
for European agricultural policy makers because
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economic and social problems may arise in some
regions while others will benefit (Maracchi et al.
2005).

In the Northern regions and in the continental
part of Europe, warming will extend the length of
the potential growing season, which allows ear-
lier planting and earlier harvesting. Less severe
winter temperatures will also allow the growing
of more productive cultivars of annual and peren-
nial crops (Olesen and Bindi 2002). In addition,
crops that are currently only grown in southern
regions may also become suitable further north
(Audsley et al. 2006). Warm-season crops such
as maize and grapevine may shift northward and
into Central Europe (Olesen and Bindi 2002).
Warmer weather will furthermore directly affect
the soil workability, which is one of the limiting
factors of crop distribution in Europe. If soils are
too wet, tillage can detrimentally compact soils.
Drier conditions can therefore increase the num-
ber of days when tillage and also harvesting is
possible (Olesen and Bindi 2002).

Changing climate conditions will also expand
agricultural areas in the northern countries. In
particular in Finland, where today crop growing
is limited, future climate conditions will be fa-
vorable. The agricultural area suitable for crop
growing may shift northward by 120–150 km
per 1◦C increase in annual mean temperature.
Warmer climate conditions will furthermore in-
crease yields in the northern countries (Ewert
et al. 2005; Audsley et al. 2006). In principle,
large areas in Finland could develop intensive
agriculture. However, these areas are currently
forests, which will come under pressure from
agricultural expansion. Land use decisions will
have to be based on the differences between prof-
itability in agriculture and forestry as well as on
more general societal objectives. Large forested
areas are currently protected for environmental
purposes (Audsley et al. 2006).

In Southern Europe, temperature increases,
precipitation decreases as well as increases in
climatic interannual variability, and a higher
frequency of extreme events are to be ex-

pected. These combined changes will lead to a
shorter growing season, increased water short-
age and heat stress, which will reduce yields,
lead to higher yield variability, and probably re-
duce the agricultural area of traditional crops
(Giannakopoulos et al. 2005; Maracchi et al.
2005). In Southern Europe, the most affected
regions will be Spain, Portugal, Italy, and South-
western France (Ewert et al. 2005; Audsley et al.
2006). In these areas, climate change may largely
reduce yields and thus cause disruptions in the
rural economy.

Impacts on crop yields

There is a wide range of arable crops in Europe
due to different climate conditions. Most impor-
tant crops are cereals, which are grown mainly
for animal feed and human consumption (Olesen
and Bindi 2002). Highest wheat yields can be
found in continental Europe, where, e.g., France
obtains about 8 t/ha, while in Southern Europe,
especially in Spain and Greece, the highest maize
yields are obtained (Olesen et al. 2007; Reidsma
et al. 2007). Future climate conditions will ex-
pand the area of cereal cultivation but at the same
time reduce yields in some southern parts of
Europe.

Wheat is the most important crop in Europe.
There are several studies about climate impacts
on wheat yields and distribution. Yield changes
depend on the effects of higher temperature,
changed precipitation pattern, enhanced CO2

concentration, and technology development. The
aggregate effect of climate change is likely to be
positive. However, the magnitude of the yield in-
crease will depend on CO2 concentration and
technology development. According to Ewert
et al. (2005), average future wheat yields in Eu-
rope are likely to increase from current 6–8 t/ha
in 2080 for the SRES B2 scenario, and to 15 t/ha
for the SRES A1FI scenario. The strong increase
in yield in the very high emission scenario A1FI
is a result of the expected positive effects of en-
hanced CO2 concentration. However, it is still
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subject to debate, how strongly the CO2 fertil-
ization will materialize under average production
conditions in the field.

There will be yield increases for wheat in the
Northern and Central Europe as well as in parts of
Eastern Europe, while in Southern Europe, espe-
cially in Southern Spain and Portugal, yields will
decrease (Giannakopoulos et al. 2005; Maracchi
et al. 2005; Olesen et al. 2007).

A more detailed study by Maracchi et al.
(2005) suggests that the largest yield reductions
of wheat will be in Southern Portugal, Southern
Spain, and the Ukraine by up to 3 t/ha. In other
parts of Southern Europe, like Northern Spain,
Southern France, Italy, and Greece, and also in
Scandinavia, wheat yields may increase by 3–4
t/ha. In the rest of Europe, yield increases are
estimated to be about 1–3 t/ha.

Maize cultivation is currently limited to
Southern Europe and parts of Central Europe.
According to Olesen et al. (2007), a northward
shift of the northern limits of maize suitabil-
ity is likely to occur. The extent, however, de-
pends on climate scenarios and varies consid-
erably. The area suitable for maize is likely to
reach Southern England and the Baltic states. For
Ireland, the rest of England, Denmark, Finland,
and Southern Sweden, future suitability is un-
certain (Olesen et al. 2007). Yields will mainly
decrease in the Southern regions and increase in
Northern regions. However, increases are less
significant because maize is a C4 plant and,
hence, will respond less strongly to enhanced
CO2 concentration compared to C3 plants such
as wheat (Maracchi et al. 2005).

A specific adaptation option: Crop
insurance in Spain

Weather risks are a major source of uncertainty
for farmers, and with changing climate condi-
tions in the future, these risks will further in-
crease. Especially in countries with high yield
variability, impacts of climate-related hazards
can destabilize farm income. Crop insurance
schemes can stabilize farm income.

Spain has one of the most developed agricul-
tural insurance policies, similar to the United
States and Canada. The Spanish insurance
scheme has been expanding during the last
25 years, and there is a rich experience in devel-
oping new and innovative agricultural insurance
solutions. However, it has received only little at-
tention in the literature (Garrido and Zilberman
2007).

The Spanish Government collaborates with
farmers’ unions and insurance companies, and
they together establish a pool where all insurance
companies operate in a coinsurance regime. Pre-
miums are subsidized by the Government with
up to 49% contribution including regional sub-
sidies (Bielza et al. 2007). Furthermore, reinsur-
ance is undertaken by the Spanish Government.
A public reinsurance company, the “Consorcio
de Compensacion de Seguros” was established.
This public company itself is reinsured by the
international reinsurance market (Bielza et al.
2007).

Today, about 5.85 million hectares are in-
sured, and there is a steady growth of the agri-
cultural insurance scheme, which covers about
30–40% of the eligible production. Farmers can
choose among more than 200 different insurance
policies that provide coverage to all possible
crops. For example, cereal farmers can choose
between three coverage levels, ranging from ba-
sic coverage including hailstorm and fire risks
to individual yield risks (Garrido and Zilberman
2007). Farmers’ participation varies according to
their farming system. About 100% of the eligi-
ble farmers on the Canary Islands who grow ba-
nanas or tomatoes purchase an insurance, while
less than 5% of the farmers who grow olive trees
or potatoes do.
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Chapter 3.5

Climate Change Impacts and Adaptations in
the Countries of the Former Soviet Union
Andrei Kirilenko and Nikolay Dronin

Introduction

Fifteen countries of the Former Soviet Union
(FSU) occupy an area of almost 22.5 million
square kilometers with diverse climate condi-
tions, distinct agriculture, and different strategies
of adaptation to climate change. An analysis of
the region would usually divide it into several
zones, following the differences in geography,
economics, culture, and history: Baltic (three
countries), Central Asia (five countries), Eastern
Europe (three countries), Russia, and Caucasia
(three countries). For the purposes of this analy-
sis, we used these subdivisions as a base, further
dividing two of the largest countries of FSU,
Russia and Kazakhstan, into three and two sub-
zones, respectively, adding the subdivisions to
the traditional zones. Additionally, to attain bet-
ter homogeneity of the regions with respect to
agriculture, we rearranged the traditional zones
of Baltic and Eastern Europe. The resulting five
zones (Fig. 3.5.1) follow both geographical and
administrative boundaries:

1. European South (ES): the steppe and wooded
steppe of Russia, Ukraine, and Moldova.

2. European North (EN): Belarus, three Baltic
Countries (Estonia, Latvia, and Lithuania),
and the north of European Russia

3. Siberia (SI): the territory of Russia east of the
Urals and north-central Kazakhstan.

4. Central Asia (CA): five countries of
Central Asia (Kazakhstan, Uzbekistan,
Turkmenistan, Tajikistan, and Uzbekistan),
excluding north Kazakhstan, the latter in-
cluded in SI.

5. Caucasia (CC): three countries of the Cau-
casus region: Azerbaijan, Armenia, and
Georgia. We also discuss the Russian part of
North Caucasus.

Different climate factors limit the agriculture
in these regions. In the ES, agriculture on fertile
Chernozem soils is largely rainfed and mainly
limited by temperature and summer precipita-
tion, with frequent large-scale summer droughts.
Main crops are barley, winter wheat, sunflower,
sugar beets, and flax, with substantial forage
growing. In EN, agriculture is limited by low
temperature, short growing season, and soil fer-
tility. Some lands require soil drainage. Main
crops are barley, wheat, rye, and potatoes, with
substantial harvesting of grasses and legumes for
forage. In SI, the principal agricultural zones are
located in steppe and wooded steppe of North
Kazakhstan and the south of Western SI. In
Kazakhstan, rainfed grain production is mainly
limited by extreme shortage of precipitation, the

Crop Adaptation to Climate Change, First Edition. Edited by Shyam S. Yadav, Robert J. Redden, Jerry L. Hatfield,
Hermann Lotze-Campen and Anthony E. Hall.
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Fig. 3.5.1. Subdivision of the FSU countries into the zones: European South (ES), European North (EN), Siberia (SI), Central
Asia (CA), and Caucasus (CC). The borders follow the upper-level administrative units of the countries (e.g., oblasts). Shading
shows the percentage of agricultural lands in a cell of the 0.5◦ × 0.5◦ geographical grid (Ramankutty et al. 2008) with darker
shades corresponding to more agriculture. The cells with less than 10% of land designated to agriculture are not shaded.

dry, short, and warm growing period, and ex-
tremely cold and windy winters. Main crops in-
clude spring wheat, barley, and forage produc-
tion. In CA, agriculture is generally restricted to
oases and irrigated lands along the major rivers
and canals. Availability of water for irrigation
is the major factor constraining agriculture, and
conflicts over water are not infrequent. Major
crops include wheat, rice, and cotton. Finally,
CC is the smallest zone with multiple and diverse
limitations, determined by the local climates in
the mountain valleys, precipitation and irrigation
water availability frequently being the most im-
portant ones. There is a wide variety of crops in
this zone, including wheat, maize, barley, sugar
beets, nuts, cotton, vines and fruits; in terms of
agricultural exports, the top commodities include
sugar, nuts, and alcoholic beverages.

Spatial heterogeneity of both the climates
and agriculture result in a diversity of climate
change impacts and also in a variety of adap-
tation measures. In multiple locations, planned
and autonomous adaptations to climate change
have already resulted in changes in agriculture
in the twentieth century, such as a dramatic in-
crease in irrigation or shift in crops toward ones
better suited for warmer and dryer climate; how-
ever, it is hard or even impossible to differenti-
ate between the effects of overall management

improvement and the avoidance of climate-
related losses. Similarly, there are multiple fac-
tors affecting yield, aside from climatic ones;
climate-related yield reductions could be smaller
than yield increase due to other factors. These
factors complicate the analysis. We start the re-
view with a general discussion of the geography
of agriculture in FSU, continue with description
of climate and climate change projections, and
finish with a discussion of recent changes in agri-
culture in the regions, climate change impacts,
and adaptations.

Geography of agriculture

Climatic limitations

Generally, the geography of agriculture of the
FSU follows two climatic factors: temperature
and summer precipitation. Elevated topography
prevents moist and warm air from the Atlantic
and Indian Oceans from entering the eastern part
of the region. Annual mean temperature, com-
puted for the agricultural lands alone,1 is just
above 1◦C in SI and 6.0◦C in EN. Low mean
annual temperature and short period between
the first and the last frosts limit the length of
growing period (White 1987). In the intensively
agricultural Chernozem (Black Earth) region in
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the southwestern Russia and Ukraine, the grow-
ing period lasts 130–160 days with accumulated
temperature of 1200–1600◦C base 10, and in the
principal agricultural regions of SI, the growing
season length is only 115–130 days (Khomyakov
et al. 2001), and accumulated temperature is
800–1200◦C. Similarly, in the central regions of
European Russia, the growing season lasts only
110–130 days, and in Arkhangelsk oblast, accu-
mulated temperature is only 400–500◦C. How-
ever, in the major agricultural regions of the
ES (e.g., North Caucasus and Lower Volga), the
growing period is 165–200 days, and it is even
longer in CC, with accumulated temperatures
above 2000◦C.

The average annual amount of precipitation
over the FSU territory is 490 mm, as compared to
the 782 mm over the United States (Field 1968).
About 82% of FSU is located in the continental
climate zone (according to Köppen-Geiger clas-
sification, as computed by Kottek et al. 2006),
receiving a low to moderate amount of rain. In
the CA and CC regions, 70% and 16% of land,
respectively, is in the arid and semiarid climate
zones. In Ukraine, only 25–30% of the required

moisture comes with summer precipitation, the
rest being stored in soil from autumn and winter
rainfall (Protserov 1950). Only 1% of the region,
predominantly along the Black Sea coast, is in
the humid temperate climatic zone, with high
precipitation, warm and long summers, and mild
winters, as compared to 34% in the United States
(Parker 1972). Additionally, 8% of the territory
is in the arid and semiarid climate zones.

These and other major climatic factors that
limit agriculture in the FSU include short grow-
ing season, spring frosts, flooding, and excessive
precipitation in EN; low precipitation, droughts,
and a rather short growing season in ES; short
growing season, extreme precipitation shortage,
droughts and frosts in SI; high summer tempera-
tures and shortage of water for irrigation in CA,
temperature, precipitation, and irrigation water
availability in CC. Figure 3.5.2 illustrates the
spatial distribution of two limiting factors: length
of growing period, found as the growing degree
days baseline 10◦C (GDD 10), and rainwater
availability. Because of these limitations, 80%
of FSU cropland falls within the least produc-
tive thermal zone, and only 4% is in the most

Fig. 3.5.2. Climate change impact on the factors limiting agriculture: Thornthwaite’s aridity index (AIT, on the south)
and thermal regime (growing degree days base 10◦C, on the north). Shading density corresponds to the factor importance.
Future climate depicts the mean of five GCM simulations under IPCC SRES A1FI scenarios.
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favorable zone, compared to 32% and 19% in
the United States (Field 1968). Only 1.4% of
the land, suitable for cereal cultivation in the re-
gion, has optimum combination of temperature
and precipitation—compared to 56% of the crop-
land with optimum climate in the United States
(Gatrell 1986). Severe climate conditions render
much lower crop yields compared to Western
Europe and the United States.

Major crops

In the countries of FSU, the most important food
crop is wheat, which in 2007 was harvested on
60% of the area under cereals and on 44% of
the total area under primary crops (FAOSTAT
2010). Despite its popularity, wheat is more vul-
nerable to cold weather and soil acidity com-
pared to other cereals of temperate climate. Both
these factors limit geographical distribution of
wheat cultivation to wooded steppe and steppe.
While spring wheat varieties mainly use topsoil
moisture, winter wheat is able to use the mois-
ture from deeper soil layers, returning an ade-
quate harvest even in dry summers. Usually, the
yield of spring wheat is only half of that of win-
ter varieties (Kruchkov and Rakovskaya 1990).
In Ukraine, Northern Caucasus, and Chernozem
regions of ES, where the climate is more fa-
vorable for crop overwintering, winter varieties
are cultivated. In west SI and north Kazakhstan
(SI), severe winters with little snow favor spring
varieties.

Following the climate and soils, cultivated
area under wheat varies from 18% of the area un-
der cereals in Belarus to 90% in Uzbekistan (in
2007, see FAOSTAT 2010). Further north, wheat
is replaced by barley and rye. At the extreme,
in Estonia, 33% of the area under primary crops
is under barley (46% of the area under cereals;
FAOSTAT 2010). In Belarus, 16% of the area un-
der primary crops is under rye (24% of the area
under cereals; FAOSTAT 2010). Rye is more tol-
erant of cold temperatures, less vulnerable to pre-
cipitation shortage, particularly within the grow-
ing season, better suited to gray Podzol soils of

the forest zone, and better competes with weeds.
Shallow plowing can be applied, as the hardier
root system of rye better penetrates compacted
soils (White 1987). Barley is also less demand-
ing of soil and summer precipitation than wheat.
Another important food and feed crop, oat, is
more demanding of heat and moisture conditions
and is more susceptible to drought; however, it
can be grown on poor acid Podzols, promoting
its cultivation in the forest zone (Kruchkov and
Rakovskaya 1990) of Latvia, Estonia, Belarus,
RF, and Lithuania (countries ordered according
to percentage of the area harvested, FAOSTAT
2010). Maize, the most important world feed, re-
quires warm, long, and moist summers, which
limits its cultivation for grain to a small part of
the region: western Ukraine and Moldova in ES,
and Georgia in CC. Overall, only 4% of har-
vested area under cereals in FSU is under maize,
as compared to 33% in the US (FAOSTAT 2010).

The agriculture of FSU is susceptible to
the changes in the global economy. Three
countries of the region (Ukraine, Russia, and
Kazakhstan) are major grain producers and
exporters, and their agricultural performance
shapes the global food market. Example of the to-
tal world wheat grain and flour export: Russia ex-
ports 7.2%, Kazakhstan 3.9%, and Ukraine 2.4%
(5th, 8th, and 9th place worldwide, computed as
the mean of 2003–2007 trade data in ton from
FAOSTAT 2010). Of the total world barley grain
export, Ukraine exports 13.6%, Russia 7.5%, and
Kazakhstan 1.6% (3rd, 5th, and 11th place). The
same three countries are also highly dependent
on imported food and feed to meet their domestic
demand: e.g., Russia exports $8 billion worth of
agricultural production, while imports $25 bil-
lion (FAOTRADE 2010). Three CA countries
are major world exporters of cotton, Uzbekistan
being the second largest world exporter after the
United States. Additionally, many FSU countries
have low food security and highly depend on
global food market, with the following coun-
tries having the highest undernourished popu-
lation: Tajikistan (29%), Armenia (23%), and
Uzbekistan and Kyrgyzstan (13%) (FAO Food
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Security Statistics 2010, data for 2004–06, ex-
cept for 1995–97 data for Kyrgyzstan).

Yield variability and extreme events

Annual yield variability in FSU counties is prob-
ably greater than in any other major grain-
producing region of the world. Compared to the
United States, the coefficient of variability for
wheat yield, measured over a 50–70 year period,
is almost twice as large for Russia, and 2.4 times
larger for Ukraine (White 1987). For the cur-
rent time period (1992–2007), the coefficient of
variability varies from 11% for Kyrgyzstan up to
38% for Uzbekistan, much higher than just 7%
for United States (FAOSTAT 2010). In Moldova,
wheat yield was 0.5 t/ha in 1992 and 4.0 t/ha in
2007 (FAOSTAT 2010). In the principal agricul-
tural regions of ES (forest zone, wooded steppes
of Chernozem region, western part of North-
ern Caucasus), yield variability is high, and it
is even higher in the southern taiga regions of
SI (20–25%) and in wooded steppes of the Urals
and Middle Volga (25–30%). The variability of
cereal production is the highest (35–50%) in the
steppes of the Low Volga, the very southern
parts of Western SI, and in northern Kazakhstan
(Kruchkov and Rakovetskaya 1990).

While crop composition in FSU is mainly de-
termined by thermal conditions, the high fluctu-
ation of yield is usually the result of precipita-
tion variability. Historical records (Dronin and
Bellinger 2005) show that drought has been the
most important extreme event to affect the agri-
cultural regions of steppe and wooded steppe
(Moldova, Ukraine, Central Chernozem, and
North Caucasus, Volga, south of Western SI,
and North Kazakhstan). Drought is determined
by the summer atmospheric circulation over
the main agricultural zone of FSU. Dry arctic
air moves into European Russia and forms an
anticyclone (Protserov 1950). Especially devas-
tating droughts (e.g., in 1946, half of the agricul-
tural lands of the USSR suffered from drought;
Protserov 1950) are associated with the strength
and eastward extension of the Azores anticy-

clone moving in from the west. These droughts
strike vast territories of the ES region, sometimes
spreading into the northern regions of European
Russia. The damage to agriculture is increased
by strong, hot, and dry southeast wind sukhovey,
especially common in the steppes of Southern
Ukraine and Kazakhstan. The impact of droughts
is increased by their tendency to carry to the
next year. During the twentieth century, there
were at least 27 major droughts in the USSR and
the countries of the FSU (Meshcherskaya and
Blazhevich 1990).

Climate change impacts
and adaptations

Climate change

We estimated the current and future climate in the
region from the University of Eastern Anglia’s
Climate Research Unit (CRU) climate dataset
(Mitchell et al. 2004). The monthly gridded val-
ues for temperature, precipitation, air humid-
ity, and incoming solar radiation were further
processed using a stochastic weather generator
(Friend 1998) to obtain daily dynamics and to
produce the missing monthly and yearly data
such as the number of GDD 10, aridity indices,
upper and lower deciles for temperature and pre-
cipitation, etc. For future climate, we used simu-
lations of four different general circulation mod-
els (GCM): CGCM2, CSIROmk2, ECHam4, and
DOE PCM, for three preset time periods: 2020s,
2050s, and 2080s (Mitchell et al. 2004), for four
“marker” SRES scenarios: A1FI, A2, B1, and
B2 (IPCC 2000). Further, to account for interan-
nual variability for each SRES scenario/GCM-
time slice combination, we generated 30 differ-
ent states of climate parameters following the
approach of Dronin and Kirilenko (2008), bring-
ing the total number of sets of climate parameters
included in the ensemble to 1650.

To characterize the current and future climate
of the territories under intensive agriculture, for
each of the zones, we used the weighted arith-
metic mean of the values of climate parameters
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for each of the grid cells, with the weights equal
to the relative area of a cell under agriculture.
Additionally, we did not consider the cells where
agricultural lands composed less than 10% of the
total area of the cell. Two main implications of
this approach is that the major part of Russia is
excluded from consideration, and also that the
current and future values of climate parameters
in this study are very different from the values
found when the entire territory is taken into con-
sideration, such as that found in IPCC (2007).

The GCM simulations show a significant in-
crease in temperature with a corresponding in-
crease in reference evapotranspiration, a moder-

ate increase in precipitation, and a considerable
extension in the growing period. The highest
temperature increase is simulated by Echam4,
and the highest increase in precipitation by
HadCM3; the lowest change in both the tempera-
ture and precipitation are simulated by PCM. All
of the GCM simulations show a steady increase
in precipitation and reference evapotranspiration
difference. Between the scenarios, A1FI shows
the highest change in both temperature and pre-
cipitation, B1 the lowest, with A2 and B2 in
between.

The scenarios of current and future climate
are presented in Fig. 3.5.3 and Table 3.5.1.

Fig. 3.5.3. Climate change impact on temperature (T), precipitation (P), and Thornthwaite aridity
index (AIT) of five zones (for definitions, see Fig. 3.5.1). Future climate conditions are given as an
ensemble of 18 GCM/SRES combination projections.
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Table 3.5.1. Current (C) and future climate for five regions of the Former Soviet Union countries: growing degree days base
10◦C, annual precipitation (mm), and mean annual temperature (◦C).

Growing degree days Precipitation Temperature

Scenario Time EN CA ES CC SI EN CA ES CC SI EN CA ES CC SI

Current 836 1808 1190 1713 914 629 310 541 565 405 6.0 9.1 6.5 10.5 1.3
A1 168 299 228 313 210 21 8 10 −25 21 1.3 1.6 1.4 1.4 1.6
A2 2020s 164 304 225 324 211 20 9 11 −19 22 1.4 1.6 1.5 1.4 1.7
B1 175 305 234 322 215 27 7 15 −21 20 1.4 1.6 1.4 1.4 1.6

A1 431 748 571 775 534 50 19 24 −55 49 3.1 3.7 3.4 3.2 3.7
A2 2050s 361 651 480 681 460 42 19 23 −36 44 2.8 3.3 3.0 2.9 3.4
B1 304 516 398 549 368 44 12 25 −33 33 2.2 2.6 2.4 2.3 2.6

A1 776 1313 1004 1333 944 82 34 41 −82 81 5.1 6.2 5.6 5.3 6.1
A2 2080s 674 1176 872 1217 843 72 35 39 −56 76 4.8 5.6 5.1 4.9 5.8
B1 410 694 533 729 496 57 16 33 −41 43 2.9 3.4 3.1 3.1 3.5

For each of the scenarios (A1FI, A2, and B1), the difference of the future and current value of the climate parameters is shown.
The top row represents current climate. Each of the values is a weighted mean of the values in all cells inside the region, with
the weights equal to the percentage of the cell under crops. The results were then averaged across five GCMs. Notice that the
diversity of climates in the CC zone makes the estimates of climate change and climate change impacts in this area unreliable.

During the 2020s, the temperature in the agri-
cultural zones, averaged over the GCM projec-
tions, is increased by 1.5◦C on average, with
higher increase in the SI and CA zones and little
difference between the scenarios. Precipitation
demonstrates high variability, with a greater in-
crease in the SI and EN regions, a smaller in-
crease in the CA and ES regions, and a decrease
in the CC region. Overall, these changes lead
to a moderate reduction in water availability in
all of the regions, as indicated by the changes
in the Thornthwaite (1948) dry index (AIT) and
UNEP (1992) index of aridity (AIU). In 2050s,
the temperature change in the regions continues
to demonstrate the same spatial pattern, with a
considerably higher increase in the SRES A1FI
scenario (3.4◦C) and a much lower increase in
B1 (2.5◦C). Precipitation change varies between
a 41–51 mm increase in the EN and SI regions,
a 11–28 mm increase in the CA and ES regions,
and a 22–55 mm decrease in the CC region. Com-
bined, aridity continues to increase. Finally, in
the 2080s, temperature increases by 4.5◦C on
average, with large differences between the sce-
narios (compare B1: 3.2◦C with A1FI: 5.7◦C)
and between the regions, where the difference in-
creases west to east, from 4.15◦C (EN) to 5.0◦C

(SI). Precipitation increases by 55–82 mm in EN
and SI, 33–41 mm in ES, 16–33 mm in CA,
and decreases by 28–82 mm in CC. Overall, the
changes lead to considerable change in moisture
conditions (Fig. 3.5.3).

The changes in temperature also lead to
longer and warmer growing periods, with po-
tential benefits to agriculture, especially in the
EN/SI/ES regions, where the GDD 10 in-
crease from 840/910/1190◦C to 1250/1410/1720
(B1)–1600/1860/2190◦C (A1FI) in the 2080s.
Combined with better moisture conditions, the
longer growing period can considerably improve
yields in the EN zone and in the eastern part
of the SI zone; however, restricted water avail-
ability can prevent similar improvements in the
ES and the western part of the SI zones. Our
modeling (Alcamo et al. 2007a) has demon-
strated reduced yields of major crops (for each
administrative unit, two most important crops
were simulated) in the Russian part of ES, a
slight increase in the SI, and a much higher in-
crease in the EN territory. The major driver for
this harvest reduction is a dramatic increase in
the frequency of agricultural droughts. For ex-
ample, for Stavropolsky kray in the southeast
of the ES region, current drought frequency is
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28 dry years in a century, but for the 2020s
under the A1FI scenario, it increases to 64,
and for the 2070s to 89 years per century. In
Moldova, even though a longer vegetation pe-
riod is favorable for agriculture, declining water
availability is likely to reduce yields (Corobov
2002). Similarly, even though the growing period
is dramatically extended in the CA/CC zones,
with the GDDs increasing from 1810/1710◦C to
2500/2440 (B1)–3120/3050 (A1FI), this is also
followed with further increase in water demand,
which could require an increase in irrigation.

Regional impacts and adaptations

European North region

Only a small part of the 2.7 million square kilo-
meters of the EN zone is under agriculture. The
percentage of cultivated land varies from 29% in
Lithuania down to 13% in Estonia (FAO AQUA-
STAT 2010). The most important crops include
wheat, rye, barley, oats, flax, and potatoes, and
in Belarus, maize, triticale, and rapes. Consid-
erable area is used for intensive cattle breed-
ing. Limiting factors for agriculture are a short
(175–195 days in Estonia) and cold growing sea-
son, insufficient photosynthetically active radia-
tion (PAR) in summer, low soil fertility, and, of-
ten, excessive precipitation. The annual amount
of precipitation is 600–800 mm, which consider-
ably exceeds potential evapotranspiration, caus-
ing floods. Dry periods, especially during the
second half of summer and in May, are also not
infrequent (Tammets 2007). Because of that, the
percentage of the total cultivated area drained
varies from 48% in Belorussia to 93% in Latvia,
in comparison to 10% in Ukraine and only 2%
further south in Moldova.

The EN region includes the northern part of
European Russia, Belarus, Estonia, Latvia, and
Lithuania. The climate of Estonia, Lithuania,
and Latvia is hemiboreal, with moderate win-
ters and cool summers. The climate is mainly in-
fluenced by large-scale atmospheric circulation
in the North Atlantic. In Estonia, an increase in

the intensity of westerlies during the cold period
has caused warming in winter (Jaagus 2006) and
spring (Tooming and Kadaja 2006). Tempera-
ture observations in the region demonstrate con-
siderable warming. In Latvia, recently, winter
air temperature has increased by 0.8◦C, a value
approached only once during the observation pe-
riod, in the mid-seventeenth century. Warmer cli-
mate has shifted the time of spring river ice break
in Baltic and Belarus by up to 15 days (Klavins
et al. 2009; Brien, 2000). Precipitation is highly
variable. In Estonia, dry and wet periods are al-
tering (Jaagus 2006; Tarand 1993) with both the
number of extreme wet and extreme dry days
weakly increasing (Tammets 2007). Significant
trend of increasing cold season precipitation is
observed in Lithuania. The increasing cold pe-
riod precipitation indicates a general tendency of
climate to shift from continental climate toward
more maritime (Brien 2000; Lithuania’s second
national communication. . . 2008).

Reanalysis of GCM simulations (Table 3.5.1)
projects a substantial increase in both temper-
ature (by 1.4◦C in 2020s, 2.2–3.1◦C in 2050s,
and 2.9–5.1◦C in 2080s) and precipitation (by
9–13% in 2080s) and confirms to the observed
trend. The considerable amount of precipitation
and a relatively short vegetation season makes
cereal growing likely to benefit from warmer
temperatures, even though an increase in spring
precipitation may decrease production of pota-
toes (UNFCCC 2006). In general, both the his-
torical trend and GCM projections suggest more
favorable thermal conditions for agriculture: in
this region, any temperature increase would in-
crease the potential yield of cereal and root
crops, even though other factors, such as soil
fertility, moderate the actual change in yields.
In addition to the longer growing season and
enhanced photosynthesis due to higher summer
temperatures, an important factor is reduced fre-
quency of devastating early and late spring frost
(Reilly et al. 2001). In the similar climate of Fin-
land, barley yield increases by 3–5% for 1◦C
(Kettunen et al. 1988). In Estonia, “weather-
harvest” models project potato yield increase
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by 4–7% by 2050. A northward shift of more
productive crops, e.g., maize, wheat, and buck-
wheat, is also likely (Brien 2000). Another pos-
itive impact of a warmer climate would be re-
duced frequency of weather-related harvest loss
(Brien 2000). Warmer and wetter climate change
is also more favorable to intensive cattle breed-
ing. The total growing season of grass would
extend, and the number of cuttings would in-
crease. The ranges could also expand, especially
the natural grasslands and forest pastures (Brien
2000).

Compared with temperature trends, the pro-
jections of precipitation change are much more
variable, with less agreement between the mod-
els. In general, an increase in precipitation is
a negative factor. If indeed there will be more
wet autumns, as indicated by the models and
confirmed by the existing trends, the drainage
systems will need to be overhauled for fall har-
vesting (Estonian Rural Development Strategy
2007–2013, 2006). Additionally, a considerable
area of the region is located in the low-lying
coastal lands (up to 20% in Estonia), which
makes it vulnerable to sea level rise. Finally, the
drainage systems, sometimes over 30 years old,
are frequently hard to manage as they do not
take into consideration new land property rights,
which emerged after independence of the Baltic
countries.

European South region

The region covers 2.1 million km2 of land in
Ukraine, Moldova, and the south of Russia. Ce-
reals are the most important crop, especially in
Russia, where, to a large extent, grain production
is limited to a very few regions in the southeast
European Russia. In total, more than half of the
entire production of cereals is harvested in 15
out of 79 administrative regions of the country
with the combined area of just 5.5% of the total
area of the country. Because of that, the impact
of climate change on a relatively small region
is a critical factor for food security of the en-
tire region. In Russia, the cultivated area under

cereals per capita is also considerably larger than
world’s average, 0.47 versus 0.12 ha/cap (Dronin
and Bellinger 2005; compare to 0.33 ha/cap in
Ukraine and 0.23 ha/cap in Moldova; FAOSTAT
2010). Even though it is frequently implied that
the major limiting factor for Russian agriculture
is a short growing period and low summer tem-
peratures, precipitation is at least equally impor-
tant. For example, during the summer seasons of
1891–1991, in the Lower Volga region of Russia,
there were 23 extreme and 17 moderate droughts
(Khomyakov et al. 2005). Adding to the meteo-
rological drought impacts, only 3.7% of the culti-
vated lands of Russia, 7.2% of Ukraine, and 15%
of Moldova are equipped for irrigation; compare
that to 91% for Turkmenistan in CA region (FAO
AQUASTAT 2010).

Recent trends in climate benefit the agri-
culture of the south of European Russia. Dur-
ing 1960s–1990s, mean air temperature has in-
creased by 0.8–1.3◦C, increasing accumulated
temperatures by 300–500◦C, reducing the dan-
ger of winter frosts and reducing the cold sea-
son by two weeks in the south and up to one
month in the north (Strategic prediction. . . 2005;
Badakhova et al. 2008). Warmer temperatures
were accompanied by a 10–50% precipitation in-
crease (Ashabokov et al. 2008; Badakhova et al.
2008), increasing soil moisture, despite grow-
ing evapotranspiration. The gradient of increas-
ing humidity is from the north to the south and
from drier to more humid zones. In Ukraine
and Moldova, a similar temperature increase is
followed by lower precipitation (Robock et al.
2005). The combination of warmer summers and
reduced precipitation has increased frequency of
droughts. For example, there were nine droughts
in Moldova from 1990 to 2007; the catastrophic
drought of 2007 affected 75–80% of the Moldova
with severe consequences for national economy
(UNDP in the Republic of Moldova 2009).

Following relaxed climate limitations and im-
proved management (e.g., from 2002 to 2007,
the consumption of nitrogen fertilizers has in-
creased by 40–50% in the countries of the re-
gion and consumption of phosphate and potash
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fertilizers increased few times – FAO Resource-
Stat 2010), yield of cereals is improving dra-
matically in Russia: e.g., from 1992–1996 to
2004–2008 wheat yield has increased by 30%.
Strategic prediction. . . (2005) speculates that the
30% increase in cereals yield in the Stavropolsky
kray in 1985–2005 was mostly climate driven;
however, it would be hard to test such conclu-
sion given a dramatic increase in the application
of fertilizers. However, despite a similar increase
in application of fertilizers, the yield has stayed
same in Ukraine and has decreased in Moldova
by 20% (for wheat) during the same time period
(FAOSTAT 2010; Strategic prediction. . . 2005;
Competitive agriculture or state control. . . 2008;
Ramguttee 2008).

Reanalysis of GCM projections for the re-
gion (Table 3.5.1) predicts a temperature in-
crease as high as 3.1–5.6◦C by 2080s with
a small increase of precipitation by 6–8% by
2080s. Additionally, an increase in precipitation
is expected in the winter months, while sum-
mer precipitation stays the same or decreases.
Similar projections of increased temperatures
with small increases or decreases in precipita-
tion were made in other analyses (Kirilenko et al.
2004; Meleshko et al. 2008; Mokhov et al. 2005,
Mokhov 2008). A considerable increase in evap-
otranspiration and changed precipitation season-
ality with reduced summer precipitation would
increase frequency of droughts considerably; for
example, in Stavropolsky kray in Russia, current
drought frequency of 28 dry years in a century is
expected to increase to 89 in 2070s (Dronin and
Kirilenko 2008). This would decrease river
runoff, limiting adaptation through irrigation in-
crease. In the southern part of the European
Russia, river runoff is projected to decrease by
5–15%, which, combined with increasing water
demand due to higher temperatures, would ag-
gravate existing high pressure on water resources
(Meleshko et al. 2008; Alcamo et al. 2007b).
In Moldova, annual precipitation is projected to
stay the same, and summer and fall precipita-
tion to decrease by 20–30%. Warmer tempera-
tures would increase the potential evapotranspi-

ration by 15–20% by 2020s and reduce soil mois-
ture; they would also reduce surface water re-
sources by 16–20% (Climate Change in Moldova
2009).

The changes in climate will decrease cereal
yields in the region (Strategic prediction 2005;
Alcamo et al. 2007a; Corobov 2002), and es-
pecially the yield of spring crops (e.g., maize,
sunflower, and soybeans; Audsley et al. 2006).
The effect of the increased temperature and de-
creased summer precipitation would be small in
the early part of the growing season, but after
mid-July, the soil moisture deficit would be con-
siderably larger than at present; for some crops,
this implies substantially increased demand for
irrigation (Rowntree et al. 1989). In Moldova,
wheat yield may decrease by up to 38% in 2050s
and 58% in 2080s (Corobov 2002). These pro-
jections vary dramatically between the scenarios
and climate models. On average, the grain pro-
duction provided the same crop structure, and
management is projected to drop by 7–29% in
the 2020s and by 23–41% in the 2070s (Alcamo
et al. 2007b). More significantly, higher fre-
quency of droughts and elevated drought sever-
ity may amplify yield variability (Dronin and
Kirilenko 2008). The frequency of bad harvests
may double by the 2020s and even triple by the
2070s (Alcamo et al. 2007b).

It seems that the changing pattern of pre-
cipitation will exercise the main impact on the
agriculture of the region. The negative impact
from reduced or slow growth amount of pre-
cipitation may be mitigated by development of
irrigation systems; however, the effectiveness
of this adaptation strategy is limited by water
availability. Another mitigation strategy is in-
troduction of new crops with reduced water re-
quirements or better adapted to droughts, earlier
sowing of spring crops and later sowing of win-
ter crops, shift of crops, expansions of the areas
under winter crops and thermophilic spring
crops (Badakhova et al. 2008). For example, in
Moldova, a reduction in water availability can be
compensated with introduction of late maturity
corn cultivars (Corobov 2002).
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Central Asia region

The climate of the most of the CA region
is continental (Köppen classification BWh and
BWk—subtropical or mid-latitude desert). The
annual amount of precipitation is 344 mm in
Kazakhstan, 533 mm in Kyrgyzstan, 691 mm in
Tajikistan, 191 in Turkmenistan, and 264 mm
in Uzbekistan (FAO AQUASTAT 2010). Dur-
ing the six months of the growing period,
from April to September, the precipitation
over the irrigated lands is considerably less
than 50% of the annual amount of precipita-
tion in the country: 146 mm in Kazakhstan,
207 mm in Kyrgyzstan, 133 mm in Tajik-
istan, 55 mm in Turkmenistan, and 90 mm in
Uzbekistan (Kirilenko et al. 2008). Summers
are typically hot and dry, with the daytime
highs exceeding 40◦C in the plains of Uzbek-
istan and Tajikistan. The winters are cold in
Kazakhstan, Kyrgyzstan, and Uzbekistan, and
milder in Turkmenistan and Tajikistan. The pat-
terns of temperature and precipitation demon-
strate high spatial variation; e.g., despite the
average winter air temperature in Tajikistan of
about 7◦C, the absolute minimum temperature
recorded for the country is −49◦C. This spatial
heterogeneity is chiefly determined by elevation.
The mountainous interiors, e.g., in Kyrgyzstan,
have lower temperature and higher amount of
precipitation, especially at the west- and north-
facing slopes. In the plains, precipitation sharply
decreases and the temperature increases.

Our analysis of gridded GCM simula-
tions of precipitation and temperature change
(Table 3.5.1) projects a moderate tempera-
ture increase of 2.5–3.6◦C by 2050s and a
small increase or decrease in precipitation,
which is supported by other projections (Mick-
lin 2007; Chub 2002; Ososkova et al. 2000;
Lioubimtseva and Henebry 2009). These pro-
jections of temperature change are in line
with the current warming trend in CA, espe-
cially pronounced during the winter season.
Meteorological data, available from the end of
the nineteenth century, demonstrates a steady

and significant warming trend in the region
(Lioubimtseva et al. 2005), which may indicate
a general shift in the atmospheric circulation,
namely decreasing intensity of the southwestern
periphery of the Siberian high in winter and the
intensification of summer thermal depressions
over CA (Lioubimtseva and Henebry 2009).

For precipitation, the projections show a slight
increase in winter and a decrease in spring and
summer (Table 3.5.1; 2009). Historical precip-
itation trends are highly variable. During the
past 50–60 years, there was little or no change
throughout most of the region. In the western part
of the region, a slight decrease of precipitation
since 1960 coincides with drastic reduction in
the water surface of the Aral Sea, shared between
Uzbekistan and Kazakstan, and dramatic fluctua-
tions of the Kara-Bogaz-Gol Gulf of the Caspian
Sea (Turkmenistan), both due to water manage-
ment projects (Varushchenko et al. 2000). During
the same time period, around the major oases
in Kazakhstan, Uzbekistan, and Turkmenistan,
precipitation increased by 15–25%, likely due to
recent expansion of irrigated lands (Pielke et al.
2007; Lioubimtseva et al. 2005; Small and Bunce
2003).

In CA, farming is limited by water availabil-
ity. Only a small percentage of the 3.2 million
square kilometers of land is used for agriculture.
Hot and dry summers are typical for the ara-
ble lands of the region, which limits the
rainfed agriculture. In Kyrgyzstan, 76% of the
cultivated land is equipped for irrigation, in
Tajikistan, 68%; in Uzbekistan, 87%; and in
Turkmenistan, 100%. Kazakhstan, where only
13% of the land under cultivation is irrigated, is
an exception. Presuming unchanged water avail-
ability for irrigation, well-developed irrigated
agriculture of the region is likely to benefit from
the increase in winter temperatures, fewer frosts
and a longer growing season, CO2 fertilization
effect, and increased crop water-use efficiency
(Fischer et al. 2005; Parry et al. 2004; Tebaldi
et al. 2006). Increase in summer temperature,
however, is likely to reduce the yields; a shift of
sowing period to an earlier time may be a relevant
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adaptation strategy (Turkmenistan: Initial Na-
tional Communication . . . 2001). The analysis
of the Normalized Difference Vegetation Index
(NDVI) demonstrates that the earlier greening,
together with a general increase in NDVI, is
already happening, even though there might be
factors other than climate, such as decreased
lands under cultivation, reduced herbicide
application, decreased pressure on range lands,
improved management, etc. (DeBeurs and Hene-
bry 2004; Lioubimtseva and Henebry 2009).

Whether because of the changes in manage-
ment or climate, the yields on irrigated plots are
improving. In Uzbekistan, where the agriculture
is mainly irrigated, over the time of country in-
dependence of 1992–2008, wheat yield has in-
creased by 2.5 t/ha, maize yield increased by
2.3 t/ha, while rice and cotton yields increased lit-
tle (the change was estimated as a difference be-
tween 1992–1996 and 2004–2008 mean yield).
During the same time period, for Kazakhstan,
maize yield has increased by 2.2 t/ha, while the
yield of wheat and barley, grown primarily in the
rainfed land, did not change (FAOSTAT 2010;
Gintzburger et al. 2005).

Despite the positive yield trends, climate
change may result in reduction of water re-
sources. Increased evapotranspiration will lead
to a corresponding increase in irrigation water
requirements. Additionally, all countries of the
region except Kazakhstan plan to further expand
their irrigation system areas in the near future,
even though existing water resources are often
overexploited: abstraction of water for irrigation
from two major rivers of the region, Amu Darja
and Syr Darja, in some years are already close
to their entire annual discharge. The increase in
water demand, up to 100% by 2080s, will be
especially strong in the downstream countries,
Turkmenistan and Uzbekistan, which compete
with the upstream countries over water resources
(Kirilenko et al. 2008). National reports to
UNFCCC confirm this increase in the irrigation
norm for major crops in future climate (Turk-
menistan: Initial National Communication. . .

2001).

Three-quarter of the river runoff of the re-
gion originates from the glaciers of Pamir and
Tien Shan mountains. Accelerated melting of
Himalayan glaciers may improve water avail-
ability temporarily. Significant changes in
seasonality of glacial flows are already happen-
ing. During 1973–2000, accelerated glacier melt-
ing has increased the flow of Kyrgyzstan rivers
by 6.3%, with an additional 10% increase pro-
jected for next 20 years (First National Commu-
nication of the Kyrgyz Republic. . . 2003). With
glacier volume reduction, this mitigating effect
will, however, eventually subside, to be replaced
with a reduction in river flow, exacerbating water
problems in the region (IPCC 2007).

A viable strategy to reduce water demand
in the region is a shift in main crops toward
ones with less water requirements and replace-
ment of the cultivars with more water efficient
ones. Globally averaged crop water productivity
(CWP, crop yield per unit of water evapotran-
spiration) is 1.8 kg/m3 for maize, 1.1 kg/m3 for
wheat and rice, but only 0.2 kg/m3 for cotton
lint (Zwart and Bastiaanssen 2004). Some re-
duction in water demand in the region may have
already happened, with the shift from cotton to
cereals. Between 1990 and 1998, the area un-
der cotton in the entire Aral Sea basin dropped
from 45% to 25% of the total irrigated land,
while the area under winter wheat has increased
(Dukhovny and Sokolov 2002), resulting in a
16% reduction in water abstraction for irrigation
(from 109 to 92 km3), while the total irrigated
area increased by 10% (Micklin 2007; according
to FAO AQUASTAT, agricultural water use has
decreased only by 5%, from 134 to 127 km3).
To sustain both agricultural production and the
environment, the International Food Policy Re-
search Institute recommends keeping the cotton
cultivation under 40% of the total irrigated land
and increasing the area under wheat and maize
area from 10% in the early 1990 to 32% (Cai
et al. 2006). Another strategy of water consump-
tion reduction is replacement of cultivars and
introduction of new water management prac-
tices to improve crop water productivity. CWP
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range is 1.1–2.7 kg/m3 for maize, 0.6–1.7 kg/m3

for wheat and rice, and 0.1–0.3 kg/m3 for cot-
ton lint (Zwart and Bastiaanssen 2004), which
makes an ample room for reducing irrigation
demands.

Adaptation to climate change in the re-
gion focuses on two major strategies, improve-
ment in water management and shift in main
crops toward the ones with less water require-
ments. While the replacement of main crops
might be not required for the next 10–20 years
(Initial National Communication of the re-
public Uzbekistan. . . 1999), multiple measures
to improve water management are suggested,
such as reconstruction of the irrigation and
drainage systems in order to improve the ef-
ficiency coefficient, implementation of mod-
ern methods of irrigation, new dams and water
reservoirs, etc. (Turkmenistan: Initial National
Communication. . . 2001). All these measures of
planned adaptation require, however, large capi-
tal investments. Other measures include encour-
aging the farmers to conserve water. The cur-
rent price of irrigation water for the end users
is often heavily subsidized and does not stim-
ulate the farmers to apply modern irrigation
methods.

Siberia region

The major agricultural zone within SI region is in
North Kazakhstan. Both precipitation and ther-
mal constraints severely impact agriculture on
the fertile soils of northern Kazakhstan steppes,
even in comparison with the grain-producing
areas of European Russia. Geographically,
Kazakhstan is located in the center of a large
landmass, up to 3000 km away from the near-
est sea, with much of the area in Dfa and Dfb
Köppen climate zones (cold winters with temper-
atures below 40◦C and hot summers). The axis of
high barometric pressure traversing its northern
part makes climate generally dry and windy, with
winds in excess of 100 km/h. The usual annual
rainfall is between 200 mm and 300 mm. Major
crops include spring wheat and barley, both pro-

ducing extremely low yields (some of the lowest
globally; Akhmadieva 2007) with high interan-
nual variability: compare barley yield of 1.5 t/ha
in 1992 to 0.6 t/ha in 1995 (FAOSTAT 2010).

Over the past 110 years, the temperature
has increased by 1.5◦C; roughly half of this
change has happened during the past 40 years
(Kazakhstan’s Second National Communica-
tion . . . 2009). The increase in winter and
spring temperatures is more pronounced, about
1.9◦C, and summer and fall temperature change
is 0.7◦C (Initial National Communication . . .

1998). The long-term 1965–2005 precipitation
trend demonstrates some increase, mainly in
winter. Summer precipitation changed little, ex-
cept an increased summer precipitation in Pavlo-
dar (Kazakhstan’s Second National Communi-
cation . . . 2009; Akhmadieva, Groisman 2008).
Potential evapotranspiration has somewhat de-
creased, mainly due to increased air humidity and
decreased wind speed (Akhmadieva 2007). In
the 2000s, however, precipitation has decreased,
leading to a drought (DeBeurs et al. 2009).

A multimodel analysis of future climate
change in the region projects 1.3–1.7◦C mean an-
nual temperature increase by 2030s (2.6–3.7◦C
by 2050s) and 5–6% (10–12%) annual precipita-
tion increase (Table 3.5.1). Warmer climate and,
especially, an earlier start of the growing season
are likely to benefit spring wheat crops, mitigat-
ing the late season drought (Pilifisova et al. 1997;
Akhmadieva 2007). The earlier spring greening
over the arable lands since 1991 is confirmed
by NDVI studies (Propastin and Kappas 2008),
even though De Beurs and Henebry (2004) ar-
gued that the main drivers are land use change
and institutional changes rather than a warmer
climate. The analysis of NDVI (Propastin and
Kappas 2008) show that from March to May,
greening increased in 65% of cropland pixels
and decreased in only 2% of the pixels; 73.5%
of variation is explained by the change in spring
temperature. However, if the warming exceeds
the optimal level of 2–4◦C, the yield would
decrease, even when CO2 fertilization is taken
into account. By 2050–85, in Kostanaiskaya,
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Akmolinskaya, and Pavlodarskaya oblasts, the
yield is projected to decrease to 25–60% of the
current level, and for North-Kazakhstanskaya
oblast, to 70–90% (Kazakhstan’s Second Na-
tional Communication. . . 2009).

Taking into account low productivity of the
lands, further decline of yield by 2050s presents
a threat to food security. In the cold and dry cli-
mate of the region, the sustainable spring wheat
production is based on the traditional water man-
agement, developed during implementation of
the “virgin land” state program (1953–57). Water
management includes packing snow in parallel
rows in February to accumulate additional snow,
summer fallowing to store rainfall water for the
next growing cycle, and conservation tilling in
fall to reduce evaporative water loss through by
decreasing capillary rise (Lal et al. 2007). How-
ever, in a drier climate, these measures might
not be sufficient, and a new adaptation strategy
will be needed (Kazakhstan’s Second National
Communication. . . 2009). This strategy may in-
clude a shift to new heat-resistant and drought-
resistant cultivars, crop diversification, new wa-
ter conservation techniques, genetically modi-
fied crops, improved surveying, forecasting and
early warning systems, and farmer education on
new technologies.

Caucasia region

CC, the smallest of the regions, only 0.19 km2,
includes Georgia, Armenia, Azerbaijan, and
small parts of Russia. It is located in a mountain-
ous country stretching for 1300 km from Black
Sea in the west to Caspian Sea in the east, with
a number of peaks elevating above 5000 m. This
topography results in extreme climatic variabil-
ity, with precipitation ranging from 259 mm in
the northeast to 1000–4000 mm in the west, and
mean annual temperature changing from +15◦C
at the sea level to well below freezing at high ele-
vations. North west of the region, including parts
of Russia and Georgia, have sufficient or abun-
dant water resources, while the most of Armenia
and Azerbaijan have limited water availability.

Additionally, even though the overall amount of
precipitation is high, precipitation over the agri-
cultural land is frequently much smaller (Vul-
nerability of water resources. . . 2009). Because
of that, the income from irrigated lands is up to
900 $/ha greater than the income from the nonir-
rigated land (Vulnerability of water resources. . .
2009).

Numerous (∼2000) glaciers are located in the
region; many rivers depend on the glaciers and
snow melt water (Shahgedanova et al. 2009a)).
Warmer summer temperature (increased by
0.05◦C per annum since the late 1960s) has re-
sulted in an intensified glacier melt with the pick
in the 1990s, which has not been offset by the
cold season precipitation increase. This trend has
been especially strong in the last two decades
possibly as a response to the weakening Arctic
High (Georgia’s Initial National Communication
under the UNFCC 1999) and strongly positive
phase of the North Atlantic Oscillation (NAO;
Shahgedanova et al. 2007, 2009b). Even though
it can be fairly said that the climate in the region
becomes drier, there is a lot of heterogeneity.
The meteorological stations located northwest
of (42◦N, 43◦E) point, closer to the Black Sea,
observe increased summer precipitation, while
in the rest of the region precipitation decrease
(Mokhov et al. 2005).

Continuing the observed trend, GCM sim-
ulations seem to agree on increasing tempera-
tures and decreasing precipitation, even though
model verification against observations from me-
teorological stations show that projection qual-
ity vary: projections of annual precipitation in
the semiarid areas of the CC and in the ar-
eas where frontal precipitation maxima occur
(i.e., the Black Sea coast) appear to confirm
the observations, while in other areas, there is a
greater bias (Shahgedanova et al. 2009b). Drier
climate is likely to affect the agriculture of Ar-
menia and Azerbaijan, while it is harder to es-
timate the impact in Georgia because of high
spatial heterogeneity of the agricultural lands
and extremely variable temperature and precipi-
tation in the mountainous area (Georgia’s Initial
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National Communication. . . 1999). In Armenia,
the average annual precipitation is 590 mm; how-
ever, over the principal agriculture area located in
the Ararat valley, annual rainfall is only 220 mm.
During the past 80 years, annual air temper-
ature has increased by 0.85◦C, mostly in the
summer. Persistent positive anomalies of sum-
mer temperature have been reported over the
last 14 years, except 2003, and the summer of
2006 was the hottest in Armenia since 1929
(Hovsepyan 2008). Over the same period, pre-
cipitation has reduced by 6%, and the dura-
tion of snow cover has decreased by a week,
which decreased the amount of water stored in
ice and snow by 5–10%. Even a very conserva-
tive projection of a 1.5◦C temperature increase
and 10–15% precipitation reduction by 2100
would result in 15–20% reduction in river flow
(First National Communication . . . 1998), while
a more realistic projection of 4.4–5.7◦C tempera-
ture increase and 10–27% precipitation decrease
would reduce river flow by a quarter (Hovsepyan
2008).

The reduction in water availability is likely to
impact agriculture in the irrigated lands, which
are responsible for 80% of Armenia’s agricul-
tural production. In nonirrigated lands, projected
climate change would reduce the yield of ce-
reals by 9–13%, vegetables by 7–14%, potato
by 8–10%, and horticultures by 5–8%, while
the yield of more heat-tolerant grapes could in-
crease by 8–10% (First National Communica-
tion . . . 1998). Yield variability could also in-
crease due to increasing danger of droughts (e.g.,
between 1998 and 2006 Armenia has experi-
enced five droughts). Reduced and more variable
yield, as well as potentially increasing availabil-
ity of arable land in higher altitudes, would add
to the pressure to increase the percentage of land
under irrigation; however, water resources are
already limited on more than half the land that
requires irrigation (Stanton et al. 2009).

Similar to Armenia, the agriculture of Azer-
baijan depends on irrigation. During 1960s–
1990s, the temperature has increased by
0.3–0.6◦C, with the highest increase observed

in the Kura-Araz lowland, which produces 80%
of the total agricultural output of the country
in the irrigated lands. During the same time
period, precipitation decreased by 10%. These
changes have resulted in the snow line shifting
from 1300–1500 up to 1800–2000 m altitude
and in reductions and seasonal redistribution
of river flow (Initial National Communication
of Azerbaijan Republic . . . 2001). GCM projec-
tions of 2–5.8◦C temperature increase, increas-
ing winter precipitation, and decreasing summer
precipitation would result in further reduction
of water resources of Azerbaijan Rivers by
15–20%. Increased water loss with evapotran-
spiration by 30–35% would increase demand of
water for irrigation, while decreased water avail-
ability would amplify the pressure on water re-
sources, increasing irrigation water deficit from
3.8 to 9.5–11.5 km3 by the middle of this century
(Initial National Communication of Azerbaijan
Republic . . . 2001). Higher temperatures may
also result in more frequent hot dry winds in
the Kura-Araz lowland. These changes will neg-
atively impact the production of the most im-
portant food crop, winter wheat, reducing its
growing period by 13–40 days (Initial National
Communication of Azerbaijan Republic . . .

2001). Warmer climate is, however, beneficial
for growing some crops in the irrigated lands,
notably the most important cash crop, cotton,
both increasing the potential area of cultivation
and allowing to cultivate more valuable fine fiber
cultivars, which require a longer growing season.

Adaptation to climate change in the principal
agricultural areas of the CC include improved
water management: increased accumulation of
winter and spring river flow in new reservoirs,
better distribution of water resources, reduction
of water loss from irrigation systems, introduc-
tion of drip irrigation, improved monitoring of
water resources, development of long-term na-
tional water programs (First National Commu-
nication of the Republic of Armenia . . . 1998),
and sustainable agricultural practices (e.g., zero
tillage, snow retention, reduction of soil erosion).
Additional measures on a local level include
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improved seasonal forecasting, early warning
systems (e.g., flood warning), demonstration of
better practices (e.g., intercropping, tillage),
irrigation, and new stress-resistant cultivars
(Armenia: Lusadzor village. . . 2009).

Discussion

Globally, warmer climate and “carbon fertil-
ization” (enhanced photosynthesis under higher
concentrations of atmospheric carbon dioxide)
may lead to a drastic change in agricultural pro-
duction, including a 6% decline to an 8% in-
crease in industrialized countries and a 9–21%
decline in developing countries (Cline 2007).
Lobell and Field (2007) suggest that the warmer
temperatures between 1981 and 2002 have al-
ready reduced the trend of increasing yields of
six principal crops: wheat, rice, soybean, barley,
maize, and sorgos. For wheat, maize, and barley,
which are the major cereal crops in the coun-
tries of the FSU, there is a distinctively negative
response of global yields to increased temper-
atures: e.g., it is believed that the 0.85 t/ha in-
crease in wheat yield between 1981 and 2002
has been reduced by 10% by warmer tempera-
tures; barley yield increase of 0.45 t/ha has been
reduced by 30%, and maize yield increase was
reduced by 7% (Lobell and Field 2007). Even
though climate change is expected to affect the
production of agriculture only marginally, re-
ducing the rate of projected yield increase, the
tight balance between food supply and demand
leads to potentially high impacts of even minor
changes in food supply. This effect is, however,
moderated by adaptations, including changes in
technology.

In our review of climate change impacts and
adaptations, we focused on two major factors,
limiting agriculture, temperature and precipi-
tation, and on related changes in the length
of growing season, accumulated temperature
(GDD), precipitation seasonality, frequency of
droughts and floods, potential evapotranspira-
tion, etc. To a certain degree, we have avoided
discussion of carbon fertilization, even though

its impact on yields might be important, espe-
cially in the regions with limited water avail-
ability. Multiple studies suggest that on average,
under 550 ppm CO2 concentration, C3 crops in-
crease the yield by 10–20%, and C4 crops by
0–10% (Ainsworth et al. 2004; Gifford 2004;
Long et al. 2006). Additionally, the crops grown
under elevated atmospheric CO2 concentration
may have a higher water-use efficiency, which
provides additional benefits under reduced soil
moisture and increased frequency of droughts
(Wullschleger et al. 2002). On the other hand, en-
hanced photosynthetic activity may be reduced
by elevated temperatures (Xiao et al. 2005), and
may favor weeds over crops (Ziska 2003). At
any rate, there is a lack of corresponding experi-
mental data for FSU countries, which precluded
us from estimating possible consequences of the
abovementioned effects on the agriculture of the
FSU.

Multiple studies have projected beneficial im-
pact of climate change on production of agri-
culture in the mid- and high latitudes; how-
ever, it is likely that, overall, the major crops
of the FSU countries, wheat, barley, and maize,
are negatively affected by warmer temperatures
(Lobell and Field 2007; Alcamo et al. 2007a),
mainly due to reduced water availability. Mul-
tiple papers discussed in the previous chapters
suggest that the majority of the FSU regions,
with an important exception of EN, are likely to
reduce their climatically restricted yield. In the
ES, the solo exception to the generally worsen-
ing climate conditions for agriculture is Northern
Caucasus. In SI, there is little change in the
crop yield response to climate change, except
some positive changes in the south of SI. In
CA, NDVI analysis demonstrates some green-
ing trend, which, however, is not necessarily
followed by better yields. Indeed, this green-
ing can be explained with land use change,
reduced pressure on natural vegetation, irri-
gation increase, and better land management
in oases. With warmer temperatures later dur-
ing this century, however, water availability for
irrigation may decrease dramatically. Finally,
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climate change should reduce water availability
for agriculture in CC region.

Successful adaptation of FSU agriculture to
the new climate is then the key element of
increasing regional and global food security.
These regional impacts and adaptations are sum-
marized in Table 3.5.2. In many instances, adap-
tation strategies are already being applied in the
regions in response to the past climate change;
however, there are strong factors in addition to
climate change that induce adaptive responses.
The collapse of the Soviet Union at the end of
1991 produced major socioeconomic and institu-
tional shifts across the agricultural sector. With-
out planting schedules or crop energy subsidies
in the form of fertilizers, pesticides, and fuel,
and without price supports and access to guaran-
teed markets, yields fell sharply and croplands
were abandoned (Lerman et al. 2004). Hence,
it is hard to determine, e.g., whether the ob-
served greening trend, as evident from NDVI
remote sensing products, should be attributed to
the change in management or to the change in
climate (De Beurs et al. 2009). Because of the
sharp monetary-driven decline in the agriculture
of FSU countries, climatic effects are difficult to
extract.

At the same time, there is a great potential
to increase the production of agriculture through
the change in practices. In the European part of
FSU, the potential yield increase can exceed the
climatically driven yield decrease by a factor of
4.5 (Olesen and Bindi 2002). For example, while
in Estonia, the average 1965–1996 yield of pota-
toes was 13–14 t/ha, the potential yield due to
climate alone is 55.3 t/ha (Karing et al. 1999).
In Ukraine, the yield of cereals can be increased
from 2.64 to 6.2 t/ha (FAO 2002). According to
Russian Grain Union’s estimates (www.grun.ru),
current yield of cereals in the south of European
Russia can be increased from 2.8 to 9 t/ha and in
Volga region from 1.7 to 6.4 t/ha. In SI, spring
wheat yield can be increased from 1.2 to 5t/ha.
One of the factors affecting the yields is insuffi-
cient application of fertilizers (compare 88 kg of
mineral fertilizers per hectare in 1990 to 17 kg/ha

in 1995, 19 kg/ha in 2000, 25 kg/ha in 2005 and
36 kg/ha in 2009—Statistical Yearbook of Rus-
sia, 2010). Climate change will, however, mod-
ify the response of crops to improved manage-
ment. If, provided that climate does not change,
the yield of cereals would continue to improve
in Russia at a 1.5% per annum, as it did in
1985–2005 (Strategic prediction. . . 2005), cli-
mate change is to decrease this rate.

There is an ongoing debate on the costs of
anticipatory versus reactive adaptation. If this
change is slow enough so that autonomous reac-
tive adaptations to the new climatic conditions
go along with the normal cycle of equipment
replacement, the costs would be much smaller
compared to the costs of replacement of equip-
ment made obsolete by changing climate (Reilly
et al. 2001). The farmers are able to effectively
and quickly adjust to new climate conditions,
perhaps not realizing that the changes in prac-
tices are associated with climate (Olesen and
Bindi 2004), e.g., when the adaptations to wa-
ter shortage are included into a new water man-
agement plan. These responses include selecting
new cultivars, introduction of new crops, early
planting, change in crop mixture and crop rota-
tion, change in management practice, new pest
and disease control techniques, etc. However, if
climate change is accelerated, as projected by
GCMs for this century, reactive adaptations may
carry high costs; planned adaptations may be
required.

Additionally, adaptive capacities of FSU
countries vary greatly. One obvious limit to adap-
tation is that the necessary capital investments
may be too high, while many countries of the re-
gion are yet to surpass, or have barely surpassed,
their 1991 per capita GDP. However, there are
multiple other physical, technological, financial,
social, informational, or cultural barriers to adap-
tations. Better regional integration can help in
overcoming these limitations. For example, the
water management system in CA requires com-
bined efforts of the governments of several coun-
tries to function effectively. More research is re-
quired on the existing and perspective strategies
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Table 3.5.2. Main climate change impacts and adaptation strategies for the regions of FSU (USDA 2010; Corobov 2002;
Assessment report . . . 2008; Klavins et al. 2009).

Agriculture

Zone Area, %a Main crops Climate change impacts Adaptations

EN 30 (1) 46% cereals (barley, wheat,
rye), 42% forage, 10%
potatoes

GDD increase, longer
growing season. Reduction
of early and late spring
frost.

A northward shift of more
productive cultivars (maize,
wheat, and buckwheat), more
intensive cattle breeding due to
better feed production.

Wetter springs and winters;
high precipitation events.

Improved drainage, change of
crops from roots to cereals.

Flooding and waterlogging Improved soil drainage.

ES 45 (5) 50% cereals (wheat, barley),
30% forage, 12% industrial
(sunflower, sugar beets, flax)

Longer growing season. A northward shift of more
productive late matured corn
hybrids, earlier sowing of
spring crops and later sowing
of winter crop.

Drier summer. Moisture-saving technologies,
increase in winter crop seeding,
expansion of sowing of more
drought-resistant cultivars of
maize, sunflower, millet.

More frequent and intense
droughts

Decrease of river runoff.

Early warning system.

Water pricing, construction of
drip irrigation system.

SI 22 (<1) 65% cereals (spring wheat,
barley), 32% forage

Earlier (1–3 weeks) start of
the season. Longer growing
season.

Earlier planting, thus avoiding
risk of heat stress in
mid-summer. Introduction of
more productive cultivars.

Higher summer
temperatures.

New cultivars resistant to heat
stress, improved water
management, earlier planting

Heat waves. Early warning system.

CC 11 (62) 65% cereals (wheat, rice),
14% industrial (cotton),
13% forage

Warmer winter, longer
growing season, fewer frost.

Higher summer
temperature.

Less annual and summer
precipitation.

More frequent and intense
droughts.

Reduction of river runoff.

Cultivation of more valuable
fine fiber cotton on irrigated
lands, shifting of cereal crops
to higher altitude on rainfed
lands.

Expansion of more
heat-tolerant crops (grapes) on
rainfed lands.

Improved water management:
increased accumulation of
winter and spring river flow in
new reservoirs, better
distribution of water resources,
reduction of water loss from
irrigation systems, introduction
of drip irrigation, improved
monitoring of water resources,
and development of long-term
national water programs.

(Continued )
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Table 3.5.2. (Continued)

Agriculture

Zone Area, %a Main crops Climate change impacts Adaptations

CA 6 (89) 48% cereals (wheat, rice),
34% industrial (cotton),
13% forage

Warmer winter, longer
growing season, fewer frost.

Drier summer.

Northward expansion of
subtropical crops such as
melons, fine fiber cotton, and
various vegetable and fruit
crops.

Shifts in main crops toward the
ones with less water
requirements (wheat instead
cotton and rice), encouraging
the farmers to conserve water
(water pricing).

Increased frequency of
drought.

Change of river runoff
(increase in short term and
decline in mid- and long
term).

Early warning system.

Reconstruction of irrigation
systems, construction of new
dams and water reservoirs.

Waterlogging and soil
salinization.

Reconstruction of drainage
system, soil reclamation.

aArea: cultivated land (percentage of the total area). In parentheses: percentage of the cultivated land, equipped for irrigation
(FAOSTAT, 2010).

of both autonomous and planned adaptation in
the countries of the region.

Endnote

1. The territory of each zone was divided into the cells by
a regular 0.5◦ grid; mean temperature was computed as a
weighted mean of the temperatures in each of the cells,
using the percentage of agricultural lands in the cells as
weights.
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Chapter 3.6

Climate Change Impact in Agriculture:
Vulnerability and Adaptation Concerns of
Semiarid Tropics in Asia
Naveen P. Singh, Ma Cynthia S. Bantilan, A. Ashok Kumar, Pasupuleti Janila,
and Abu Wali R. Hassan

Introduction

There is global consensus that current climate is
changing, mainly due to the anthropogenic emis-
sions of green house gases (GHG) (IPCC 2007b).
Also, there is widespread concern over long-term
climate changes and changes in climate variabil-
ity through occurrence of extreme weather events
such as cyclones, floods, droughts, sea level rise,
etc. Agriculture is one sector of the economy that
is exposed directly and considerably affected by
climate and its changes. Because of the spatially
different impacts of climate change, there is a
need to understand its context in each region
with respect to exposure, expected impacts, vul-
nerability status, and the response strategies to
mitigate, cope, and adapt better with the process
of climate change.

This chapter presents an overview of the se-
lected seven countries in semiarid tropics (SAT)
of Asia, viz. India, Pakistan, China, Sri Lanka,
Bangladesh, Thailand, and Vietnam. This is an
effort to build conceptual clarity on the climate
change issues in the semiarid regions of these
countries. In preparing this chapter, a review of

the relevant literature was carried out with the
objective of building a clear-cut knowledge on
various climate change issues vis-à-vis, impacts
vulnerability, and adaptation.

Background and rationale

The background of the above research issue
along with the hypotheses and assumptions are
as follows:

� Climate variability and change can affect the
quality, quantity, and reliability of many of
the services natural resources provide through
extreme and prolonged exposure to climate
shocks. Consequently, there is an impact on the
pattern of cropping, income and employment,
and other socioeconomic and natural resource
variables.

� The small aggregate change in temperature
or rainfall will receive little attention from
the farmers for whom the major focus is on
how climate change will affect the frequency
and intensity of extreme weather events such
as flood, drought, and dry spell. However,

Crop Adaptation to Climate Change, First Edition. Edited by Shyam S. Yadav, Robert J. Redden, Jerry L. Hatfield,
Hermann Lotze-Campen and Anthony E. Hall.
c© 2011 John Wiley & Sons, Ltd. Published 2011 by John Wiley & Sons, Ltd.
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particular regions will be affected by even
small increase in the climate variables through
long-term climate changes. Thus, both long-
term changes and short-term variability are
important.

� The impacts of climate change on cropping
pattern in dryland regions have emerged as a
critical concern in recent years as the drylands
are suffering already from constrained use of
natural resources, particularly water. The crop-
ping pattern changes in these areas have much
to do with the natural resource use, income,
and living standards of the people. Climate
change and variability are assumed to have a
significant role in the cropping pattern changes
in these regions.

� Changes in the farm household income in an
area may be influenced by the climate change
pattern over years through affecting the irri-
gation status, and productivity and production
status of different crops.

� Changes in the employment status of farm
households in an area may be influenced by the
climate change pattern through determining
the migration pattern, farm income changes,
and livelihood options present with the farm
households.

� Vulnerability to climate change and its im-
pacts may be different for women when com-
pared with that of men due to different so-
cioeconomic, cultural, and physical factors
especially in the dryland regions with lots of
resource, economic, environmental, and social
constraints. Thus, it is important to analyze
climate change vulnerability and impacts in a
gender perspective.

� These changes vary from region to region de-
pending on their development status and thus
result in differential impacts on regions at dif-
ferent development levels. Therefore, the fac-
tors contributing to the development of a re-
gion can have much to do with vulnerability
to climate change and climate change response
options in that region.

� SAT of Asia are characterized by the pres-
ence of inadequate and variable rainfall along

with the occurrence of frequent drought and
dry spells. The population growth in these
marginal lands led to the overexploitation of
land and environment degradation. External
inputs in agricultural systems are also typi-
cally low due to environmental constraints and
poor commercial and economic infrastructure,
which leads to poor socioeconomic status of
these regions and a subsequent exacerbated
vulnerability.

� Socioeconomic development status along with
the exposure to climate change vis-à-vis inci-
dence of climate change and extreme weather
events decide the level of vulnerability and
the ability to adapt to climate change in that
region.

� The impacts are integrated with adaptation re-
sponses of farmers at their farm or household
level. Farmers are already adapting in their
own way to climate change. The exposure to
external shocks of climate change and vari-
ability pushes the poor households in the SAT
region to adopt adaptation responses through
which they can cope better and reduce the
vulnerable status of their livelihoods to these
changes. These responses ultimately affect or
change the livelihood options and strategies
available to the farm households.

� The past adaptation strategies, namely indige-
nous technologies and historically developed
agrarian practices and also current adaptive
capacities and strategies of farmers are often
neglected or overlooked in research.

� Recognizing and enhancing these practices
and strategies are more important. These
strategies can be supported further based on
their usefulness with respect to climate change
resilience in agriculture.

Climate change: global context

Climate change is one of the manifestations of
the environmental change. It has gained global
attention since 1990s when the first assessment
report of the Intergovernmental Panel on Cli-
mate Change (IPCC), established by the World
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Meteorological Organization and United Nations
Environment Program, was published in 1990
and when United Nations Conference on Envi-
ronment and Development developed United Na-
tions Framework Convention on Climate Change
(UNFCCC) in 1992. The IPCC has published
four comprehensive assessment reports on cli-
mate change issues. The fourth assessment re-
port of the IPCC, which was published in early
2007, concluded that earth’s climate is changing
in a manner unprecedented in the past 400,000
years and global average surface temperature
has increased with 0.74 ± 0.18◦C in the last
century and is projected to increase by another
1.1–6.0◦C in this century. The human interfer-
ence into the earth atmosphere is significant and
the past anthropogenic (human-induced) emis-
sions of GHG have already committed the globe
to further warming of about 0.1◦C per decade
for several decades (IPCC 2007a). A global as-
sessment of data since 1970 has shown that it

is likely that anthropogenic warming has had a
discernible influence on many physical and bio-
logical systems (IPCC 2007b).

Concern about the issue of climate change re-
sulted in highlighting two fundamental response
strategies, namely, mitigation and adaptation by
the UNFCCC. The adoption of mitigation re-
sponses seeks to limit the emissions of GHG and
enhance sink opportunities so that climate does
not change so fast or so much. On the other hand,
adaptation responses aim to alleviate the adverse
impacts through a wide range of system-specific
actions (Fussel and Klein 2002).

Figure 3.6.1 shows the link between adapta-
tion and mitigation responses to climate change
issue and clearly illustrates that the mitiga-
tion responses limit climate change by re-
ducing GHG emissions and indirectly reduces
climate change impacts and vulnerabilities.
Adaptation responses, on the other hand, can be
either autonomous (people exposed to impacts
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Fig. 3.6.1. Link between climate change adaptation and mitigation.
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will spontaneously adapt to changes) or planned,
directly to reduce the impacts of and vulnerabil-
ities to climate change.

However, most interest in the past was given
to issues related with mitigation by reducing
GHG emissions, and less attention was given to
adaptation, which was considered initially as a
cost of failed mitigation responses by UNFCCC.

Currently, the issue of adaptation has emerged
as an urgent policy priority as a means of re-
ducing the losses and prompting action both
within and outside the climate change negoti-
ations, particularly after the Third Assessment
Report (TAR) of IPCC (Parry et al. 2005; TERI
2005). The importance of adaptation to the cli-
mate change and climate variability has become
more apparent now as a result of occurrence
of climate-related issues such as continuous in-
crease in GHG emissions, lack of progress in de-
veloping GHG emission reduction agreements,
and increase in negative impacts due to climate
change beyond the expected level (Howden et al.
2007).

Climate change vulnerability
in semiarid tropics of Asia

Characteristics of the semiarid tropics

Drylands cover approximately 40% of earth’s
land area. About 33% of total drylands are in
Asia (CGIAR 2008; Mwangi and Dohrn 2008;
Fig. 3.6.2). There are three types of drylands, viz.
arid, semiarid, and hyper-arid lands. SAT cover
between 13% and 16% of the earth’s land area
(Heathcote 1996).

The SAT in the world include parts of 55
countries in the developing world vis-à-vis South
and Southeast Asia, sub-Saharan Africa, south-
ern and eastern Africa, and Latin America.

The climate of semiarid regions is generally
characterized by inadequate and variable rain-
fall. SAT have an average rainfall ranging be-
tween 300 and 800 mm, and the rainfall variabil-
ity is significant in terms of both seasonal and
annual distribution. The dryland regions with
unimodal rainfall pattern generally receive an-
nual rainfall during three months (Kao 2009).

EQUATOR

Dryland systems
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Dry subhumid

Surface Area Dry subhumid Semiarid

In percent of the global terrestrial area

0 10 20 30 40 44%
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Drylands are home to 34.7% of the global population in 2000  

Dryland comprise 41.3%
of the global terrestrial area

Fig. 3.6.2. Dryland regions of the world. (Source: Millennium ecosystem assessment in Kao (2009).)
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Watson et al. (1996) reported that people who
live on arid or SAT are particularly vulnerable to
climate change (Olmos 2001).

Globally, SAT are home to 1.4 billion people
(Thurston 1997). Of these, 560 million people
are classed as “poor” as they have a daily income
of less than US$1, of whom 70% live in rural ar-
eas. Semiarid tropical areas in Asia are largely
concentrated in India, with some small areas dis-
tributed in Pakistan, Myanmar, Thailand, Yemen,
and Indonesia. The SAT in South Asia are largely
affected with poverty, food insecurity, child mal-
nutrition, and gender inequalities. For example,
over 80% of the total SAT poor (and one-third
of the total poor in the developing world) live in
sub-Saharan Africa and South Asia (Ryan and
Spencer 2001).

In the SAT Asia, transformation of subsis-
tence agriculture has not occurred and this led to
low productivity growth rate. Over the last three
decades, the area planted with sorghum and mil-
let, which are the two important SAT crops, has
fallen by nearly one-third. New crops like maize,
soybean, and cotton have become popular in the
SAT areas because of their rising market demand.
Irrigated area under SAT has increased and SAT
agriculture has become more diversified. How-
ever, land degradation and ground water deple-
tion have eroded the asset base of farmers con-
siderably (ICRISAT 2006).

Because of poor human, natural resource and
infrastructural development in the SAT, large
proportions of the population are vulnerable
to hunger, famine, dislocation, and the loss of
both property and livelihood in the face of cli-
matic, social, political, or economic shocks. Both
marginality and low level economic development
exacerbate and are exacerbated by environmental
changes such as dryland degradation and defor-
estation (Ribot et al. 2009).

Vulnerability contexts of climate
change in Asia

To understand the climate change vulnerability,
we need to understand the socioeconomic and

environmental and natural resources contexts,
which decide different dimensions of vulnera-
bility, such as poverty, gender issues, income
inequality, environmental degradation, resource
access, etc.

Development context

One of the key findings of the Fourth Assess-
ment Report of IPCC Working Group II is ad-
dressing nonclimate stresses, which can increase
vulnerability to climate change. Another finding
is that sustainable development can reduce vul-
nerability to climate change by enhancing adap-
tive capacity and increasing resilience. Develop-
ing countries have lesser capacity to adapt and
more vulnerable to climate change damages, just
as they are to other stresses. This condition is
most extreme among the poorest people (IPCC
2001b). Thus, understanding the underlying de-
velopment context, which ultimately decides the
vulnerability, is important in climate change re-
search.

Table 3.6.1 shows the socioeconomic and nat-
ural resources indicators of the selected coun-
tries. Low per capita GDP, lower Human Devel-
opment Index (HDI) rank, low share of forest
land, higher poverty incidence, and higher share
of agriculture in GDP of these countries indicate
their low development status.

The core dimension of vulnerability comes
from poverty. Poverty eradication is the primary
objective of any development program in devel-
oping countries. About 907 million people, who
are undernourished, live in developing countries.
Of these, 65% live in only seven countries: In-
dia, China, the Democratic Republic of Congo,
Bangladesh, Indonesia, Pakistan, and Ethiopia
(FAO 2008).

Figure 3.6.3 shows undernourishment status
of different regions in the world. Asia and Pa-
cific region is highly suffering from undernour-
ishment. With a very large population and rela-
tively slow progress in hunger reduction, nearly
two-thirds of the world’s hungry live in Asia
(583 million in 2007). China and India together
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Table 3.6.1. Socioeconomic and natural resources indicators of the selected countries.

Indicators China India Pakistan Bangladesh Sri Lanka Thailand Vietnam

Total land (‘000 sq. km), 2007 9598 3287 796 144 65.6 513.1 331.2
Agricultural land (% of total land), 2007 57.6 54.73 34.29 62.85 35.97 38.49 30.41
Forest land (% of total land), 2007 21.4 20.61 2.28 6.01 28.55 28.07 40.49
Annual population growth (%), 2005-10 0.6 1.5 1.8 1.7 0.5 0.7 1.3
Per capita GDP (US$), 2007 2604 976 996 428 1676 3841 815
Annual GDP growth (%), 2007 13 9.1 6 6.4 6.8 4.8 8.5
Share of Agriculture in GDP (%), 2007 11 18 21 6.8 12 11 20
People living <$1.25/day (%), 2005 15.9 41.6 22.6 50.5 10.33 0.4 22.8
Human Development Index rank, 2008 94 132 139 147 104 81 114

Source: UNDP 2008; WDI 2009.

account for 42% of the chronically hungry peo-
ple in the developing world (FAO 2008).

South Asia alone accounted for almost all
(236 of the 237 million) of the rural poor in
SAT Asia and about 63% of the rural poor in the
SAT worldwide. This also indicates that about
50% of poor in South Asia is concentrated in the
SAT. India’s SAT areas have the highest poverty
incidence of 24% when compared to other agro-
climatic regions (ICRISAT 2006).

Water resources

Climate change will, in many parts of the world,
adversely affect socioeconomic sectors, includ-
ing water resources, agriculture, forestry, fish-
eries, and human settlements and ecological sys-
tems, with developing countries being the most
vulnerable (IPCC 2000). In Asia, agriculture is
the biggest consumer of water and demanding
more water in future.

189
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4533
16

123

231

Number of undernourished people in the world, 2003-2004 (millions)

Asia and Pacific   (excluding India and China)    
Sub-Saharan Africa
La�n America and the Carribean
Neareast and North Africa
Developed countries
China
India

Fig. 3.6.3. World’s undernourishment status of different regions. (Source: FAO 2008.)
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Fig. 3.6.4. Population facing water stress or scarcity projected for 2025 and 2050. (Source: UNDP 2007/2008.)

Figure 3.6.4 shows that South Asia is going to
be severely affected by water stress and scarcity
in the future. About 2 billion people by 2025 and
2.5 billion people by 2050 will be facing water
availability problem, either through water stress
or through water scarcity.

The Himalayan range contains high altitude
glaciers that supply water to many rivers in South
Asia. Many people in South Asia are dependent
on glacial melt water during dry season. The ac-
celerated melting of glaciers in the Himalayan
range is a major climate-related issue in South
Asia (HDR 2007/2008). The mountain glaciers
in China have retreated, and the trend is acceler-
ating and the rate of sea level rise along China’s
coasts during the past 50 years was 2.5 mm/a,
slightly higher than the global average (NDRC
2007).

In the case of Southeast Asia, during the last
decade, many parts of the region have been ex-
periencing increasing water stress, including wa-
ter shortages and deterioration of water quality
due to rapid population and economic growth
and climate change. Misuse and overexploita-
tion of water resources has depleted aquifers,
lowered water tables, shrunk inland lakes, and
diminished stream flows, some to ecologically
unsafe levels. Deforestation in some of its im-
portant watersheds has also contributed to the
reduction of water levels in rivers, especially dur-

ing dry seasons, while demand for irrigation is
another important contributing factor to water
shortages.

Thailand has the highest ratio of annual fresh-
water withdrawal to total internal water resources
(41.5%), followed by Vietnam (19.5%) in South-
east Asian region. This indicates the higher vul-
nerability of Thailand and Vietnam to changes
in water resources. About 95% of the total fresh
water withdrawal is used for agriculture produc-
tion in Thailand, whereas it is only 68% in the
case of Vietnam, where a considerable share of
the available freshwater supply is used for do-
mestic (settlements or residential) and industrial
purposes (ADB Report 2009).

The vulnerable nature of water resources to
climate change in these countries has many
future implications, such as water availability
to different uses, cost of irrigation, production
and productivity, farm income, etc., as climate
change can affect the supply of irrigation water
in agriculture.

Economic globalization context

Both climate change and economic globaliza-
tion will have varying consequences for different
sectors of the economy. The agricultural sector
represents the convergence of impacts related to
climate change and economic globalization.
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Economic globalization is indicated by for-
eign direct investment and growth in interna-
tional trade. Similar to climate change, globaliza-
tion is also characterized by uneven impacts on
different regions, countries, and social groups.
The concept of double exposure comes from
the view that exposure to the negative impacts
of both economic marginalizations out of the
process of globalization and high environmen-
tal risks results in negative impacts of both the
processes. South Asia and sub-Saharan Africa
were left out of the process of globalization and
created regional disparities and inequalities that
could be one factor determining the vulnerability
to climate change among these regions (O’Brien
and Leichenko 2000).

In China, investment flows have been focused
on coastal ecosystems and western region of the
country lagged behind in terms of development.
But coastal regions are also vulnerable to climate
change. A region can be a double loser when it
is vulnerable to climate change and economi-
cally marginalized, such as sub-Saharan Africa
and South Asia. In some cases, impacts of eco-
nomic globalization can offset the consequences
of climate change. It can be viewed from differ-
ent perspective, such as regional, sectoral, social
groups, or ecosystem (O’Brien and Leichenko
2000).

Thus, understanding the process of climate
change and economic processes such as global-
ization is complex and they are interlinked. The
studies will have different outcomes depending
on the perspective used.

Climate change impacts in Asia

The IPCC TAR particularly identified the Asian
region as most vulnerable to climate-change-

related impacts due to its poor adaptive human
systems (Lal et al. 2001 in Prabhakar and Shaw
2008).

Climate change trends and projections
in Asia

For the tropical Asian region, several countries
in tropical Asia have reported an increased trend
in surface temperature and a decreased trend in
rainfall over the past three decades (Sivakumar
et al. 2005).

For SAT, most of the climate change scenar-
ios project worsening of climatic conditions, in
the form of more frequent droughts and shorter
growing seasons (Ribot et al. 2009).

Table 3.6.2 shows the climate projections for
Central and South Asia.

A general warming is expected with a 100%
increase in the frequency of extremely warm
years. Future changes in drylands precipitation
are less well defined. In the context of uncer-
tainty of model outputs, rainfall increase is pro-
jected in South Asia with a decreasing trend in
Central Asia.

Specifically, tropical cyclones in South Asia
are not been observed as a long-term variation
in the total number but rather an increase in in-
tensity is suggested. Over most regions, diurnal
temperature range (DTR) will reduce due to the
increase in night temperatures (Sivakumar et al.
2005; Kao 2009).

Table 3.6.3 shows the climate change trends
and projections of the selected countries for
the study. It gives the idea that there is a
general warming trend in the case of all the
countries with a projected increase in warming
in future.

Table 3.6.2. Climate projections for different dryland regions.

Region Temperature (◦C) Precipitation (%) Frequency of extreme warm year (%)

Central Asia +3.7 −3 100
South Asia +3.3 +11 100

Source: IPCC 2007; Sivakumar et al. 2005; Kao 2009.
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Table 3.6.3. Climate change: Trends and projections.

Trends Future projections

Atmospheric
temperature Precipitation

Atmospheric
temperature Precipitation

China Increased by
0.5∼0.8◦C during the
past 100 years
(NDRC 2007)

Decreased average
@ 2.9 mm/10 years
(NDRC 2007)

Air temperature
would rise by
1.3∼2.1◦C in 2020
and 2.3∼3.3◦C in
2050 over 2000
temperature

Precipitation increase
2∼3% by 2020 and
5∼7% by 2050
(NDRC 2007)

India Warming trend of
0.57◦C/100 years
(Sivakumar et al.
2005)

Spatial variation in
rainfall pattern

Increase in winter and
minimum temperature
by 4◦C (Mall et al.
2006)

Predicted 7–10%
increase in annual
mean precipitation
and decline of 5.25%
in winter rainfall and
10–15% increase in
monsoon rainfall
(Mall et al. 2006)

Pakistan Increased by 0.35◦C
an average rate of
0.08◦C per decade

Mean annual rainfall
has not changed with
any discernible trend
since 1960
(McSweeney et al.
2009)

An overall increase in
temperature 3–5◦C
over the next century

Increased variability
of monsoon with
southern regions will
benefit (∼20%) and
northern regions will
suffers low rainfall
(−5%)

Bangladesh Increasing trend of
1◦C in May and
0.5◦C in November
during 1985–1998

Rainfall exhibited an
increasing trend since
1960

Rise of 1, 1.4, and
2.4◦C in annual
temperature by 2030,
2050, and 2100,
respectively

Precipitation will
increase during the
summer monsoon
(Agrawala 2003)

Sri Lanka Increasing trend of
about 0.30◦C per 100
years (Sivakumar
et al. 2005)

Increases in diurnal
variation (Sivakumar
et al. 2005)

Rise of 1.4–2.7◦C in
average temperature
(http://sgp.undp.org/
downloads/
2002-3.pdf)

Spatial variation in
rainfall is predicted

Thailand An increase from
0.10–0.18◦C per
decade over 5 decades.
(ADB Report 2009)

A long-term
decreasing trend in
rainfall (Sivakumar
et al. 2005)

Temperature increase
would be 2–4◦C by
the end of this century
(TEI 2000)

Spatial variation in
rainfall

Vietnam Annual average
temperature increased
0.1◦C per decade
from 1900 to 2000,
and 0.7◦C, or 0.14◦C
per decade, during
1951–2000 (ADB
Report 2009)

Average monthly
rainfall decreased
during July and
August, and increased
during September and
November (ADB
Report 2009)

An increase in
temperature would be
of 2–4◦C by 2100

Annual rainfall would
increase by 5–10%
toward the end of this
century and also
affecting monsoon
pattern (ADB Report
2009)
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Natural disasters and extreme events
in Asia

The TAR of the IPCC, 2001, pointed out that
climate change and its variability will exac-
erbate existing vulnerabilities to droughts and
floods in Asia. Tropical cyclones can become
more intense. Combined with sea-level rise, this
will result in enhanced risk of loss of life and
properties in coastal low-lying areas of cyclone-
prone countries. Increased precipitation inten-
sity, particularly during the summer monsoon,
will contribute to increase in flood events (HDR
2007/2008).

Millions of people living in the low-lying ar-
eas of the People’s Republic of China (PRC),
Bangladesh, India, and Vietnam will be affected
by rising sea levels by the end of this century
(Wassmann et al. 2004 and Stern 2007 in ADB
Report 2009).

At the same time, drier summer conditions
in arid and semiarid areas will lead to more se-
vere droughts. India and Pakistan mainly depend
on arid and semiarid lands for their cultivation,
and these areas already experience frequent nat-
ural disasters (HDR 2007/2008). The amount of
annual rainfall varies dramatically in drylands.
Given the relatively scant seasonal and interan-
nual precipitation, a certain level of rainfall de-
ficiency can easily give rise to the occurrence
of drought. In addition, a large DTR is also fre-

quently observed in drylands. Significant fluctu-
ations in diurnal temperatures have a profound
impact on the growth of plants in these regions
(Kao 2009). Sivakumar et al. (2005) reported an
increase in frequency and severity of wild fires
in grassland and rangelands in arid and semi-
arid Asia in recent decades. Figure 3.6.5 shows
the damages due to extreme climate events in
Asia and Table 3.6.4 depicts the expected trends
and projection of climate variability and extreme
events.

Impacts of climate change on
agricultural production in Asia

Agriculture in the SAT is under inherent cli-
matic and nonclimatic stresses and has evolved
under the influence of different constraints aris-
ing out of these stresses. Limited fresh water
availability, seasonal variation in rainfall, unre-
liability of rainfall, and degradation of soil re-
sources are few among the numerous constraints.
In rainfed systems of the SAT, the constant risk
of drought increases the vulnerability of liveli-
hoods and decreases human security. Therefore,
drought management is a key strategy for agri-
cultural development in these regions (ICRISAT
2006).

Focusing the issue of climate change concerns
of agriculture in the SAT regions is always com-
plex due to the presence of numerous nonclimatic
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Table 3.6.4. Climate variability and extreme events: trends and projections.

China Drought in northern and
northeast China and flood in
the middle and lower reaches
of the Yangtze River and
southeast China have become
more severe. The annual
precipitation in most years
since 1990 has been larger
than normal and frequent
disasters in the north and
flood in the south (NDRC
2007)

Possibility of more frequent
occurrence of extreme
weather climate events would
increase (NDRC 2007). In
east China, frequency of
exceptional floods would
increase (Erda et al. 2007)

Arid area would probably
become larger and the risk of
desertification might
increase. The glaciers in the
Qinghai-Tibetan Plateau and
the Tianshan Mountains
would retreat at an
accelerated rate, and some
smaller glaciers would
disappear (NDRC 2007)

India Increase in extreme rainfall
events over northwest India
during the summer monsoon.
Decline in the number of
rainy days in monsoon along
east coastal areas. Higher
frequent drought following
the occurrence of ENSO and
50% of Indian monsoon
failures occurrences since
1871 during El Nino years.
(Sivakumar et al. 2005).
About 22 major drought
years during 1871–2002
(Prabhakar and Shaw 2008)

No conclusive increasing or
decreasing trends in time
series data of flooded areas in
various river basins. No
identifiable variability in
number, frequency, or
intensity of tropical cyclones
in northern Indian Ocean
region over 100 years
(Sivakumar et al. 2005).
Frequency of severe
rainstorms increased over the
last 50 years. Number of
storms with more than
100 mm rainfall in a day is
increased by 10% per decade
(UNEP 2007 in HDR
2007/2008)

Number of rainy days in
monsoon will be decreased
by >15 days and rainfall
intensity will rise by 1–4
mm/day. Cyclonic storms
will likely to increase in their
frequency and intensity
increase in heavy rainfall
days in summer monsoon
(Mall et al. 2006)

Pakistan Average number of “hot”
days and nightsa per year
increased by 20 and 23,
respectively, and average
number of “cold” days and
nights per year decreased by
9.7 and 13, respectively,
between 1960 and 2003.
(McSweeney et al. 2009).
Severe Cyclones in 2007
ravaged southern Pakistan
(Kundi 2009)

Annually, “hot” days will
occur on 16–25% and
18–38% of day by the 2060s
and 2090s, respectively. Hot
nights by the 2060s and
2090s, respectively. All
projections indicate decreases
in the frequency of days and
nights that are considered
“cold” in current climate
(McSweeney et al. 2009)

The proportion of total
rainfall that falls in heavy
events shows mixed positive
and negative changes in
projections from different
models, however, tend
toward increases over the
annual average (McSweeney
et al. 2009)

Bangladesh No conclusive increasing or
decreasing trends in time
series data of flooded areas in
various river basins
(Sivakumar et al. 2005) of
three islands. Extreme
flooded years were 1988,
1998, 2002, 2003, and 2004
(Bangladesh 2007)

One-fifth of the country is
flooded every year, and in
extreme years, two-thirds of
the country can be inundated
(Mirza, 2002 in Agrawala
et al. 2003). Cyclones from
the Bay of Bengal decreasing
since 1970 but the intensity
has increased (Bangladesh
2007)

2◦C warming with 10%
increase in precipitation
would increase runoff in the
major rivers significantly
Mirza and Dixit (1997). Sea
level rise of 0.5 m over the
last 100 years has already
eroded 65% of three islands
(Bangladesh 2007)

(Continued)
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Table 3.6.4. (Continued)

Sri Lanka A trend of increased lengths
of dry periods along with an
increasing trend of rainfall
intensity, especially after the
late seventies (Ratnayake and
Herath 2005)

Rising sea levels would cause
intrusion of salt water up the
rivers and cause salinity
problems
(http://sgp.undp.org/
downloads/2002-3.pdf)

Predict increase in frequent
and prolonged droughts,
thunderstorms, and sea water
level

Thailand Between 1990 and 1993,
rainfall was below normal.
1994–1995 were flood years.
In 2005, 11 m people in 71
provinces were affected by
water shortages. In 2008,
over 10 m people in the
agricultural region were
affected by drought. About
55 of 76 provinces have
suffered, damaging 60,000
acres, mainly rice (Kisner
2008)

Frequency of extreme events
includes prolonged flood and
drought, landslides, and
strong storm surges. More
intense storms but less
frequent (Jesdapipat 2008 in
ADB Report 2009). Mean
sea levels trending higher
recently (ADB Report 2009)

An increase in coastal
erosion is expected (ADB
Report 2009)

Vietnam There were higher frequency
droughts following the
occurrence of ENSO
(Sivakumar et al. 2005).
Increased occurrence of
extreme rains causing flash
floods. Droughts normally
associated with El Nino years
(ADB Report 2009)

Rainfall intensity has also
increased considerably
(Cuong 2008 in ADB Report
2009). More frequent
occurrence of typhoons,
drought and floods, and heat
waves (Cuong 2008 in ADB
Report 2009). Average
increase of mean sea level by
2–3 mm per year

Southern Vietnam would
become drier. Tran et al.
(2005) predicts that a
1-meter rise in sea level could
lead to flooding of 5000
square kilometers of Red
River Delta and
15,000–20,000 square
kilometers of Mekong Delta
(ADB report 2009)

aHot day or hot night is defined by the temperature exceeding 10% of days or nights in current climate of that region or
season. Cold days or cold nights are defined as the temperature below which 10% of days or nights are recorded in current
climate of that region or season.

stresses, which lead to constraints and uncertain-
ties such as socioeconomic, environmental, and
political constraints, which ultimately threatens
livelihoods and sustainability of food production
across the SAT region.

There is a general agreement at international
community working on climate change projec-
tions that climate change may lead to signif-
icant reductions in agricultural productivity in
developing countries. Agricultural production in
South Asia could fall by 30% by 2050 if no ac-
tion is taken to combat the effects of increasing
temperatures and hydrologic disruption (IPCC
2007c). Since temperatures in the South Asian
continent are already reaching critical levels dur-
ing the premonsoon season, this further incre-

ment would reduce effectively the yields of all
crops, including rice (Wassmann and Dober-
mann 2007).

Sivakumar et al. (2000) summarize that cli-
mate variability has been, and continues to be,
the principal source of fluctuations in global food
production, particularly in the SAT. Data show
that the dry tropics, where rainfed agriculture
provides 60% of the world’s food, will be the
most vulnerable to climate change. ICRISAT
data shows that increases in temperature will
have a significant (8–30%) reduction in grain
yields of dryland crops. Consequently, farmers in
the SAT will have to adapt their farming practices
to cope with the future environmental, social,
and economic constraints. Table 3.6.5 shows the
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Table 3.6.5. Agriculture impacts due to climate change: trends and projections.

Trends

Countries Climatic variability Extreme events Projections

China About 2–4 day advancement of
spring phenophase since 1980s
(NDRC 2007). Drought-
stricken areas widened in
northern China and more
floods in southern China

By 2030, the crop productivity
could decrease by 5–10%. By
2050, it could reduce rice,
wheat, and maize by 37%.
Irrigation demand would grow
in future (Erda et al. 2007)

Increased instability in
agricultural production,
mainly in wheat, rice, and
maize. Changes in distribution
and structure of agricultural
production as well as in
cropping systems and varieties
of the crops (NDRS 2007)

India For 2.5◦C, yield loss for rice
and wheat would be between
32% and 40%. For 4.9◦C,
yield losses would be between
41% and 52%

Wheat yields in central India
may drop by 2% in a
pessimistic climate change
scenario (Gol 2004 in HDR
2007/2008)

About 2◦C rise in mean
temperature and a 7% increase
in mean precipitation will
reduce net revenues by 8.4%
(Kumar and Parikh 2001 in
HDR 2007/2008)

Pakistan Wheat yields are predicted to
decline by 6–9% in subhumid,
semiarid, and arid area with
1◦C increase in temperature
(Sultana and Ali 2006 in HDR
2007/2008)

Higher temperatures are likely
to result in decline in yields,
mainly due to the shortening of
the crop life cycle, especially
the grain filling period (HDR
2007/2008)

A 0.3◦C decadal rise could
have a severe impact on
important cash crops like
cotton, mango, and sugarcane
(MoE 2003 in HDR
2007/2008)

Bangladesh During 1973–1987, 2.18 mt
and 2.38 mt of rice were
damaged due to drought and
flood, respectively. Drought
affects annually about
2.32 mha and 1.2 mha in
kharif and Rabi seasons,
respectively (Bangladesh 2007)

A 4◦C temperature increase
could reduce rise and wheat
production by 30% and 50%,
respectively (HDR 2007). Rice
and wheat production might
drop by 8% and 32%,
respectively, by 2050 (IPCC in
Bangladesh, 2007)

A net negative effect on the
yields of rice (Karim et al.
1996 in HDR 2007/2008)

Sri Lanka About 0.5◦C temperature rise
is predicted to reduce rice
output by 6%, and increased
dryness will adversely affect
yields of tea, rubber, and
coconut (MENR 2000 in HDR
2007/2008)

In warm, semiarid regions,
deficiency of moisture would
be a major constraint (HDR
2007–08)

Highest negative impact is
estimated by coarse grains and
coconut. An increase in the
frequency of droughts and
extreme rainfall events could
result in a decline in tea yield
(Wijeratne 1996 in HDR
2007/2008)

Thailand More than $1.75 billion losses
due to floods, storms, and
droughts between 1989 and
2002. During 1991–2000,
damage to agricultural areas
cost up $1.25 billion
(Boonpragob 2005)

Increasing temperature
reduced crop yield. Saltwater
intrusion has affected many
agricultural areas

Negative impacts on corn
productivity ranged from
5–44%, depending on the
location of production

Vietnam Flooding in the Red River
Delta, central Region, and
Mekong Delta. The Mekong
River Delta flood in 2000
brought severe damage to
401,342 ha of rice, 85,234 ha
of farmland, and 16,215 ha of
fish and shrimp farms

Rice areas affected by drought
doubled from 77,621 ha in
1979–1983 to 175,203 ha in
1994–1998 (Cuong 2008 in
ADB Report 2009). Affected
by severe saltwater intrusion in
agricultural areas

Predicts a decrease in spring
rice yields of 2.4% by 2020
and 11.6 % by 2070. Summer
rice will be less sensitive to
climate impact than spring rice
but the yield will also decrease
by 4.5% by 2070
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agricultural impacts due to climate change in the
South Asian countries.

Adaptation to climate change

Adaptation to climate change is a new process
for both developed and developing nations. Con-
crete experience is limited in applying adapta-
tion approaches, and the economic, environmen-
tal, and social contexts contribute for uncertain-
ties in different countries. The adaptation line
of inquiry reflects the international community’s
emerging need to prepare for and adapt to cli-
mate change and to integrate adaptation issues
into core policy and decision-making processes
and their funding instruments (Parry et al. 2005;
TERI 2005).

Adaptation is important in the climate change
issue in two ways: one relating to the assessment
of impacts and vulnerabilities, and the other to
the development and evaluation of response op-
tions (Smit and Pilifosova 2001).

Adaptation potential and strategies

There are many adaptation strategies, which can
be followed in particular sectors and regions de-
pending upon their vulnerability and sensitivity
to climate change. These are based on experi-
ence, observation, and speculation about alterna-
tives that might be created (Smit and Pilifosova
2001).

Adaptation calls for natural resource manage-
ment (NRM), food security, social and human
capital, and strengthening of institutional sys-
tems (Adger et al. 2003).

The World Development Report (2008) on
“Adaptation to and Mitigation of Climate
Change in Agriculture” provides the idea that
the public sector can facilitate adaptation through
such measures as crop and livestock insurance,
safety nets, and research on and dissemination of
flood-, heat-, and drought-resistant crops. This
report point out that new irrigation schemes in
dryland farming areas are likely to be partic-
ularly effective, especially when combined with

complementary reforms and better market access
for high-value products.

Better climate information is another poten-
tially cost-effective way of adapting to climate
change. Contingency planning across sectors is
suggested to address uncertainty from climate
change (World Development Report 2008).

Smit and Pilifosova (2001) summarize that
adaptation strategies could be change of topog-
raphy of land, use of artificial systems to improve
water use or availability and protect against soil
erosion, change in farming practices, change in
timing of farm operations, different crop vari-
eties, public policies and programs, research into
new technologies, etc., which can be followed in
agriculture.

Different adaptation strategies can be fol-
lowed in the SAT, namely, improving moni-
toring mechanism in climate change studies,
implementing sustainable agricultural practices,
developing of innovative technologies, seek-
ing active participation of local communities,
enforcing effective intervention policies, and us-
ing strategies for efficient conservation of water
(Sivakumar et al. 2005).

Mainstreaming climate change
adaptation in development
planning in Asia

There is initiation of national-level adaptation
to climate change in Asian countries. Several
least-developed country members in Asia and pa-
cific have prepared National Adaptation Program
for Action (NAPAs), and in India and the PRC,
they are undertaking activities in both adapta-
tion research and policy. Nongovernmental or-
ganizations (NGOs) and research institutes are
also aligning activities toward climate adapta-
tion. Adaptation requires an active and meaning-
ful participation of all the stakeholders.

Climate change has been identified as a se-
rious risk to poverty reduction in developing
countries. Thus, adaptation strategies will need
to be integrated into poverty reduction strate-
gies in such a way that it incorporates long-term
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adaptation in the future rather than short-term
reactions to disasters to ensure sustainable de-
velopment. If there is mainstreaming of cli-
mate change in development initiatives, then this
will bring both immediate benefits as well as
strengthen people’s ability to deal with future
threats (Burton et al. 2002; Huq et al. 2003;
Adger et al. 2007).

The following discussion outlines the
national-level adaptation strategies in selected
countries.

China

China established the National Coordination
Committee on Climate Change (NCCCC), which
presently comprises 17 ministries and agencies.
The NCCCC has done a lot of work in the for-
mulation and coordination of China’s important
climate-change-related policies and measures,
providing guidance for response of central and
local government to climate change.

In 2006, China published its National Cli-
mate Change Program for adaptation to climate
change, and some of the objectives for 2010
being improving grasslands and restoring them
from degradation, desertification and salinity, in-
creasing water-use efficiency, reducing vulnera-
bility of water resources, and improving adapta-
tion technology in agriculture.

Some of the technology needs for adapta-
tion to climate change in China, identified in
the National Climate Change Program, are high-
efficiency water-saving agrotechnologies such as
spray and drip irrigation, high-efficiency flood-
control, agrobiology, agricultural breeding, new-
type fertilizers, disease and pest control, and
technology for observation and prewarning of
flood, drought, sea level rise, agricultural disas-
ters, etc. (NDRC 2007).

India

India identified the possibilities of water stress
due to reduction in fresh water systems lead-
ing to threat to agriculture and food security in

the first National Communication to the UN-
FCCC. It also identified strategies specific to
drought vulnerability reduction, such as changes
in land-use pattern, water conservation, flood
warning systems, and crop insurance (Prabhakar
and Shaw 2008). Ongoing programs such as wa-
tershed development programs, command area
development programs, crop diversification, and
extension of irrigation facilities to larger areas
in addition to various flood control measures in
some of the flood-prone areas were identified
with a need for common nationwide adaptation
strategy like integrated watershed management
at local and basin levels (Prabhakar et al. 2009).

The Ministry of Agriculture and Cooperation
is responsible for drought management in India.
India Meteorological Department and National
Center for Medium Range Weather Forecasting
(NCMRWF) under the Ministry of Science and
Technology are responsible for weather forecast-
ing and drought monitoring. At national level,
Crop Weather Watch Group, and at the state
level, Weather Watch Group are responsible for
assessing the drought and for warning system
(Prabhakar and Shaw 2008). The National Disas-
ter Management Authority (NDMA) is the apex
authority for disaster management.

Shukla et al. (2003) studied climate change
in India and suggested different policy initia-
tives that would reduce India’s vulnerability to
climate change, such as faster economic devel-
opment with more equitable income distribution,
improved disaster management, sustainable sec-
toral policies, and careful planning of capital in-
tensive and climate sensitive long-life infrastruc-
ture assets.

Prabhakar and Shaw (2008) suggested no-
regrets adaptation options to cope better with
drought for India:

1. Enhance the local capacity for drought pre-
paredness and mitigation (capacities of com-
munities and local governments)

2. Improvement in drought prediction and
communication (clarity in center–state
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relationships in dealing with the natural haz-
ards such as droughts)

3. Improvement in drought monitoring
4. Enhanced operational preparedness for initi-

ating quick response.

Pakistan

In Pakistan, national policies that consider cli-
mate change adaptation in their implementa-
tion are (1) National Environment Policy (2005),
(2) National Sanitation Policy (2006), and (3)
National Energy Conservations Policy (2006).
Pakistan has established a Global Change Impact
Studies Centre, Prime Minister’s Committee on
Climate Change, a NDMA, National Implemen-
tation Committee for NEP, and at the top of all
these is the Pakistan Environmental Protection
Council as various national initiatives.

Pakistan views that disaster risk reduction and
climate change responses as a common sphere of
concern. Pakistan promulgated a National Disas-
ter Management Ordinance. Also, a Disaster Re-
duction Unit established by UNDP. The organi-
zations responsible for disaster management are
NDMA, The Federal Flood Commission, Emer-
gency Relief Cell, and Pakistan Meteorological
Department (Kundi 2008).

Bangladesh

Bangladesh submitted its National Adaptation
Programs of Action (NAPA) with the UNFCCC
Secretariat in November 2005. The Climate
Change Cell has a mandate to continue the NAPA
process and facilitate implementation of NAPA.
The Comprehensive Disaster Management Pro-
gram has the goal of mainstreaming disaster
management and risk reduction into national
policies, institutions, and development processes
and to facilitate management of long-term cli-
mate risks and uncertainties (Government of the
People’s Republic of Bangladesh 2005 in HDR
2007/2008). The adaptation measures for agri-
culture that have been prioritized in Bangladesh
NAPA are as follows:

� Promoting adaptation to coastal crop agri-
culture to combat salinity intrusion through
maize production under Wet Bed No-tillage
Method and Sorjan systems of cropping in
tidally flooded agroecosystem.

� Adaptation to agriculture systems in areas
prone to enhanced flash flooding—northeast
and central region through no-tillage potato
cultivation under water hyacinth mulch in wet
sown condition, and vegetable cultivation on
floating bed.

� Promotion of research on drought-, flood-, and
saline-tolerant varieties of crops to facilitate
adaptation in future.

� Exploring options for insurance and other
emergency preparedness measures to cope
with enhanced climatic disasters such as flood,
cyclones, and drought (Bangladesh 2007).

Bangladesh is set to officially release three
flood-tolerant rice varieties that would help farm-
ers prevent up to a million tons of annual crop
loss caused by flash floods. The development
of salinity-tolerant and early maturing rice vari-
eties by research organizations is a recent tech-
nological development to address salinity and
flash flood, respectively, for crop agriculture.
A new Climate Change Strategy and Action
Plan have been developed by the Government
of Bangladesh in 2009 in consultation with civil
society, including NGOs, research organizations,
and the private sector. It was built on the NAPA.
As per this, the needs of the poor and vulnera-
ble, including women and children, will be pri-
oritized in all activities implemented under the
Action Plan.

Sri Lanka

Sri Lanka was the first country in Asia to prepare
a National Environmental Action Plan in 1992,
with further updates published in 1998 and 2003.
Priority environmental issues, from a poverty
perspective, were identified. Sri Lanka’s Poverty
Reduction Strategy Papers in March 2003 was
considered to be reasonably successful by the
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World Bank Environment Department in main-
streaming these key environmental issues. Also,
community-driven development has a major role
in its success (IDS 2006).

Being a small island nation, Sri Lanka falls
into the UNFCCC and IPCC’s category of “vul-
nerable” small island nations under serious threat
from various climate change impacts, such as
sea level rise and severe floods and droughts
(UNFCCC 1992; IPCC 2001a; Yamane 2003).

The national communication report to
UNFCCC proposed a number of adaptation mea-
sures in agriculture, such as developing tree
crop agriculture, developing drought-resistant
rice varieties, changing land use patterns in
landslide-prone areas, making farmers aware of
climate change, and changing irrigation methods
(Sri Lanka 2000; Yamane 2003).

Thailand

In Thailand, the Ministry of Natural Resources
and Environment (MONRE) is responsible for
government policy, within which the Office of
Natural Resources and Environmental Policy and
Planning (ONEP) is the national focal point to
the UNFCCC. The National Climate Change
Sub-committee was established under the Na-
tional Environmental Board after the country
ratified the UNFCCC. In July 2007, the gov-
ernment upgraded the National Climate Change
Sub-committee to the National Climate Change
Committee, chaired by the prime minister. Tech-
nical subcommittees are also established under
the national committee to support different as-
pects of climate change issues, including mit-
igation, vulnerability, and adaptation. Thailand
has already developed the country strategic plan
on climate change and is currently developing
its 10-year climate change plan. A key policy
aim is to strengthen the links between measures
to address sustainable development and those to
address climate change (ADB Report 2009).

In Thailand, national climate change adap-
tation plans and implementation for agricul-
tural sector includes germplasm banks for ma-

jor crops, increasing the use of degraded land
for flood control, specific policy on food secu-
rity, improving water efficiency in cropping and
appropriate use of land, experimenting crops in
marginal land areas, financial and technologi-
cal support for local communities in adaptation,
and forest set-aside program (ONEP 2008; ADB
Report 2009).

Vietnam

MONRE is the lead government agency for im-
plementing the UNFCCC and the Kyoto Proto-
col, and for all climate change activities. Vietnam
submitted its initial national communication to
the UNFCCC in 2003. The NTP (National Tar-
get Program) is officially described as the main
framework for the management and coordination
of CC activities. National strategies are designed
to reduce the risk of disasters, and the key in-
stitution is the Central Committee for Flood and
Storm Control.

Climate change adaptation projects are par-
ticularly emerging in the Central Coast Region.
Most project activities focus on local levels and
are linked to or integrated within ongoing support
by donors and international NGOs to national en-
tities and communities for drought, flood, and ty-
phoon preparedness and response. In the Mekong
Delta, adaptation measures were tried at the
farm level, community level, and national level
(Suppakorn et al. 2006).

Vietnam does not yet have national or local
climate change adaptation strategies, and na-
tional and local capacity building is urgently
needed to ensure that policy responses are ad-
equate and effective (Chaudhry and Ruysschaert
2007).

Even though these countries have already
started their adaptation planning at national level,
still they need to act at a faster and sooner pace
concerning progress in mainstreaming climate
change adaptation into sustainable development
planning. These policies and institutions are con-
strained by lack of knowledge and technology,
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resources, interest, etc., and hinder the process
in these developing countries.

Farm-level adaptation to climate change

Farmers are already adapting in their own way
to climate change, which is happening. (World
Development Report 2008). Adaptation depends
on the cost of adaptive measures, existence of ap-
propriate institutions, access to technology, and
biophysical constraints such as land and water
resource availability, soil characteristics, genetic
diversity, and topography, etc. (Sivakumar et al.
2005).

Kelly and Adger (2000) argue that rather
than to synthetically identify several regions and
sectors as vulnerable and propose “new” ways
to adapt to the climate change risk as recom-
mended by the climate change regime, recog-
nizing and enhancing the current adaptive ca-
pacities and strategies that are often neglected or
overlooked are more important. This implies that
indigenous technologies and agrarian practices
can be supported to enhance adaptation strate-
gies. This can be done through identifying the
historically developed traditional capacities and
specific strategies, which are being adopted to
cope with the particular climate situation such
as drought and flood and also by giving more
research attention to improve and enhance their
efficiency, effectiveness, and adaptability with
respect to the current and future extreme climate
events.

Adaptation efforts can be made more effec-
tive with enhanced coordination and institutional
support from government (OECD 2008; ADB
Report 2009).

This research effort should be seen as com-
plementing the aforementioned arguments, and
it will identify the adaptive capacity and adap-
tation strategies of the selected regions, con-
sidering the importance of currently adopted
adaptation strategies by farmers of a particular
region with a specific climate change and vulner-
ability status. Furthermore, the authors wish to
support the argument that climate change adap-

tation at different levels needs to be provided
with technological, research, institutional, and
policy support from different sources, viz. gov-
ernment, NGOs, local institutions, community-
level groups, or societies, and also international
cooperation between different regions in order to
strengthen and improve the adaptive capacity of
farmers/region.

Resilience mechanisms and coping
strategies

Climate change is a dynamic process and there
is no silver bullet to address the impacts of cli-
mate change effects. Adaptation alone cannot
help coping with climate change effects. Adap-
tation and mitigation should go hand-in-hand.
A blend of crop improvement and NRM tech-
nologies help in overcoming the climate change
effects in agricultural production. Better fore-
casting methods, best-bet interventions, NRM
and knowledge sharing in the short run, use of
adapted crop cultivars and appropriate crop, and
NRM methods and better policies holds the key
in the long run to cope with climate change.
Some of the current products and technologies
in agriculture that help in coping up with climate
change are presented below.

� Water management
Water is the critical input for agriculture, and
across the SAT, water is the most limiting fac-
tor for crop production. Predictions of future
rainfall are less certain. It is generally agreed
that climate change will modify rainfall, evap-
oration, runoff, and soil moisture storage,
while warmer temperatures would lead to an
increase in crop water requirements. Improv-
ing crop production under the scenario of re-
duced supply and increased demand depends
to a large extent on overcoming soil moisture
problems through better capture and storage
of rainwater and through improved use effi-
ciency. Much of the past work on agricultural
water management focused on managing the
water at plot level. The amount of water that
can be conserved and utilized within the plot
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through soil management practices is limited
by the rooting depth of the crop and the avail-
able water storage capacity of the soil. These
limiting factors often combine to result in in-
sufficient water to sustain crop growth during
prolonged dry spells. Water harvesting tech-
nologies with storage components have not
received much attention (Rockstrom 2000).
A significant knowledge gap exists on the
economic viability of such systems. Creating
storage structures and irrigation systems re-
quire substantial investment, which is beyond
the capacity of most rural communities. Al-
most 95% of the developing countries’ wa-
ter withdrawals are used to irrigate farmlands.
Therefore, water policy to make more efficient
use of water for agriculture is crucial. This
involves understanding water flows and wa-
ter quality, improved rainwater harvesting and
water storage, and diversification of irrigation
techniques. Such considerations will need to
be framed in the context of rapidly expanding
populations that are predicted to exacerbate
intersectoral competition for abstracted water
supplies. Robust irrigation infrastructure may
be necessary to cope with climate change risks
in the short to medium term. Maintenance of
existing infrastructure too deserves early at-
tention.

� Advance warning and disaster management
Enhancing adaptive capacity of South Asian
populations and ecosystems will require mul-
tiple actions at various levels. Regional coop-
eration mechanisms on adaptation need to be
addressed on a high-priority basis, especially
in dealing with trans-boundary issues such as
integrated river basin management, forest fire
management, and early warning systems. Es-
tablishment of advance warning systems, cli-
mate proofing of infrastructure, and keeping
the disaster management system in high alert
are very critical in coping with the natural
calamities.

� Microdosing of fertilizers
Most soils in SA are both thirsty and hun-
gry. While advocating better soil and water

conservation practices, it is important to rec-
tify the soil’s severe phosphorus and nitrogen
deficiency with mini-doses of fertilizer—just
one-sixth of the amounts used in developed
countries. This practice, called “microdosing”
(application of fertilizer about a soda-pop bot-
tle capful per plant) makes the roots to de-
velop early and capture water and nutrients
that otherwise would have gone to waste. Even
with fertilizer costs approximately three times
higher in Africa than in those in the developed
world, microdosing is profitable and has re-
sulted in yield increases averaging around 50%
in thousands of trials with millet, sorghum, and
maize in West and South Africa (Tabo et al.
2005). The same technology can be effectively
used in drylands of South Asia.

� Developing climate resilient crops
(a) Submergence tolerance

Water inundation due to flash floods is a
major problem in Bangladesh and eastern
India, where rice is the predominant food
crop. Poor drainage facilities in these ar-
eas further complicates the problem. De-
velopment of submergence-tolerant rice
cultivars is the best option under such
conditions. Researchers at IRRI and the
University of California-Davis identified
a submergence-tolerance gene (Sub 1) in
the Indian rice variety FR13A and used it
in development of submergence-tolerant
rice varieties for cultivation in South and
Southeast Asia (Xu et al. 2006). These va-
rieties offer scope to cope with the water
inundation with high rainfall.

(b) Stay-green trait to combat the heat and
drought
Crops such as sorghum and pearl millet—
staple cereal grains and fodder crop grown
by subsistence farmers in sub-Saharan
Africa and the Indian subcontinent—
are the most heat- and drought-hardy
crops. Researchers at ICRISAT and else-
where used conventional breeding and
marker-assisted selection to identify and
isolate genes and improve sorghum for
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“stay-green” trait that allow the plant to
mature normally in low-moisture, high-
heat stress areas. “Stay-green” genes de-
lay the senescence of leaves, help the
normal grain filling, and reduce the in-
cidence of lodging (Reddy et al. 2007).
Crops/cultivars (e.g., sorghum hybrid par-
ents ICSR 21002, ICSV 21011, and ICSB
371) with stay-green trait form an impor-
tant tool to cope with the drought stress
in drylands.

(c) Exploitation of photoperiod sensitivity
Most crops are photoperiod-sensitive, and
this trait can be exploited for boosting the
crop yields under variable rainfall. For ex-
ample, in sorghum and pearl millet, earlier
workers developed photoperiod-sensitive
breeding lines that give farmers an added
tool to adapt to rainfall variability. These
plants mature at the time of year when
conditions are most likely to be favor-
able for grain development, regardless of
when they are planted (Clerget et al. 2007).
Photoperiod-sensitive sorghum and pearl
millet will adjust their flowering and grain
filling at a roughly constant calendar date,
which tends to be the period when the rains
have stopped, but there is still enough soil
water to complete grain development.

(d) High temperature tolerance
Pearl millet and sorghum can tolerate tem-
peratures above 40◦C and set seed. Some
of the pearl millet hybrids developed by
private sector in India such as 9444 and
86 M 64 found yielding high under tem-
peratures as high as 44◦C during sum-
mer season in India. Currently, they are
highly popular with the farmers in major
pearl millet growing states of Rajasthan,
Haryana, and Gujarat in India.

Studies on impact of temperature in-
crease on rates of crop growth and yield
(Cooper et al. 2009) indicate that there will
be reduction in “time to maturity” of cul-
tivars. This means in a warmer world, a
currently defined “medium duration” type

will become a “short-duration” type. Con-
sidering this, the crop improvement pro-
grams in future should focus on medium
to late maturing genotypes with heat toler-
ance and pest and disease resistance to deal
with the yield reduction resulting from
temperature increase.

� Knowledge sharing and policy perspectives
Capacity enhancement of stakeholders is very
critical, particularly on usage of weather fore-
casts, climate-adapted cultivars, resource con-
servation practices, and market intelligence.
On-farm testing of products and technologies
and village-level studies on coping mecha-
nisms give valuable information. Addressing
new climate conditions will require complex
policies and adjustments at many levels in de-
veloping country agriculture.

Policy is critical in shaping the coping
mechanisms. However, climate policy alone
will not solve the climate change problem. Cli-
mate outcomes will be influenced not only by
climate-specific policies but also by the devel-
opment path chosen (IGES 2008). Asia and
Africa, which are already experiencing the ad-
verse impacts of climate change, cannot af-
ford to “wait and see” or follow the historic,
unsustainable, carbon-intensive development
path of industrialized countries. Developing
countries in Asia and Africa have an outstand-
ing backlog of sustainable development and
poverty reduction priorities, into which cli-
mate change mitigation and adaptation poli-
cies must not be integrated.

Conclusions

Research on long-term climate change was the
major issue focused in early climate change stud-
ies. Recently, climate variability studies have ob-
tained a significant attention from the climatic
researchers. This research effort is looking into
both the long-term changes and short-term vari-
ability in climate.

The above discussions imply that countries,
particularly in the SAT, are vulnerable to the
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current climate situations and climatic shocks
in future. Thus, understanding the nature and de-
gree of vulnerability is the initial concern of any
climate change study to build adaptation strate-
gies along with understanding the ground level
adoption of adaptation strategies to cope with the
current climatic situation.

On the basis of these discussions, this chapter
aims to draw attention to three issues, which are
being addressed through the ongoing research
efforts at ICRISAT and elsewhere. They are as
follows:

1. The first aim of this research effort is
to understand the climate change context
(both socioeconomic and environmental/
biophysical), which decides the vulnerabil-
ity of the region. This provides a system-
atic investigation on the argument that degree
of climate change vulnerability depends on
socioeconomic, political, and environmental
factors, and the results will help to suggest on
development of various strategies and policies
to address different dimensions of climate
change vulnerability in an integrated way.

2. The next step will entail the linking between
changes in climate and climate variability and
the changes in different aspects such as crop-
ping pattern, income and employment status,
and gender issues of vulnerability to climate
change along with institutional and policy
reforms over the years. Here, the main aim
is to increase the understanding of ongoing
and future climate change impacts and rein-
force the need for measures to deal with cli-
mate change. This will empirically help un-
derstand, test, and argue the links between
climate change risk and changes in socioe-
conomic development status of a region as
part of poverty reduction by looking into the
impacts of climate change on these aspects.

3. Another major focus is recognizing the past
and current coping and adaptation strategies
adopted in the farm households to cope with
the climate change impacts. This will help to
combine and link the traditional, local, and in-

digenous knowledge on climate change with
the scientific knowledge on climate change.

This research is therefore a comprehensive ef-
fort to understand and analyze the vulnerability
to and impacts of climate change and the adapta-
tion strategies of farmers in the selected regions.
It is expected that by addressing the above three
issues, this study will help addressing the cli-
mate change challenge in the semiarid regions
of Asia through providing suggestions on strate-
gies and policies to reduce the vulnerability and
to strengthen adaptive capacity, and on adapta-
tion opportunities and options of the farmers to
cope better with the future climate change.

Future line of investigation

To explore further the issue of climate change
adaptation, research into the following areas will
need to be explored further.

1. Identify the constraints in, and opportunities
for, adoption of adaptation strategies within
SAT of Asia. Also, there is a need to iden-
tify the constraints and gaps in resources for
adaptation strategies.

2. Sociological approach to vulnerability and
adaptation, including the role of social cap-
ital, social networks, and institutions in en-
hancing resilience to climate change.

3. Recognize the effectiveness of adaptation
strategies and also look into how adaptation
itself can lead to constraints for households.

4. Exploring the best practices or strategies and
identifying the ways to enhance its capacities
and opportunities, which provides reduced
climate change vulnerability and improved
adaptive capacity.

5. In agriculture, early warning and climate
forecasting is very much essential to avoid
losses during natural calamities. So, it is
necessary to develop a regional coopera-
tion for information exchange about climate
change, including early warning and forecast-
ing. Also, it is important internalize the crop
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adaptation research to climate change in all
the crop improvement programs in the re-
gion, prioritizing the major impacts of cli-
mate change effects on crop production in the
respective country/region.

This will help in laying the foundation for de-
veloping, implementing, and monitoring adapta-
tion strategies in the SAT in Asia and to become
more resilient to climate change in future.
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Chapter 3.7

Climate Change Impacts in Japan
and Southeast Asia: Implications
for Crop Adaptation
Sivapuram V.R.K. Prabhakar

Introduction

Southeast Asia region comprises a group of
mainland and island countries with diverse
geophysical and socioeconomic characteristics.
Southeast Asia includes Brunei, Cambodia, East
Timor, Indonesia, Lao PDR, Malaysia, Papua
New Guinea, Philippines, Singapore, Thailand,
The Union of Myanmar, and Vietnam. Most of
the Southeast Asian countries are low-income
and low-middle income economies with an ex-
ception of Singapore with high-income economy
and Malaysia with upper-middle-income econ-
omy (The World Bank 2010). In addition to these
countries, this paper also touches upon climate
change impacts in Japan, which could provide
needed capacity in mitigation of some of the im-
pacts observed in the Southeast Asian countries.
Agriculture in value added of national gross do-
mestic product (GDP) in this region accounts to
about 17.3%. However, there is a variation with
figures ranging between 41.8% (Lao PDR) and
0.1% (Singapore) (Fig. 3.7.1).

While the share of agriculture in national
GDPs may appear less significant, agriculture
undoubtedly plays an important role beyond its

share in the national GDP in these countries.
Agriculture employs about 50.4% of total pop-
ulation in these countries (FAO 2009c), with a
range between less than 1% in Singapore and
80% in East Timor, and is backbone for realiz-
ing food security and providing needed inputs to
the industry. Southeast Asian countries differ in
the agricultural productivity. In terms of devel-
opmental indicators, Southeast Asia is the third
poorest region in the world after sub-Saharan
Africa and southern Asia and ranks poorly in
terms of labor productivity, access to food, ma-
ternal health, and forestation (United Nations
2009). Hence, any external stress can mean sig-
nificant impact on sustainable development of
many Southeast Asian countries.

Rice is the principal cereal crop cultivated
in the Southeast Asia grown in about 46.7 Mha
(amounting to 82% of total area under cereal
cultivation in the region) with a productivity of
4.04 tha−1 (FAO 2009a) and provides about 60%
of total calories, 1195 kcal/capita/day, to mil-
lions of people in Southeast Asia (FAO 2009b).
Other principal crops grown in the region are
maize, sorghum, wheat, barley, and rye. The re-
gion imports wheat (9.5 Mt), soybeans (4.5 Mt),

Crop Adaptation to Climate Change, First Edition. Edited by Shyam S. Yadav, Robert J. Redden, Jerry L. Hatfield,
Hermann Lotze-Campen and Anthony E. Hall.
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maize (4.2 Mt), rice (3.9 Mt), sugar (2.4 Mt), and
palm oil (1.6 Mt). In many Southeast Asian coun-
tries, the yield levels of staple food crops such as
rice are comparably lower than in other parts of
the world (3.29 tha−1 compared to 6.49 tha−1 in
Japan, 4.39 tha−1 in Asia, and 4.31 tha−1 in the
world) (FAO 2009a).

Southeast Asia region suffers from some
of the severe undernourishment problems
(UNESCAP 2009). About 16% of the popula-
tion here suffers from undernourishment, 46%
in Timor-Leste, and 40% in Lao Peoples Demo-
cratic Republic, with the prevalence rate alarm-
ingly high among the children (about 26%).
These high rates of undernourishment imply
difficulty in meeting the targets set under the
Millennium Development Goals.

Unmitigated climate change is a threat to sus-
tainable development globally (Parry et al. 2007)
and can significantly increase hunger and mal-
nutrition across the globe with no exception for
Southeast Asia (Tubiello and Fischer 2007). Be-
cause of the vulnerability context of the South-
east Asian region discussed above, the climate
change can pose a serious threat to the sustain-
able development of the region in general and
agriculture sector in specific. Hence, this chapter
considers climate change impacts on agriculture
in Southeast Asia so as to provide an overview
picture for identifying suitable interventions at
various levels.

Climatic change in Japan and
Southeast Asia

Climate change is a global phenomenon with
uneven distribution of its impacts across differ-
ent geographical locations. Climate change in
Southeast Asia manifests in various forms. In
general, the available global and regional stud-
ies indicate that Southeast Asia and Japan are no
exception to climate change (Parry et al. 2007;
Asian Development Bank 2009; Japan Meteoro-
logical Agency 2009) and that the countries in the
region have already started showing the signs of
climate change (Asian Development Bank 2009;

Japan Meteorological Agency 2009) with differ-
ences among countries and regions. This section
reviews different observed and projected trends
of climate change in Japan and Southeast Asia.

Observed climate change

Japan

The mean temperatures in Japan have been in-
creasing at a steady rate. The analysis of tem-
perature records during 1900–1996 in Hokkaido
region of Japan indicated a warming trend
with mean annual temperatures increasing from
0.51◦C to 2.77◦C (Yue and Hashino 2003). How-
ever, the increase in temperatures cannot be
solely attributed to climate change alone. Various
other factors include urbanization, increase in ve-
hicular traffic and related pollution (Aikawa et al.
2009), and the heat island effect (Aikawa et al.
2007). Keeping in view the possible interference
from the urbanization, the Japan Meteorological
Agency has designated 17 meteorological sta-
tions that have least possible interference from
the urbanization and heat island effect and has
long-term recorded temperature. The recorded
temperatures available from these stations over
the 1898–2008 indicate a steady increase in tem-
peratures at a rate of 1.11◦C per century (Japan
Meteorological Agency 2009). In 2008, the mean
surface temperatures in Japan were warmer by
0.46◦C compared to the mean temperatures dur-
ing 1971–2000. These observations clearly show
the warming in Japan over the recorded period.

The historical precipitation events indicated
a discernable trend in Japan. Japan received
large amount of rainfall during mid-1920s and
1950s and experienced gradually increasing fluc-
tuations from 1970s onward (Japan Meteoro-
logical Agency 2009). The variance in rainfall
has increased significantly during recent years.
Changes in diurnal precipitation patterns have
also been reported (Fujibe et al. 2006). Over the
observed period of 1898–2003, the precipitation
has shown a relative increasing trend in the early
morning (02–06 AM JST) and a decreasing trend
in the afternoon (14–18 PM JST), each with a rate
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of about 5% per century. These changes reflect
those of intense precipitation (≥10 mm/4 h) in
spring and summer, while precipitation amount
in autumn and winter showed different changes
of diurnal variation patterns (Fujibe et al. 2005).

The analysis of 105 years data (1901–2005)
from 51 stations in Japan has indicated an in-
crease in the spatial concentration of the precipi-
tation (Fujibe and Kobayashi 2007). More hourly
heavy precipitations were recorded in Tokyo dur-
ing 1940s than in 1990s (Kanae et al. 2004),
dispelling the recent fears that the hourly heavy
precipitation events have increased in the city be-
cause of climate change. The time series of an-
nual mean sea level observed from 1970 to 2003
at 13 stations indicated that the sea level around
Japan has risen since the middle of 1980s. The
sea level was highest at Kushimoto and Mera
in the last three decades where the sea rose at a
rate of 9.3 mm per annum (Japan Meteorological
Agency 2009). These observations indicate that
the urban areas recorded higher degree of warm-
ing than the rest of the country with discernable
changes in rainfall patterns.

Southeast Asia

Some countries in the region have well-
established climate research programs, while
others are either in advanced development phase
or beginning to establish research programs with
external support. In most of the Southeast Asian
countries, the density of meteorological obser-
vatories and the quality of data in terms of time
series is limited and hence impacting accurate
observations. Hence, conclusions on the histori-
cal observations have to be made with caution.

Significant increase in the annual number of
hot days and warm nights and significant de-
crease in cool days and cool nights were reported
in the Southeast Asian countries (Manton et al.
2001). Trends in extreme temperatures were con-
sistent across the region. Extreme rainfall trends
were less spatially consistent than were those for
extreme temperature.

The number of rainy days (with at least 2 mm
of rain) has decreased significantly throughout
Southeast Asia. The proportion of annual rainfall
from extreme events has increased at majority of
stations. Except in the Philippines, a larger de-
crease in the number of cold nights was observed
in the region. A regional study based on 20-
year rainfall data obtained from 16 locations in
Bangladesh, Indonesia, Thailand, and Vietnam
has identified positive rainfall trends in Peninsu-
lar Thailand and negative rainfall trends in Suma-
tra and Java islands of Indonesia (Egashira et al.
2003). The variability in rainfall was, however,
higher in the dry season than in the wet season.

Indonesia
Average annual temperatures in Indonesia have
increased by 0.3◦C since 1990 in all seasons of
the year (PEACE 2007). Observations also indi-
cate 1990s as the warmest decade and 1998 as the
warmest year in the entire century. In addition
to changes in temperatures, long-term changes
were observed in the rainfall patterns. The ob-
servations made by BMG (Badan Meteorologi
dan Geofisika) indicated a shift in wet season
by 60 days in some parts of Indonesia (West
Sumatra, Jambi, Jayaputra, and Merauke) and
rainy season advanced by 30 days in some other
parts of Indonesia (Baten and Jakarta), while no
changes were observed in some other parts of the
country (e.g., Ujung, Kulon, Ujung Padang, Ma-
diun, Malang, Kediri, Pacitan, Gresik, and Blitar)
(Ratang 2007). Observations also indicated a sig-
nificant increase in the intensity of rainfall in the
range of 100–150 mm per day at Tamanbogo and
Genteng stations recorded during 1991–2000.

Vietnam
In general, the climate observations are reported
to be in conformity with the regional and global
trends. The monthly mean temperatures have in-
creased by 0.07–0.15◦C per decade (Ministry
of Natural Resources and Environment 2003).
However, these observations are not uniform
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throughout the country with some observato-
ries showing a different trend from the national
trend. The temperatures recorded at A Luoi and
Nam Dong stations over the period of 1974–2004
have shown an increasing trend (NCAP 2007).
The temperature recorded at Hue station indi-
cated a slight declining trend over the period of
1991–2004, with no clear trend over 1928–1990.
In most of the locations, the January tempera-
tures (winter season) were observed to become
warmer when compared to the July month (sum-
mer season). The annual rainfall at A Luoi and
Nam Dong has increased by 800 and 600 mm, re-
spectively, over a period of 1974–2004 with rel-
atively stable rainfall before 1990s. The rainfall
has increased during the rainy season (August
to December and April to May) and decreased
during drier periods (June to July), with signifi-
cant drought risks during drier periods and floods
during the rainy season. At Hue, the trends were
more complex with increasing trend of rainfall
after 1996. At this location, the rainfall showed
a decreasing trend during January to March with
values crossing the 100 mm drought threshold in
most of the years after 1986.

Cambodia
The meteorological data availability in Cambo-
dia is relatively poor due to the war and destruc-
tion of meteorological observatories. To date,
Cambodia has 38 meteorological observatories
that record temperature and rainfall and 23 obser-
vatories that record evaporation and 14 stations
that record wind speed (Ministry of Environment
2002). From the limited available data for the pe-
riod of 1980–2000, no discernable trends were
observed in temperature and rainfall (Ministry of
Environment 2001).

Thailand
Known as the rice bowl of Asia, any changes in
temperature and precipitation patterns in Thai-
land could lead to negative impact on the food se-
curity of the region. The observed maximum and

minimum temperatures showed an increasing
trend in Thailand over the period of 1951–2002
(Greenpeace 2006). From a long-term perspec-
tive, based on principal component analysis of
temperature data available between 1951 and
2003, the minimum temperatures that have been
reported have increased at an unprecedented rate
since the early 1950s, consistent with the global
and hemisphere average patterns (Limsakula
and Goes 2008). The minimum temperatures
changed quicker than the maximum tempera-
tures, leading to narrowing down of diurnal
temperature ranges in Thailand. Maximum tem-
perature increased significantly at Nan, while
the increases at Prachuap Khiri Khan were not
significant (Manton et al. 2001). Temperature
changes in other parts of Thailand are not con-
sistent with the above observations. Northern
provinces of Thailand, which include Chiang
Mai, Chiang Rai, Lampoon, and Lampang,
Phrae, Phayao, Nan, and Pitsanulok, did not
show any long-term trends (Kwanyuen 2000).

Summer monsoon rains are a critical factor
in Thailand’s water resources and agriculture
planning and management. Consequently, under-
standing the variability of the summer monsoon
rains over Thailand is important for instituting
effective mitigating strategies against extreme
rainfall fluctuations. The observed rainfall pat-
terns in the Chao Phraya delta, which is con-
sidered the rice bowl of Thailand, has shown
a declining trend over the observed period of
1952–1991 (Kwanyuen 2000). The reduction in
rainfall was prominent in the river basins of Kok,
Ping, and Nan, and no changes were observed in
Salawin, Wang, and Yom basins. The subbasin
level observations were consistent with the basin
level observations, indicating little spatial varia-
tion in rainfall trends in these basins. At Nan, the
number of rainy days has decreased significantly,
and the proportion of total rainfall from extreme
rainfall has increased significantly (Manton et al.
2001). Prachuap Khiri Khan showed a signifi-
cant decrease in rainy days. There was a signif-
icant increase in extreme minimum temperature
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at both stations, partly owing to a peak in 1998.
The number of warm nights increased, and the
number of cold nights and cool days decreased.
Prior to 1980s, there was weak relationship be-
tween summer monsoon and El Niño Southern
Oscillation (ENSO). However, the recent studies
have indicated a negative relationship between
ENSO and summer monsoon (Singhrattna et al.
2005). This increasing influence by the ENSO
during recent decades has been attributed to the
Walker circulation over the Thailand–Indonesia
region. In some models, a clear influence of
climate change on Walker circulation has been
established (Power et al. 2007).

Malaysia
There has been a significant decrease in rainy
days at all stations, except Kuching (Manton
et al. 2001). There were no other significant
trends in extreme rainfall indices. Nights became
warmer with a large peak in 1998. Significant
decrease in the frequency of cool days and cold
nights was also observed.

Philippines
Three out of five stations in Philippines showed
a decrease in rainy days (Baguio, in the north
of the archipelago, Daet, which is situated along
the east coast, and Dumaguete, in the middle
islands) (Manton et al. 2001). At Basco, there
were significant increases in the frequency of
warm nights and hot days and a decrease in
the number of cool days and cold nights. At
Baguio, the frequency of warm nights and hot
days also exhibited significant increases, with a
significant decrease in the number of cool days.
At Tuguegarao, a valley region, the frequency
of cold nights has shown a significant decrease.
Increasing urbanization is known to exacerbate
the climate change in some parts of the region.
For example, in Metro Manila, the urbanization
has impacted the temperature with no apprecia-
ble change in the rainfall within the city (Es-
toque and Maria 2000). The temperatures rose at
a rate of 3◦C per century with little observable

changes in rainfall in the northern side of the
city. These kinds of urbanization-induced local-
ized climatic changes could also have implica-
tions for the nearby surrounding areas and hence
deserves greater attention in the increasingly ur-
banizing Southeast Asia.

Projected climate change

General circulation models (GCMs) are used to
simulate future climate change scenarios result-
ing from the accumulation of greenhouse gases
(GHG). The most common GCMs employed in
generating simulations are Coupled GCMs (e.g.,
CSIRO global coupled ocean-atmosphere-sea-
ice model), HadCM2 model, ECHAM4/OPYC3
model, MIROC3.2 of Center for Climate Sys-
tems Research, Japan, and First Generation
Couple General Circulation model of the Cana-
dian Center for Climate Modeling and Analysis.
The outputs of these GCMs (e.g., the monthly
mean values of climate variables) are used to
derive the local impacts of the climate change.
More recently, multi-model ensembles became
more prominent tools in providing more reli-
able climate projections than the single model
approaches (Tebaldi and Knutti 2007).

Japan

In Japan, the Meteorological Research Institute
(MRI) has carried out climate change projec-
tion with the global climate model at broad res-
olution (280 km mesh). The results were uti-
lized to drive the high resolution (20 km mesh)
MRI regional climate model to make projec-
tion of climate change in Japan. The informa-
tion on the regional climate changes, in tem-
perature, precipitation etc., were presented for
several climatological regions, such as North
Japan, East Japan, and West Japan, or the Sea
of Japan side and the Pacific side. The model
could represent the sea surface temperatures well
(Murazaki et al. 2005). The model has pro-
jected a remarkable warming trend to the east
of Hokkaido in both winter and summer seasons
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and cooling near Sanriku. The model RCM20
also projected increased daily precipitation dur-
ing June to September (Kurihara et al. 2005). In
other months, the precipitations will either de-
crease or will not change significantly in most
parts of Japan. The climate projection for the
twenty-first century by the high-resolution model
(T106) showed that mean precipitation will in-
crease more than 10% in 100 years from the
present, especially in warm seasons (Kimoto
et al. 2005). Increases in frequencies of non-
precipitating and heavy (≥30 mm per day)
rainfall days and decrease in relatively weak
(1–20 mm per day) rainfall days were signifi-
cant. The future climate change may lead to in-
creased summer sea surface temperatures and El
Nino like conditions with increased precipitation
in the western part of Japan. Climate simulations
toward 2090s indicated a reduction in number of
frost days by 20–45 days along the Sea of Japan
and the growing season increases by a month
(Mizuta et al. 2005). Statistically significant in-
crease in indices of heavy rainfall is projected
in western part of Japan and Hokkaido, with no
significant changes in the rest of the country.

Southeast Asia

Climate projections in Southeast Asia have been
difficult due to the reason that most of the GCMs
have shortcomings in representing the ENSO
phenomenon, which is the strong source of vari-
ability in Southeast Asia region. The projected
climate change over the Southeast Asia indi-
cated a general warming trend over the projected
timescales (Parry et al. 2007; Allison et al. 2009).
The temperature projections in Southeast Asia
are projected to follow the global mean pro-
jections (an increase in temperatures by 2.5◦C
up to 2099) with likely increase in precipita-
tion (Christensen et al. 2007). The extreme rain-
fall events and winds associated with tropical
cyclones may increase with high confidence in
most of the climate change scenarios in the re-
gion. The individual country variation in the pro-
jected climate change is discussed below.

Indonesia
The future air temperatures in Indonesia will in-
crease relatively slower at a rate of 0.1–0.3◦C
per decade compared to the global average of
0.1–0.4◦C per decade by 2100, depending on the
models employed (PEACE 2007). The projec-
tions were uniform across various islands and
are comparable to the rate of warming observed
in the historical data available from 1970. Cli-
mate projections indicate a high probability that
the annual average level of precipitation will re-
main constant for Indonesia by the middle of
the twenty-first century, but the annual cycle
of rainfall is expected to shift such that more
rain will fall in a short wet season and will be
followed by a much longer dry season (Naylor
et al. 2007; Naylor and Mastrandrea 2009). This
has implications for higher probability of pro-
longed droughts and higher surface runoff lead-
ing to soil erosion in the increasingly deforested
Indonesia.

Mekong region
Conformal Cubic Atmospheric model (CCAM)
was employed to study the impact of climate
change in the lower Mekong region (Chinvanno
et al. 2006). CCAM is the second-generation re-
gional climate model developed for Australasian
region with a resolution of 0.1◦ (about 10 km ×
10 km). Three levels of simulations were carried
out with varying levels of CO2 concentrations.
The model simulations showed increased pre-
cipitation throughout the Mekong region with
a range of no changes to 500 mm per annum
and indicated a potential high-intensity rainfall
with the same duration of the current climate.
The Mekong basin would be warmer by 0.79◦C
with greater increase toward north of the basin
(Eastham et al. 2008). The runoff would increase
in most climate change scenarios projected in
2030 due to combination of high-intensity rain-
fall during rainy season and accelerated melt-
ing of glaciers. The dry season runoff would
remain same across the basin, including in the
Tonle Sap catchment in Cambodia. This has



P1: SFK/UKS P2: SFK Color: 1C

BLBS082-3-7 BLBS082-Yadav July 12, 2011 17:34 Trim: 246mm X 189mm

138 CROP ADAPTATION TO CLIMATE CHANGE

potential implications for the increasing flood
intensity during rainy season and drought inten-
sity during dry season in the region with nega-
tive impacts on agriculture. The MIKE11 model
was used to simulate flow and salinity intru-
sion from December to June (dry season) for the
medium-term (mid-2030s) and long-term (mid-
2090s) scenarios using data derived from the
SRES B2 climate change projection (Khang et al.
2008). Models have projected +20 to +45 cm
rise in sea level with a reduction in Mekong
River flow by −15% to −29%. Scenarios showed
that the 2.5 g/L saline front is likely to shift
upstream by 10 and 20 km in the main river
channels, and up to 20 and 35 km in the paddy
field, respectively, in medium- and long-term
scenarios.

Three GCMs (UK 89, UKMO, and GISS)
were employed to construct temperature and pre-
cipitation scenarios over Thailand (Thailand En-
vironment Institute 1999). All models showed an
increase in temperature, high in central, north,
and west regions (3–3.5◦C), and little increase
in northeast region (2.5◦C). Models predicted an
increase in rainfall by 20% (Bachelet et al. 1992;
Greenpeace 2006). The UK Met Office Hadley
Centre HadCM3 GCM with a spatial resolution
of 2.5◦ latitude by 3.75◦ longitude projected a
warming of 1.74–3.43◦C in 2080 (Parkpoom and
Harrison 2008). Studies also indicated that the
climate change could reduce the rainfall and
reduce the runoff in Chao Phraya basin with
negative impact on its catchment areas (Min-
istry of Science, Technology and Environment
2000). Results from an ensemble of 20 mod-
els revealed that Thailand will be warmer under
both low and high emissions scenarios during
2040–2069 when compared to the mean tem-
peratures observed during 1972–2003 (Felkner
et al. 2009). However, the magnitude of temper-
ature increase under high emissions scenario will
be 40% higher than the low emissions scenario
during the period 2040–2069. Daily precipita-
tion will increase throughout the year under low
emission scenario and there will be less precip-
itation in the second half of the year, starting in

June coinciding with the growing season of rice
crop, in the high emission scenario.

Projected climate change impacts
on crops

Projecting climate change impacts on agriculture
involves complex interactions between climate,
agriculture systems, and crop management. In
order to obtain relevant impact projections, the
climate predictions of GCMs are utilized by the
dynamic crop simulation models (e.g., Decision
Support System for Agrotechnology Transfer),
and land management decision tools. Agroeco-
logical models are often employed to the ad-
vantage of the high resolution of dynamic crop
models while still being able to compute for
large-scale computations with relatively good
accuracy.

Climate change is expected to threaten the
rice crop, the most important staple food crop
in Southeast Asia, due to heat-induced spikelet
sterility or increased crop respiration losses dur-
ing grain filling (IRRI 2006). Most of the rice
crop being currently grown is in the threshold
levels of temperatures congenial for rice crop.
In Southeast Asia, the hottest months are before
onset of monsoon season from March to June,
which coincides with the final stage of dry season
rice crop. These areas are already experiencing
high temperatures of 36◦C and above and hence
are already in the threshold level of tolerance.
Any warming in these areas would mean signif-
icant reduction in rice yields (Wassmann et al.
2009). The HadCM3 global climate model using
IPCC SRES scenarios indicated global and re-
gional yield decline of crops such as wheat, rice,
maize, and soybeans (Parry et al. 2004). The
A1FI scenario with large increase in global tem-
peratures exhibited the greatest decreases both
regionally and globally in yields by the 2080s.
The contrast between the yield change in devel-
oped and developing countries was largest under
the A2A–C scenarios. Under B1 and B2 sce-
narios, developed and developing countries ex-
hibited less contrast in crop yield changes, with
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the B2 future crop yield changes being slightly
more favorable than those of the B1 scenario. In
Asia, the reduction in crop yields was as high as
30%. Introducing CO2 fertilization effect has re-
duced the negative impact of high temperatures,
especially in mid- and high-latitude areas with
temperate cereals and South Asia due to deep
penetration of monsoon in summer and length-
ened growing season. Similar benefits of CO2

fertilization was observed in Southeast Asia as
well.

Japan

In Japan, the future climate change is projected to
increase the intensity and course of typhoons, in-
creased wind speeds, coastal erosion due to sea
level rise, decrease in flood control safety, and
increased frequency of landslide disasters (The
Global Environment Bureau 2008). Five coupled
Atmosphere-Ocean General Circulation models
were employed to simulate the impact of future
climate change on the rice production in Japan
following the IPCC SRES (Special Report on
Emissions Scenario) A1B scenario (Iizumi et al.
2006). The simulations indicated that the head-
ing day will be advanced with insignificant yield
changes at the national level (within the interan-
nual variability of the current climate). However,
distinct changes were projected at the regional
level with increased yields in northern Japan and
decreased yields in southwestern Japan. Yields
showed distinct variance in the southwestern
Japan due to heat stress.

Southeast Asia

Projected climate change scenarios suggest a sig-
nificant decline in yields of major crops in South-
east Asia, including rice by 1.4% (Lobell et al.
2008), wheat by 10–95% (Fischer et al. 2005),
and soybeans by 10% (Lobell et al. 2008). The
agroecological zone models projected that the at-
tainable wheat yields would decline substantially
in the range of 10–95% in 2080s when compared
to 1990 in Southeast Asia (Fischer et al. 2005).

The reduction in wheat yields is due to the in-
creasing temperatures, especially during the pan-
icle initiation and flowing stages. The favorable
area under wheat would either reduce or move
toward the north in the region with expansion of
area under subtropical and tropical crops replac-
ing the wheat. Under various climate scenarios,
the area covered by the cool, temperate wheat
mega-environments could expand as far as 65◦N
(Ortiza et al. 2008). Raising sea level can threaten
the crop production in many areas of Southeast
Asia. The Mekong River delta region in Vietnam
and Cambodia are already facing the negative
impacts of sea level rise and related intrusion of
water into rice-cultivated areas during the dry
season (Wassmann and Dobermann 2007).

A global study on prioritizing adaptation
needs for food security in 2030 was carried
out by generating hunger importance ratings
for all crops and region combinations (Lobell
et al. 2008). Climate change impacts were ob-
tained from outputs of 20 GCMs and produc-
tion changes for 2030 were expressed as relative
to the average of 1980–1990. The study indi-
cated a significant reduction in yield of rice and
soybeans. About 5% of the models projected
a reduction in soybean yields by 10% or more
and 50% of models projecting soybean yield re-
duction by 5% in the Southeast Asia. Most of
these reductions were attributed to the large de-
pendence of historical production variations on
temperature combined with the large projected
warming overwhelming the large uncertainties in
precipitation changes. Higher reduction in crop
yields in climate change scenarios mean greater
impact of GHG mitigation. GHG mitigation in
Southeast Asia could bring significant increase
in cereal yields up to 130% in wheat, maize,
rice, and other coarse grains with most of the in-
crements coming from the developing countries
(Tubiello and Fischer 2007).

The Mekong region is highly vulnerable to
climate change impacts. Studies have indicated
increased rainfall intensity in the Mekong region
with implications for floods (Chinvanno et al.
2006) and water scarcity during dry seasons due
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to reduced runoff and sea water intrusion (Khang
et al. 2008). The model projections on impact of
future climate change on crop production were
not uniform across the Mekong basin and hence
there is greater uncertainty (Eastham et al. 2008).
However, the food scarcity may increase due to
population pressure. The sea level rise could re-
duce the area under triple cropping of rice by
70,000 ha, while the single crop area will in-
crease by 38,000 and 179,000 ha for the near-
and long-term scenarios (Khang et al. 2008).

In Thailand, the rice yields could drop by
57% in Roi Et province but increase by 25%
in Surin province (Ministry of Science, Technol-
ogy and Environment 2000). The four climate
models also demonstrated that climate change
could increase temperature during the flowering
period of crops by 1–7◦C.

This will reduce flowering and harvesting pe-
riods as well as crop yields in general. A study
based on ensemble-mean of 20 well-recognized
global climate models following the IPCC SRES
scenarios along with the DSSAT model revealed
the complexity of climate change impacts on
rice crop in Thailand (Felkner et al. 2009). The
DSSAT simulations have projected yield reduc-
tions of 30–50% in both low- and high-emission
scenarios. The yield reductions were either mod-
erated or even improved when farmers’ response
to rainfall change was incorporated through an
economic model. These results indicate that tak-
ing into consideration the farmers’ response to
climate change impacts would be crucial in get-
ting management appropriate results.

Conclusion

The climate change observations and projec-
tions face several challenges in Southeast Asia.
Many of these limitations are related to the qual-
ity of data available, density of meteorological
stations, limited capabilities in employing ad-
vanced climate prediction models and integrated
climate risk assessment, and the uncertainty in
the projections due to the inherent limitations
with the GCMs in terms of their spatial reso-

lution and limited representation of some local
climatic conditions such as ENSO phenomenon.
More detailed and accurate information is re-
quired for designing adaptation and mitigation
plans valid at the local level. There is a long way
to obtaining the dependable downscaled impact
projections. Tools such as MRI Earth System
Model (MRI-ESM) could help in reducing the
uncertainty in global and regional projections.
However, the integration of GCMs with the dy-
namic crop models and agroecological models
still needs further development.

In general, on regional basis, there is an agree-
ment in the literature over projected warming
trends and associated changes in the precipita-
tion and impacts on crops. However, there are
spatial and temporal variability in both observed
and projected climate at the country level. This
necessitates the need for high-resolution climate
models those could provide reliable estimate of
climate variables in compatibility with the re-
gional climate models and dynamic crop models.

Adaptation options need to be identified to
deal with the projected climate change impacts
in the region. Though some of the adaptation
options could be as simple as changing plant-
ing dates and providing irrigation facilities, other
adaptation options could be costly and time con-
suming, needing careful planning and resource
allocation. Identifying effective adaptation op-
tions need proper decision support tools that are
based on thorough understanding of how crops
interact with the climate and management prac-
tices. There is a dearth of combination of socioe-
conomic and biophysical models that can pro-
vide more opportunity to know the actual crop
yields under different management conditions of
farmers. Such decision support tools would pro-
vide much better understanding on biophysical
and socioeconomic impacts of climate change.

Crops are cultivated based on location-
specific conditions, including local climate,
weather, soil, and farmer management practices.
These factors interact with each other and with
the complex local cultural factors. Any approach
that assesses the impact of climate change would
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have to take all these factors into consideration
and any single model approach could be less
than useful. Climate change calls for innovative
ways of producing new varieties of crops and
innovative crop management practices. Increas-
ing incidences of floods and sea level rise could
alter the type of crops cultivated in the coastal
and other vulnerable areas. There is a need for
crop adaptation, both genetic and agronomic, and
shift from yield-oriented approach of agricul-
tural research and extension systems to that of
adaptation-oriented approach, while benefiting
from the positive aspects of climate change.
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Chapter 3.8

Regional Impacts: Australia
Mark S. Howden and Steven J. Crimp

Introduction

Cropping, defined here as including temperate
and tropical grains, oilseeds, legumes, sugar-
cane, and horticulture (including fruit, vegeta-
bles, and viticulture), is a significant economic
activity in Australia. The gross value of produc-
tion averaged over the past 6 years is AU$21,000
million per annum at the farm gate (ABARE
2010), with this value multiplying down the sup-
ply chain once processing and transformation
of the raw materials has been considered with
the total value to the economy, thus likely being
four to four-and-a-half times larger (Econtech
2005). Average value of crop exports over the
last six years is AU$13,700 million per annum
(ABARE 2010).

Cropping is a major land use, occupying about
24 Mha (ABARE 2010) primarily in a crescent
from the northeast coast of Queensland around
the south of the continent to the west coast of
Western Australia, including Tasmania.

Cropping activities require significant quan-
tities of water, with some 3500 GL per annum
used for irrigation (ABS 2010), as well as sub-
stantial amounts used for processing. Irrigation
water allocations have recently been changing
rapidly as a result of record low flows in many
river systems driven by climatic conditions as

well as the introduction of extraction caps, en-
vironmental flow allocations, and water market
arrangements among other institutional changes
(Young and McColl 2008).

Cropping systems in Australia are sensitive to
both long-term climatic conditions and year-to-
year climate variability. This can be observed in
the crops used, areas cropped, average yields and
yield variability, product quality, the manage-
ment systems and technologies used, input costs,
and product prices. Consequently, as the cli-
mate continues to change in response to human-
induced global warming, there are likely to be
significant and systemic changes in cropping
systems, dependent on

� The specific sensitivity to climate change (a
function of the type of activity, location, and
management regime);

� The nature, extent, and rapidity of the climate
changes (themselves varying by location and
over time); and

� The various adaptation options that may be
implemented.

This chapter will summarize, for the crop-
ping industries above, existing and projected cli-
mate changes, the likely impacts on cropping,
and some proposed/potential management and

Crop Adaptation to Climate Change, First Edition. Edited by Shyam S. Yadav, Robert J. Redden, Jerry L. Hatfield,
Hermann Lotze-Campen and Anthony E. Hall.
c© 2011 John Wiley & Sons, Ltd. Published 2011 by John Wiley & Sons, Ltd.

143



P1: SFK/UKS P2: SFK Color: 1C

BLBS082-3-8 BLBS082-Yadav July 12, 2011 13:32 Trim: 246mm X 189mm

144 CROP ADAPTATION TO CLIMATE CHANGE

policy adaptations to these impacts. Other chap-
ters in this book will address enhancements in
crop genetics that may be used to address cli-
mate change impacts.

Climate and climate change in
Australian cropping regions

The atmospheric concentrations of greenhouse
gases such as carbon dioxide (CO2), methane
(CH4), and nitrous oxide (N2O) are increasing
as a result of human activity (IPCC 2007). These
greenhouse gases affect the radiative balance of
the earth, keeping it warmer than it would oth-
erwise be. The concentration of CO2, the main
anthropogenic greenhouse gas, is now 387 ppm,
about 37% above the preindustrial concentra-
tion of 280 ppm (IPCC 2007). Furthermore, the
rate of increase of CO2 is itself increasing, be-
ing larger during the last 10 years (1.9 ppm
per year), than it has been since measurements
began in 1960 (1.4 ppm per year; IPCC 2007).
In 2008, CO2 concentrations jumped by 2.3 ppm
in one year, which is estimated to be the fastest
annual rate of increase in the last 650,000 years
(Rockström et al. 2009). Even the recent global
financial crisis has only slowed down the rate
of greenhouse gas increase (Myhre et al. 2009).
There is strong evidence that these anthro-
pogenic changes in atmospheric composition are
affecting the climate at global, continental, and
even regional levels (IPCC 2007). Importantly,
elevated CO2 has relatively well-understood and
significant effects on crops, increasing the effi-
ciency with which they use water, solar radia-
tion, and nitrogen with, all else being equal, an
increase in yield (Tubiello et al. 2007).

The main climate variables that are impor-
tant in terms of their impact on farming systems
are maximum and minimum temperatures, rain-
fall, solar radiation, vapor pressure deficit, and
wind speed. In particular, changes in extreme
temperatures, rainfall, and the duration and fre-
quency of drought conditions are all likely to ad-
versely affect agricultural industries (Hennessy
et al. 2008). There is a range of indices that

may be computed from these climate variables.
Indices such as chilling requirements and days
above a temperature threshold are critical for hor-
ticultural commodities. We will summarize very
briefly here the changes in Australia’s climate
that have been observed over the past decades
and the anticipated changes over forthcoming
decades, drawing on the recent IPCC Fourth As-
sessment Report (Hennessy et al. 2007).

Temperatures have increased across the crop-
ping areas of Australia, with average maximum
(day time) temperature rising by 0.7◦C and the
minimum (nighttime) temperature by 1.1◦C
since 1910, with much of this change occurring
since 1950 (Alexander et al. 2007). These
increases are highly likely to have been influ-
enced by increasing atmospheric greenhouse
gas concentrations (e.g., Karoly and Braganza
2005). This warming has made droughts more
severe through increased evaporation rates in
response to higher temperatures for a given
rainfall amount (Nicholls 2004). Temperature
extremes have also changed with an increased
number of hot days and hot nights and a decrease
in cold days and nights (Alexander et al. 2007).
Exceptionally, hot years are now occurring over
10–12% of the area of Australia, about twice
the expected long-term average (Hennessy
et al. 2008).

Rainfall distribution has also changed, with
southern and eastern Australia becoming drier
(Smith 2004). The reductions in rainfall and in-
creases in temperature in southeastern and south-
western Australia have resulted in record low
river flows (e.g., CSIRO 2008). Extreme rain-
fall events have also changed in some cropping
regions with heavy rainfall increasing over the
western tablelands of New South Wales, but de-
creasing in the southeast, southwest, and central
east coast of Australia (Hennessy et al. 2007).

The climate projections based on a range of
global climate models (GCMs) and emissions
scenarios suggest that average Australian tem-
peratures in cropping regions will increase by
0.3–1.5◦C by the year 2030, relative to 1990, by
0.6–3.4◦C by 2050, and by 1.2–5◦C by 2070
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Change in degrees
Celsius

1.1–2

2.1–3

3.1–4

Fig. 3.8.1. Change in mean annual surface temperature (in degrees Celsius) for 2050 expressed relative to the
period 1980–1999. The pattern of warming is generated from the ECHAM5 MPI-OM climate model and A1FI
emission scenario (PCMDI 2005).

(CSIRO and BoM 2007). Slightly greater in-
creases are expected in the northern regions over
which summer cropping occurs than for the more
southerly winter cropping regions. These region-
alized differences in warming are consistently
demonstrated by a range of GCMs and an exam-
ple of this pattern of warming is highlighted in
Fig. 3.8.1.

Warming is likely to increase the frequency
of hot days (temperatures over 35◦C) such that
by 2030, the mean area of Australia experienc-
ing what have historically been exceptionally hot
years is likely to increase to 60–80% (Hennessy
et al. 2008). As well, there is a likelihood of de-
creases in cold nights and associated frost risk,
at least in the northern cropping region.

In terms of rainfall, climate model projections
suggest annual decreases over the cropping re-
gions of southeast Australia and southwest Aus-
tralia, similar to those patterns of rainfall change
produced by the ECHAM5_MPI-OM climate
model for 2050 (PCMDI 2005) (Fig. 3.8.2), with
a tendency for annual rainfall increases in much
of Tasmania and of summer rainfall increases

in the northeast of the continent (Hennessy et al.
2007). The projected rainfall changes in the main
farming zones vary substantially between sea-
sons with decreases particularly likely in winter
and spring. However, it is important to note the
large range of possible rainfall changes that may
occur in the future, including a range of poten-
tial declines as well as some potential seasonal
increases, requiring ongoing review of climate
trends and their causes.

Rainfall changes will affect the surface and
groundwater resources that supply the water
used in irrigated cropping in Australia (Khan
2008). For example, annual water availabil-
ity in the Murray-Darling Basin (MDB) could
change significantly by 2030 with possible
substantial decreases (26–45% reductions de-
pending on catchment) to increases (up to
19% in one catchment), with the median sce-
nario indicating consistent but varying reduc-
tions across all catchments. There is a tendency
for more negative scenarios in the southern
catchments than in the more northern catchments
(CSIRO 2008).
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Fig. 3.8.2. Percentage change in mean annual surface rainfall for 2050 expressed relative to the period
1980–1999. The pattern of rainfall change is generated from the ECHAM5 MPI-OM climate model and A1FI
emission scenario (PCMDI 2005).

The growing agreement between emergent
climatic trends and projected changes in climate
derived independently from GCMs provides ad-
ditional confidence that the projected changes
are not unrealistic and hence are a sound basis
for assessing adaptation options. These will be
discussed for different groups of crops below.

Grains, oilseeds, and legumes

Grains (e.g., wheat, barley, oats, sorghum, and
maize), oilseeds (e.g., canola), and legumes (e.g.,
chickpeas) are the largest group of agricultural
commodities in Australia, with gross value of
production averaging approximately AU$9000
million per annum since 2004, with 67% of
the amount produced (AU$5900 million per
annum) exported. These crops are grown mainly
in a broad arc, covering an average of 23 Mha,
from central Queensland across southern
Australia to the Geraldton region in Western
Australia. The cropping regimes across this arc
extend from mixed summer–winter crops on

heavy soils with summer-dominant rainfall in
the northeast to winter crops predominantly on
light soils in the west where rainfall is winter
dominant.

Climate is a key driver of cropping activi-
ties, with key impacts including soil moisture
during the crop cycle, droughts particularly dur-
ing the period of grain-filling, frost damage, heat
damage, and storm damage. Climate also affects
leaching of nutrients, mobilization of salts, and
erosion risk. Climate change is likely to alter
many of these impacts, for example, by increas-
ing high-temperature damage to grain number
and grain quality, enhancing drought stress and
lowering starting soil water conditions. However,
climate changes may also lead to reductions in
other specific hazards such as dryland saliniza-
tion (e.g., van Ittersum et al. 2003).

Generally, the combined effects of projected
higher temperatures and reduced in-crop rain-
fall will result in lower yields, increases in yield
variability, erosion risk, a need for enhanced
water and nutrient management, and greater
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variation in pests, diseases, and weeds risks but
some reduced capacity to manage them (Howden
et al. 2010).

The fact that farmers already manage many
of the types of risks that are likely to arise
out of climate change means that they are rel-
atively well-positioned to contribute to the de-
velopment and testing of adaptation options
(Howden et al. 2007). In particular, the exis-
tence of effective communication and demon-
stration networks among farmers, such as Land-
care and professionally run farmer groups, means
that there are pathways to transfer technologies
and practices from areas that are currently hotter
and drier to those areas that may have similar
climates in the future.

A recent analysis of adaptation options for
Australian grains systems (Howden et al. 2010)
indicated several different levels of response that
can occur either separately or in combination
(Table 3.8.1). These include changing inputs
such as crop varieties and nutrient management
to match the prevailing climate, altering the
amount and improving the efficiency of irriga-
tion water and more effective residue and canopy
management. Other farm-level changes are also
possible through modifying the cropping sys-
tem via changes in timing, method, and spacing
of planting, altering crop rotation rules, adopt-
ing precision agriculture practices, changing the
crop-livestock mix, diversifying farm income
streams, integrating pest, disease, and weed man-
agement, and using various climate forecasts to
manage risk at different timescales. There are
also broader industry and government policy
adaptations such as provision of effective re-
search and development, information provision
and communication, quarantine capabilities, as-
sessing and building adaptive capacity in rural
communities, and establishment of effective wa-
ter markets and allocation systems. Effective re-
search and development is likely to be critical in
ensuring an effective adaptation response. One
example of this is in developing varieties that are
more responsive to elevated atmospheric CO2

where there can be large improvements in yield

Table 3.8.1. A small subset of the adaptation options
available to adapt farming systems to climate changes
(Stokes and Howden 2010).

Altering inputs such as varieties/species to those with
more appropriate thermal time and vernalization
requirements and/or with increased resistance to heat
shock and drought, increased responsiveness to CO2,
altering fertilizer rates to maintain grain quality
consistent with the prevailing climate, altering amounts
and timing of irrigation and other water management

Wider use of technologies to “harvest” water, conserve
soil moisture (e.g., crop residue retention), and to use
and transport water more effectively where rainfall
decreases

Water management to prevent waterlogging erosion,
and nutrient leaching where rainfall increases

Altering the timing or location of cropping activities

Diversifying income through altering the integration
with other farming activities such as livestock raising

Improving the effectiveness of pest, disease, and weed
management practices through wider use of integrated
pest and pathogen management, development and use
of varieties and species resistant to pests and diseases
and maintaining or improving quarantine capabilities
and monitoring programs

Developing improved climate forecasting and its use to
reduce production risk

response but where the few published studies
indicate that newer varieties of wheat (Mayeux
et al. 2003; Ziska et al. 2004) and oats (Ziska and
Blumenthal 2007) are less responsive than older
varieties. Another example often mentioned is
upgrading climate forecasts in terms of reliabil-
ity, lead-times, and utility so as to allow month-
by-month or year-by-year “tracking” of an adap-
tation option in response to a changing climate,
as first proposed by McKeon et al. (1993)

There have been few assessments of the eco-
nomic benefit of adaptations to climate change
either in Australia or elsewhere. One study in
Australia used risk analysis approaches to as-
sess a subset of the possible adaptations to cli-
mate change for the wheat industry (Howden
and Crimp 2005). The adaptations examined
were varietal change and alteration of plant-
ing windows. Effective uptake/implementation
of just these two adaptations could save the
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national wheat industry between AU$100 M and
AU$500 M each year (in current dollar terms)
by maintaining productivity in a changing cli-
mate. These adaptations changed the mean value
of production from being negative for the in-
dustry as a whole (on balance of probabilities)
to being neutral to slightly positive. Clearly, in-
vestment in adaptation is extremely worthwhile
for the wheat industry. However, there remains
a large negative “tail” of low production results
resulting from very dry and hot climate change
scenarios and indicating that adaptation cannot
remove all the risk from climate change.

Rice

Australia was a significant producer and net ex-
porter of rice until 2007, where production fell to
an 80-year low of 163 kilo tons (ABARE 2010).
In 2008, production fell to 18 kilo tons, which
represents less than 2% of long-term average pro-
duction (ABARE 2010). Under more favorable
climate conditions, average annual production
has been about 1.3 million tons, of which 85%
is exported. Rice at various times has been pro-
duced in the Ord Irrigation system in Western
Australia and the Burdekin valley in Queensland
but is predominantly grown in the irrigated ar-
eas of the semiarid southern MDB (New South
Wales and Victoria).

Climate is a significant driver of production
in rice systems. Rice in the MDB is a summer
crop with planting between mid-September to
November depending on variety. Australian rice
yields are among the highest in the world, averag-
ing over 10 tons per hectare and using between
14 and 16 ML of water per hectare depending
on seasonal conditions. High levels of produc-
tion are possible in the irrigated systems, with
the crop period coinciding with high levels of
solar radiation. The ponded-water system used
reduces the impact of both low and high tem-
perature extremes during the reproductive pe-
riod, which can reduce yields (Humphreys et al.
2006). There has been a strong linear correla-
tion between water availability and rice yields

(R2 = 93%; Gaydon et al. 2010). Since the mid-
1990s, reductions in water allocations in the main
rice growing areas have impacted heavily on
areas planted to rice and on total rice produc-
tion. These low irrigation allocations in response
to prolonged drought conditions have also im-
pacted on the associated rural communities and
forced the closure of infrastructure such as stor-
age and milling plants.

As noted earlier, recent research attributes at
least part of the drying trend in these catch-
ments to human-induced emissions of green-
house gases. However, restrictions in water avail-
ability are also related to changes in policy relat-
ing to environmental flows as well as the intro-
duction of a water market and extraction limits.

In response to anticipated further reductions
in irrigation water availability and reduced in-
crop rainfall and increased evaporative demand,
the rice industry is exploring adaptation options
such as the establishment (or re-establishment)
of rice growing in locations such as coastal north-
ern New South Wales, and the Burdekin and Ord
irrigation systems. As well, possible adaptations
in existing locations include alternate wet and
dry water management, aerobic or semisaturated
culture, increased water-use efficiency, and more
opportunistic farming (Gaydon et al. 2010). One
of the possible risks associated with new, lower
water use systems is that there may be an in-
creased risk of yield reductions from high or
low temperatures during the reproductive phase.
However, there is an expected yield increase
associated with elevated CO2 (around 15–25%
depending on concentration and growing condi-
tions), and this may offset some of the negative
impacts of climate changes.

Sugarcane

Sugarcane is a major crop in northern Australia
and is cultivated along about 2100 km of the
coastal plains of eastern Australia from Moss-
man in the Far North of Queensland, to Grafton,
northern New South Wales, with a small area in
Ord River Irrigation Area in Western Australia.
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The value of production is about AU$1500 M
to AU$2000 million per annum (Canegrowers
2007), earning approximately AU$1300 M from
exports with about 390,000 ha cropped annually
(ABARE 2010). Climate limits to sugarcane pro-
duction vary across different production regions
with yields in the southern regions limited by
cool winter temperatures and low radiation, and
in the far north by excess rainfall and low radi-
ation levels arising from heavy cloud. In other
regions, yields are limited by rainfall and, where
used, the availability of irrigation water. These
climate factors influence in complex ways the
whole value chain, i.e., the growing, harvesting,
transport, and milling sectors.

The climate projections for the main sugar-
cane growing areas indicate a general trend to-
ward lower rainfall in the central and southern
growing regions, particularly for spring, autumn
and winter, an increase in mean temperatures,
and particularly an increase in the frequency of
hot days and warm nights (CSIRO and BoM,
2007). Jointly, these changes are likely to in-
crease crop water demands and hence irrigation
area and usage. Other likely changes to climate
include an increase in daily precipitation inten-
sity and in the number of dry days, increased
average wind speed, an increased number of in-
tense tropical cyclones, but a possible decrease
in the total number of cyclones which, along with
sea level rises, may exacerbate storm surges and
the inundation of the low-lying coastal terrain on
which much sugarcane is grown.

Analyses of the likely impact of some of
these changes on sugar systems indicate dif-
ferences across regions, with yield losses esti-
mated as soon as 2030, particularly in the south-
ern regions due to increased water stress. In the
Sunshine Coast region of southeast Queensland,
sugar yields were projected to change by −2% to
−7.4% by 2030 depending on soil type and crop
management. At Rocky Point, southern Queens-
land, greater variation in potential sugar yield
was simulated (i.e., +12 to −19% by 2030) (Park
et al. 2007) even when integrating improvements
in water-use efficiency expected under elevated

CO2. In a similar study in the Tully region of
Northern Queensland, Roebeling et al. (2007)
assessed that reduced sugarcane growth by the
year 2070 could result in a change in gross mar-
gin of between −20% and +10% depending on
tillage management. These types of estimates
of changes in crop productivity were integrated
into a model of the value chain in the Marybor-
ough (Queensland) region to estimate percent-
age change in costs arising from climate change
(Park et al. 2007). The analysis used worst-case
scenario estimates of yield change of −4% by
2030 (consistent with a warming of 1◦C and
annual rainfall decline of 14%) and −47% by
2070 (consistent with a warming of 4◦C and de-
cline in annual rainfall of 42%) for the Mary-
borough region. Total harvesting costs were pro-
jected to decrease between 3% and 27%, but
the cost per ton of cane would increase be-
tween 2% and 34% due to reduced harvesting
efficiency and lower returns on capital. Total
transport costs similarly reduced under reduced
sugarcane yields, but increased per ton of cane
transported by up to 13%. While the capacity
within the sugar industry value chain is consid-
ered sufficient to absorb an increase in yield, a
decrease may financially challenge many mills
(Park et al. 2007). The financial situation is
likely to be particularly dependent on global
sugar prices, which may be influenced by cli-
mate changes in competing cane-growing na-
tions. For example, a rise in mean temperature
by 2◦C may reduce sugarcane yields in Trinidad
by 42% (Singh and Mayaar 1998).

The adaptation options open to the sugarcane
industry are similar to those for other crop activ-
ities and often likely to have linkages to existing
climate risk management or production enhance-
ment activities (Park et al. 2010). As with other
irrigated crop industries, critical adaptation in the
face of lower rainfall and higher crop demand
will be improved management of the water re-
sources. This will be particularly important for
many of the southern region sugarcane opera-
tions due to the expected increase in competition
with urban water demands (Park et al. 2010).
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Expected adaptations for water management
from Park et al. (2010) include more efficient
irrigation water delivery technologies and sched-
ules, improved soil structure for improved
infiltration and moisture conservation, trash
blanketing and minimum tillage for reduced
evaporation, improved capture and storage of
water (e.g., harvesting rainfall and excess surface
water in on-farm storage facilities, laser leveling
and the reuse of tail water), and the maintenance
of below-ground water sources (e.g., restrictions
on groundwater pumping and the construction of
new bores, abandonment of saline bores, ongo-
ing monitoring of water quality). Changes in ir-
rigation water allocation, pricing, and regulation
may also have a role in the adaptive responses
chosen by farmers.

Adaptations may also be made through
technological options such as varieties with
traits consistent with projected climate con-
ditions. These may include enhanced respon-
siveness to elevated atmospheric CO2 concen-
trations, greater drought resistance, increased
water-use efficiency, tolerance of increased tem-
peratures, increased resistance to lodging, and
low vegetative growth and stalk fiber content
(Park et al. 2010). Similarly, there may be
technological adaptations available to improve
the efficiency/effectiveness of machinery and
paddocks.

Adaptations can also be made via changes
in cropping system design and changed man-
agement strategies, which require changes in
farm managers’ cognitive processes, behavior,
and expectations and also changed risk manage-
ment. System adaptations could include revision
of agronomic management (e.g., adjustment of
planting dates) flexible inclusion of or diversifi-
cation into alternative/additional crop species, al-
tered management, and planning of nutrients and
control of erosion, pests, diseases, and weeds.
For example, in growth-constrained regions, the
cropping cycle could be revised to either grow
crops for a longer period of time to increase yield,
or grow crops for shorter periods to maintain
current yields and enable additional fallow or

cash crops to be included in the cropping cycle,
or plant crops earlier in the season to coincide
with cooler seasonal temperatures. In high input
regions already experiencing excessive biomass
growth rates at the expense of sugar yield (e.g.,
the Burdekin region), adaptation may be via
selecting for short-statured crops and reduced
biomass accumulation by planting later and tar-
geting erect growth habit in breeding and varietal
selection.

A further set of adaptations may arise from
industry adjustment in terms of locations or pro-
cedures such as increased flexibility in capacity
and operations along the value chain to track
changes in the quality and quantity of through-
put to maintain optimal efficiency. Similarly,
broader adaptations such as coastal zone pro-
tection through infrastructure or maintenance of
marshland/wetlands as buffer zones may benefi-
cially impact on the sugarcane industry.

Viticulture

The Australian grape and wine industry has
grown rapidly over the past decades and is now a
large industry; wine exports are the third largest
valued agricultural export commodity, behind
wheat and beef products (ABARE 2010). Ex-
ports since 2004 have averaged AU$2700 mil-
lion per annum (ABARE 2010). The industry
currently occupies 161,000 ha (ABARE 2010),
expanding markedly in the 10 years until 2004,
but contracting since then due to climatic and
economic influences (Fletcher et al. 2007). Wine
grapes are planted in diverse climatic regions
in Australia mainly between the latitudes of
30–40◦S with 60 wine growing regions legally
defined and described (AWBC 2006). These re-
gions range in climate type from some of the
warmest wine growing regions of the world to
cool climate regions capable of producing more
delicate wine styles (Johnson 1989). The aver-
age price of the grapes from these areas differs
markedly: averaged over the past six years, cool
climate grape prices have been 2.5 times those of
warm climate grapes (ABARE 2010). The strong
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link between climate and soils in producing spe-
cific wine styles and of climate on grape prices
has generated a lot of interest in the implications
of climate change for the industry.

The key climate changes that are likely
to particularly affect viticulture are shifts in
temperature means and cold and hot extremes,
declines in rainfall, including its effect on
irrigation water availability, and changes in fire
weather. The key impacts of these factors on
viticulture have recently been reviewed by Webb
and Barlow (2010). Higher temperatures will im-
pact on the phenology of the vines affecting each
of the four main developmental stages: budburst,
flowering, veraison, and harvest. Matching the
developmental phases of grapevines to a climate
is an important factor in producing the desired
wines. Higher temperatures will hasten progres-
sion through these stages, potentially resulting
in a narrower harvest “window” in which to get
the desired balance of flavor, acidity, and sugar,
especially in the warmer production regions.
In contrast, in cooler regions, a future warmer
climate may allow varieties that are marginal
now to be grown and to ripen more fully. In
intermediate climates, the season will begin
earlier and phenological stages will accelerate,
leading to ripening in the earlier, hotter, months
with a greater chance of reduced quality.

Higher temperatures may cause non-uniform
dormancy breaking problems due to a lack of
winter chilling and may produce shorter har-
vest periods with varieties that are currently har-
vested sequentially, perhaps reaching maturity
more synchronously, with implications for in-
frastructure and staffing over the vintage period
(Webb et al. 2007). Higher temperatures may
also lead to a reduction in color for red wine
grapes, alter the aroma profiles of both white and
red wine grapes, increase grape sugar levels (and
hence wine alcohol levels), and alter incidences
of pests and diseases, including downy mildew.
Increased high temperature extremes may im-
pact on vine productivity and grape quality via
“sunburn” and through smoke taint as a result of
increased fire risk.

The majority of vineyards in Australia rely
on a secure irrigation supply, but with current
trends in reduced allocations and projections of
increasingly problematic changes, the reliabil-
ity of what was thought of as a relatively se-
cure supply is now being questioned (Webb and
Barlow 2010). Lower rainfall and associated
clear skies along with earlier budburst from gen-
erally warmer temperatures may also increase
frost risk. Recent frost events in 2006 and 2008
show that severe frosts can significantly reduce
national wine grape yield.

Adaptation options to the likely impacts of
increasing climate variability and change may
include changing the varieties of grapes grow-
ing in a given area or changing the location of
grape-growing activities associated with specific
varieties either to another, cooler region or, if
possible, to a cooler, elevated site within the
same region (Webb and Barlow 2010). In regions
where the current climate is already warm to hot,
there may not be suitable varieties available that
have current market acceptance. Breeding pro-
grams are underway to develop late-ripening va-
rieties that could meet these new demands, and
for some varieties, top grafting has been success-
ful. Variations in trellis structure and orientation
can alleviate vigor and hazard problems created
by some climatic factors.

If bud-break becomes uneven or protracted
due to the chilling requirement of vines not being
met, use of chemical dormancy breakers, delayed
bud pruning, or different rootstocks may offer
some alternative adaptive measures.

Even though grapes have lower water de-
mands (e.g., 3 ML/ha) than many other crops
and the value of production per unit water is high,
projections of lower rainfall and reduced irriga-
tion water supply in conjunction with increasing
vine demand for water suggest that increasing
irrigation efficiency will be needed. Techniques
such as regulated deficit irrigation and partial
root zone drying are water saving management
practices that can be used effectively in vine-
yards (Goodwin and Jerie 1992) along with in-
creased efficiency of water delivery systems and
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improved soil water monitoring and irrigation
scheduling. These approaches could not only be
used to manage irrigation water issues, but in the
event of elevated CO2 causing excess/unwanted
vegetative growth, could be used to regulate
biomass vigor. Attention may also need to be
paid to broadening the range of water supply op-
tions, recycling processing water, effective water
markets and flexible water allocation regimes.

Fruits, nuts, and vegetables
(excluding grapes)

The horticultural industry is extremely diverse
in Australia, ranging from tropical fruits, veg-
etables, and nuts to species with significant
cold-temperature requirements. Since 2004, the
gross annual value of production from fruits and
nuts averaged AU$2800 M and from vegetables,
AU$3100 M (ABARE 2010).

Key fruit and nut species include bananas,
apples, table grapes, oranges, peaches, pears,
plums, pineapples, apricots, mandarins, straw-
berries, and almonds. Key vegetables include
potatoes, tomatoes, lettuce, brassicas, beans,
pumpkins, carrots, onions, and peas. Both fruit
and vegetable industries are intensive, high-value
activities requiring a high level of management
input, which is often aimed at ameliorating cur-
rent climate risks, e.g., irrigating to remove water
stress or reduce heat stress. In many cases, the
industry retains considerable exposure to various
climate-related risks.

The climate factors that are likely to impact
on the fruit, nut, and vegetable industries are
very similar to those for the viticulture industry.
Higher temperatures will generally accelerate
growth and development of vegetables up to
a threshold, which is often 25◦C (Krug 1997).
However, this threshold varies by crop. For
example, warm season lettuce cultivars will not
produce high quality heads once temperatures
exceed 28◦C (Lovatt et al. 1997), pineapple
growth declines above 32◦C (Neild and Boshell
1976), and temperatures higher than 30◦C de-
crease the rate of banana leaf emergence (Turner

and Lahav 1983). This accelerated development
with higher temperatures may enable double
cropping in some seasons by extending the
length of the growing season by opening up
opportunities to plant earlier in the season or
harvest later (Maltby 1995; Pearson et al. 1997;
Wurr et al. 2000). Higher temperatures, if they
reduce the severity and occurrence of frost
events, may also enable earlier seeding dates
for vegetables and also may reduce glasshouse
heating costs. However, higher temperatures can
encourage “bolting” of some vegetables, result-
ing in unmarketable damage, cause problems in
processing, increase cooling and storage costs
following harvest, reduce fruit set, reduce sugar
content, and cause irregular ripening (Deuter
1995; Webb et al. 2010). Most deciduous fruit
and nut trees need sufficient accumulated chill-
ing, or vernalization, to break winter dormancy
(Hennessy and Clayton-Greene 1995). Inade-
quate chilling due to higher temperatures may
result in prolonged dormancy or uneven dor-
mancy break (Lavee and May 1997), reducing
flowering and as a result risking reducing fruit
quality and yield. Hennessy and Clayton-Greene
(1995) found that currently at sites that are
marginal in terms of chilling requirements, the
percentage of years with enough chilling for
pome fruit may be more than halved for a 1◦C
warming, or reduced to zero for a 2◦C warming.

The survival of pests that normally do not
withstand cold winters is of some concern to
the horticultural industries as this may result in
additional threats to crops and the increased need
for pesticides (Coakley et al. 1999).

As with other agricultural industries,
prospects of reduced supplies of irrigation water
at the same time as increased crop demand could
cause disruption to these industries. This will
particularly occur where horticulture is practiced
near the margins of large and growing cities,
where competition for water supplies has be-
come evident over the last decade and is likely
to grow rapidly in the future. Severe water short-
ages can affect survival of some perennial horti-
cultural crops, so overall vulnerability is greater
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than annual horticultural or cereal crops in these
instances, as re-establishment is more costly and
likely to take place over a longer time frame.

The potential increase in the proportion of
more intense tropical cyclones may particularly
impact on tropical horticulture, for example
on bananas. As well as impacting directly on
production, the predicted increased proportion
of rainfall occurring in heavy downpours is
likely to increase (CSIRO and BoM 2007) risk of
soil erosion and of run-off containing fertilizers,
pesticides, and animal wastes from agricultural
activities affecting vulnerable ecosystems (e.g.,
the Great Barrier Reef) and urban areas (e.g.,
southeast Queensland), affecting the license to
operate of agricultural industries.

Adaptations to these impacts of potential cli-
mate change are similar in general to those
in the viticulture and sugarcane and other in-
dustries mentioned in this chapter (Webb and
Barlow 2010). These include ongoing attention
to site selection to reduce climate risks, timing of
production techniques such as sowing, planting,
fertilizing, and irrigation, using protective covers
such as hail netting, varietal selection to match
harvest timing and daylength requirements, and
the planting of shelter belts. Higher tempera-
tures may be managed by evaporative cooling,
reflective coatings on leaves, shade nets, and
by dormancy-breaking chemicals to adjust plant
biochemistry when chilling requirements have
not been met. There are also possibilities to breed
new varieties to maintain quality under higher
temperatures, to reduce bolting and to synchro-
nize daylength requirements with operational
demands.

Water availability is likely to be an issue
for many horticultural industries, as they have
in the majority of regions a high reliance on
irrigation to manage climate risk to maximize
production, maintain consistently high quality,
and meet market demands. Adaptations that in-
crease the efficient delivery and application of
water, as well as more effective irrigation mon-
itoring and scheduling programs, are likely to
become the norm. Cullen et al. (2010) suggest

a range of perennial crops (e.g., dates, olives,
capers) that are more suited to the projected cli-
mate than are current fruit trees because they use
less water, produce more product per unit water
used, and can withstand more effectively periods
when no irrigation water is available. However,
these are unlikely to meet the large and grow-
ing demand for fruit and vegetables in Australia
and globally.

Conclusion

The Australian climate is changing; recent ob-
served increases in temperature, changes in rain-
fall, and in ocean and atmosphere circulation
patterns are consistent with expectations of fu-
ture climate change caused by man-made green-
house gas emissions. A strong case can be made
that, if the changes in climate variables continue
along observed trajectories, they will impact on
almost all aspects of agriculture in Australia. The
cropping systems discussed in this chapter gen-
erate a significant proportion of the national eco-
nomic activity and of export revenues, as well
as being critical regional activities and major
land uses that supply the Australian consumer
with high quality, important foods. There will
likely be an increasing demand for adaptation
technologies, practices, and policies that provide
agricultural decision-makers at all scales options
for more effective management in a changing
climate. We have outlined here a broad array of
such options, from paddock-level to policy level.
However, only a few of these have been evalu-
ated in terms of their practicability and costs and
benefits. Effective development and evaluation
of adaptation options will take a concerted ef-
fort by farmers, researchers, and industry and
government policymakers but will provide a key
pathway for the future of cropping systems in the
variable and changing Australian climate.
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Chapter 4

Synthesis of Regional Impacts and
Global Agricultural Adjustments
Neil C. Turner and Rolf Meyer

Introduction

The increase in carbon dioxide level from
280 μg/g in preindustrial times to the current
concentration of 387 μg/g is clearly associated
with a world wide increase in temperature, par-
ticularly over the last five decades. The linear
warming trend over the 50 years from 1956
to 2005 of 0.13◦C (0.10–0.16◦C) per decade is
nearly twice that for the 100 years from 1906 to
2005 (Bernstein et al. 2007). The temperature in-
crease is greater at higher northern latitudes, and
land regions have warmed faster than the oceans
(Bernstein et al. 2007). The temperatures in ar-
eas at the centre of continents have increased
faster than those near the coast. This regional
diversity is described in Chapters 3.1–3.8. For
example, Bhattacharjee et al. (Chapter 3.3, this
book) suggest that the countries in the Nile Basin
have experienced a warming trend of 2–3◦C per
century, while in Rwanda in central Africa it has
been 7–9◦C per century. This confirms a simi-
lar trend in regional diversity by Hulme et al.
(2001). While some of the increases in tem-
perature may be related to urbanization in the
more densely populated regions of the world, the
changes in sea surface temperatures and in rural
Africa, for example, indicate that the warming

trend is a global phenomenon that the Intergov-
ernmental Panel on Climate Change (IPCC) con-
clude is most likely the result of human activity
(Bernstein et al. 2007).

Additionally, from 1900 to 2005, different
regional trends in precipitation amount have
been observed. Precipitation has increased sig-
nificantly in eastern parts of North and South
America, northern Europe, and northern and cen-
tral Asia, whereas precipitation has decreased in
the Sahel, the Mediterranean, southern Africa,
southern Australia, and parts of southern Asia
(Bernstein et al. 2007). Some extreme weather
events have also changed in frequency and/or in-
tensity over the last 50 years: cold days, cold
nights, and frosts have become less frequent,
while hot days and hot nights, heat waves, and
the frequency of heavy precipitation events have
increased over most land areas (Bernstein et al.
2007).

Changes in temperature and precipitation, in
particular, have a marked effect on both crop
production and quality. The changes observed
over the past five decades are already affecting
crop production, leading to adaptive strategies by
farmers and institutions. In some regions, farm-
ers already have to cope with considerable inter-
annual variation in rainfall and temperature and

Crop Adaptation to Climate Change, First Edition. Edited by Shyam S. Yadav, Robert J. Redden, Jerry L. Hatfield,
Hermann Lotze-Campen and Anthony E. Hall.
c© 2011 John Wiley & Sons, Ltd. Published 2011 by John Wiley & Sons, Ltd.
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some of these coping strategies will assist farm-
ers cope with future climate change scenarios.

Climate change predictions

Using Atmosphere-Ocean General Circulation
Models, the IPCC predicted that the earth would
continue to warm at different rates depending
on the rate of socioeconomic activity and mit-
igation scenarios (Christensen et al. 2007). Fu-
ture increases in temperature are predicted for
all regions of the world, with rises varying with
region and within regions. Nighttime minimum
temperatures are predicted to increase more than
daytime maximum temperatures, reducing the
diel range in temperature. The increase in min-
imum temperature is expected to decrease the
number of frosts and increase the frost-free pe-
riod in regions subjected to frosts. Coastal areas
are generally predicted to rise less than those in
the centre of continents. For example, by 2050,
temperatures are predicted to rise by 1.1–2◦C in
southern coastal areas of Australia, 2.1–3◦C in
eastern and northern coastal areas of Australia,
and 3.1–4◦C in central Australia (Howden and
Crimp, Chapter 3.8, this book).

While temperatures are universally predicted
to rise, precipitation will vary. Regional mod-
eling suggests that precipitation is predicted to
increase in the tropics, decrease in the subhu-
mid subtropics and Mediterranean-type climatic
zones and increase in the higher latitudes. This is
clearly seen in the United States (Hatfield, Chap-
ter 3.2, this book) in which the decreases or in-
creases in the various regions of North America
vary with the season. For example, the decrease
is most severe in spring in the southwest of
the United States and in summer in the north-
west of the United States (Hatfield, Chapter 3.2,
this book). A key element of climate variabil-
ity, particularly precipitation, in eastern Australia
and South America (Jarvis et al. Chapter 3.1,
this book) is the El Niño Southern Oscillation
(ENSO) phenomenon. Recent changes in the fre-
quency and intensity of ENSO, especially a per-
ceptible increase in the magnitude of El Niño,

suggest that anthropogenic activities may have
influenced these changes. There is uncertainty
and debate on whether the frequency and/or in-
tensity of the ENSO phenomenon is going to in-
crease with climate change (Trenberth and Hoar
1997; Fedorov and Philander 2000; Bronnimann
et al. 2004), but it is highly likely that El Niño
and La Niña cycles will continue being part of
the drivers of Australian and South American
agriculture.

While at present the predicted extreme events
have greater uncertainty, most serious attempts
at predicting extreme events suggest that the fre-
quency of heat waves, long dry spells (drought
events), and intense storms (with consequent
flooding) have already increased and will con-
tinue to increase (Cruz et al. 2007). For exam-
ple, in southern Australia, extremely high tem-
perature years (those above the 95th percentile
of mean annual temperatures measured between
1957 and 2006) and extremely low rainfall years
(those below the 5th percentile of annual rainfall
between 1957 and 2006) have increased in the
past 50 years and are predicted to increase fur-
ther by 2040 both in frequency and area affected
(Hennessy et al. 2008).

In summary, climate change scenarios sug-
gest that all land areas will continue to become
warmer, extreme events such as heat waves,
droughts, and flooding will become more fre-
quent or more intense, and precipitation will
increase in tropical and higher latitudes while
decreasing in subtropical, semiarid, and arid
regions.

Implications for crop production

The world population is expected to reach 9 bil-
lion by 2050 and food production to support this
population needs to increase by at least 60%
while at the same time maintaining the resource
base and the environment (World Bank 2008).
The decrease in productive arable land from ur-
banization, the reduction in irrigable land due
to water scarcity and groundwater salinization,
competition for use of crops for biofuels, and
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increasing cost of fertilizers, fuel, and herbicides
suggest that agriculture needs to be much more
efficient in its use of land, water, and energy
in order to meet the food requirements of the
rising world population without degrading soil
resources. This is true without the complicating
factor of climate change. The World Develop-
ment Report (World Bank 2010) indicated that
in light of climate change, food production will
need to increase by 1.8% per annum between
2005 and 2050 rather than 1% per annum if there
were no impact of climate change.

If no action is taken to combat the effects
of rising temperature, the predicted warming
trend is likely to decrease yields in the ma-
jority of areas. Predictions quoted in Chapters
3.1–3.8 suggest decreases in yields of the or-
der 30% in a range of crops. These decreases
arise despite a potential increase in photosynthe-
sis and improved water-use efficiency from the
increase in carbon dioxide (CO2) concentration,
the so-called CO2-fertilization effect. There is
general agreement that any benefit from the CO2-
fertilization effect will be offset by the shorter
growing season and earlier maturity arising from
higher temperatures. Cooper et al. (2009) used a

modeling approach to show that doubling the
CO2 increased peanut (Arachis hypogaea L.)
yields by 8% on average over 50 years of simu-
lated yields, while increasing the temperature by
3◦C decreased yields by 31% across all seasons,
and a 10% reduction in rainfall decreased yields
by 7% on average. Clearly, the increase in mean
temperature had a marked effect on yield.

The decrease in yield with higher mean tem-
peratures arises from a speeding up of phenolog-
ical development and a shortening of the period
from emergence to flowering and from flower-
ing to maturity with a consequent reduction in
leaf area, a reduction in the radiation intercepted
and a reduction in biomass. The simulated ef-
fects of increasing temperature on the days to
maturity and mean grain yield for pearl millet
(Pennisetum americanum L.) and peanut are
given in Table 4.1. A rise in mean tempera-
ture of 3◦C decreased the days to maturity by
6 days (7%) in pearl millet and 19 days (16%)
in peanut, reducing grain yields by 33–39%,
in line with the predicted decrease in yields in
Chapters 3.1–3.8.

However, regions of the world where tem-
peratures are below the optimum for crop

Table 4.1. The simulated impact of temperature increases on the rate of development and yield of pearl millet (Pennisetum
americanum L.) in India and peanut (Arachis hypogaea L.) in Africa based on 37 and 50 years, respectively, of daily climatic
data (from Cooper et al. 2009).

Climate scenario

Mean seasonal
temperature

(◦C)
Time to maturity

(days)

Percentage
reduction from

current
Crop yield

(kg/ha)

Percentage
reduction from

current

Pearl millet
Current 30.1 73 − 1678 −
Current + 1◦C 31.1 71 2.7 1405 16.2
Current + 2◦C 32.1 68 6.8 1184 29.4
Current + 3◦C 33.1 67 8.2 1026 38.8
Current + 4◦C 34.1 65 10.9 909 45.8
Current + 5◦C 35.1 64 12.3 822 51.0

Peanut
Current 21.8 119 − 1426 −
Current + 1◦C 22.8 110 7.5 1237 13.2
Current + 2◦C 23.8 104 12.6 1078 24.4
Current + 3◦C 24.8 100 16.0 950 33.3
Current + 4◦C 25.8 98 17.6 871 38.9
Current + 5◦C 26.8 98 17.6 822 42.3
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production such as in northern Europe, northern
European areas of the former Soviet Union, and
Canada, will become suitable (Ramankutty et al.
2002). Additionally, yields of crops already be-
ing grown are expected to increase as the higher
temperatures extend the length of the growing
season and allow warmer-season crops such as
maize (Zea mays L.) and the use of longer season
and higher yielding cultivars (Lotze-Campen,
Chapter 3.4, this book; Kirilenko and Dronin,
Chapter 3.5, this book). Thus, cereal yields
across Europe are unlikely to change with cli-
mate change as the decreased yields and produc-
tion in the south are balanced by an increase in
yields and production in the north.

Changes in precipitation are likely to have
a significant effect on crop yields in the semi-
arid regions of the world where decreases in
precipitation are the largest and where crop pro-
duction is already marginal. There are numer-
ous examples in Chapters 3.1–3.8 where yields
have already decreased as a result of decreas-
ing precipitation and further decreases in pre-
cipitation will reduce yields even further. Leport
et al. (1999) observed a more than 50% reduc-
tion in the yield of chickpea (Cicer arietinum L.)
when exposed to terminal drought in the field in
the semiarid environment of southwest Australia.
The differences in the timing of the reduced pre-
cipitation may also have different effects on crop
yields in different regions. Stephens and Lyons
(1998) showed that the yield of wheat (Triticum
aestivum L.) in southwestern Australia’s crop-
ping region was correlated with the rainfall
amount and its seasonal distribution. A pre-
dicted decrease in rainfall in spring (September
to November), that is in the grain-filling period in
the semiarid region of southern Australia, could
be particularly damaging to crop yields.

Even the increases in precipitation observed
in the tropics and higher latitudes may not ben-
efit yields to the extent expected because of
the higher temperatures and potential evapo-
transpiration. However, evapotranspiration is un-
likely to increase to the degree expected sim-
ply from the rise in temperature. Over the past

50 years, pan evaporation rates have been ob-
served to decrease with increase in temperature
in North America, United States, China, the
Tibetan Plateau, Australia, and New Zealand
(Roderick et al. 2007). This has been attributed to
a reduction in wind speed, and a decrease in solar
irradiance associated with increased cloudiness
and aerosol concentration that have accompa-
nied the increased temperatures (Roderick and
Farquhar 2002; Roderick et al. 2007). A simula-
tion study of the effects of increasing tempera-
ture on sorghum (Sorghum bicolor (L.) Moench)
yield (Cooper et al. 2009) showed that when the
growing-season rainfall was 290 mm, the earlier
maturity in the sorghum at the higher temper-
ature, similar to that in pearl millet and peanut
(Table 4.1), resulted in water being left in the pro-
file at maturity (Turner et al. 2011). The water
was left in the profile because evapotranspira-
tion was lower than expected and because of the
reduced leaf area and shorter period of growth
mentioned above. Without strategies to use this
water left in the profile, the increased rainfall
with climate change will result in reduced yields.

However, an increase in extreme events, hot
spells and long dry spells, is likely to have a big-
ger impact on crop production than changes in
mean temperature or annual rainfall. In Chap-
ter 5.1, this book, Singh et al. show that high
temperatures have an impact on pollen viabil-
ity, seed-set, seed number, and seed weight, re-
sulting in low grain yield and poor grain qual-
ity in a number of species, while Fang et al.
(2010) and Ji et al. (2010) have recently shown
that drought has similar effects in chickpea and
wheat, respectively. Increasing maximum tem-
peratures increase the incidence of extremely hot
days. Asseng et al. (2011) showed that the fre-
quency of days with temperatures above 34◦C
during grain filling increased by 1 day for every
1.6◦C increase in average maximum tempera-
ture, with each day above 34◦C reducing grain
yields by 5%. Using a modeling approach, they
showed that temperature variation of ±2◦C could
induce variation in wheat yield of ±50% in both
wet years with high yields and in dry years with



P1: SFK/UKS P2: SFK Color: 1C

BLBS082-04 BLBS082-Yadav July 12, 2011 13:35 Trim: 246mm X 189mm

160 CROP ADAPTATION TO CLIMATE CHANGE

low yields. An increase in dry spells/drought
will also have a significant effect on yields and
crop failure. Bhattacharjee et al. (Chapter 3.3,
this book) point out that droughts occur in 40%
of years in the Sahel at present and that three
African countries, including Chad and Niger in
the Sahel, will lose their entire rainfed agricul-
ture by the end of the present century due to
rising temperatures and increasing drought.

Risk-averse, small-holder farmers, and pas-
toralists, whose economic and technical assets,
and therefore their adaptive capacity, are con-
strained, will be affected most severely by neg-
ative effects on yields, combined with a high
vulnerability to extreme events (Easterling et al.
2007). An analysis of potential impacts of cli-
mate change on maize production shows that
aggregate results hide enormous variability. In
some areas, increased yields may allow inten-
sification of agriculture. However, in some ar-
eas where yield reductions of 1 t/ha or more are
expected, considerable disruption to agriculture
and rural life may occur (Jones and Thornton
2003). In general, higher vulnerability to the ef-
fects of climate change effects is associated with
lower capacity for adaptation measures.

Interventions to minimize climate
change impacts

While the frequency of extreme temperatures
and long dry spells are less predictable and
likely to cause greater difficulties for govern-
ments, institutions, policy makers, scientists,
and farmers, the slow, steady increases in
mean temperature and changes in annual or
growing-season rainfall associated with climate
change can likely be accommodated through
breeding and management.

Breeding and selection

Although not widely studied, crops have the abil-
ity to acclimate to rising temperatures. When ex-
posed to sublethal temperatures, Peacock (1982)
showed that sorghum genotypes varied in their
ability to acclimate to high temperatures and

evaluation of genotypic variation for acclimation
to higher temperatures will be required in breed-
ing for crops for a warmer world. In the light
of the impact that increased temperature has in
reducing days to maturity and subsequent lower
crop yields, and the observation that this can
lead to water remaining in soil after harvest in
some regions, as climates warm breeders will
need to redeploy germplasm that under current
climatic conditions is considered too long a ma-
turity type for any given location (Turner 2008;
Cooper et al. 2009; Vadez et al. Chapter 5.2, this
book). However, this will depend on the growing-
season rainfall as simulations of the effects of in-
creased temperature on sorghum in an area with
less than 200 mm growing-season rainfall short-
ened the time to maturity and reduced yields, but
did not leave water in the profile. In this case,
breeding for drought-resistant and shorter sea-
son cultivars will be required.

Further, genetic variation appears to exist in
some species for high temperature tolerance.
In peanut, genotypic variation in the optimum
temperature for pollen germination ranged from
25.5 to 35.0◦C and for pollen tube growth from
30.5 to 36.8◦C (Kakani et al. 2002). On the ba-
sis of the observation that florets are sensitive
to high temperature at peak anthesis (Jagadish
et al. 2007), the parents used in mapping popula-
tions of rice (Oryza sativa L.) have been screened
for their sensitivity to high temperature (Jagadish
et al. 2008) for use in breeding and genomic stud-
ies. There is ample evidence in Chapters 7–24 in
this book that genetic variability for adjustment
to climate change is available in a range of crop
species and needs to be utilized.

Management

Where genetic manipulation is insufficient to
enable a particular crop to thrive in a region, an
alternative, better adapted crop species can be in-
troduced. Thus, the possibility of areas of grass-
lands in northern latitudes becoming cropping
regions is likely (Lotze-Campen, Chapter 3.4,
this book; Kirilenko and Dronin, Chapter 3.5,
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this book), while areas in southwest Australia
currently too cold/frost-prone and wet/water-
logged for wheat-production are predicted to be-
come major wheat producing areas and areas
currently marginal for wheat because of water
shortage are predicted to revert to extensive live-
stock production on native pastures (Turner et al.
2011).

Increases in water shortage (the ratio of irriga-
tion withdrawals to renewable water resources)
and in irrigation demand are projected for West
Asia, the Mediterranean Basin, North Africa,
Latin America, southeast Australia, southwest
North America, China, and South Asia (Ar-
nell 2004; Fischer et al. 2007; Jarvis, Chapter
3.1, this book; Hatfield, Chapter 3.2, this book;
Kirilenko and Dronin, Chapter 3.5, this book;
Kumar et al. Chapter 3.6, this book). The dry-
ing climate will reduce the water supply avail-
able for irrigation, so that water management
will need to become more efficient (World Bank
2010) through reduction of losses from reser-
voirs, supply channels and soil evaporation, and
more efficient methods of application such as
alternate-row furrow irrigation, drip irrigation,
deficit or supplemental irrigation (Hatfield and
Prueger, Chapter 2, this book; Hatfield, Chap-
ter 3.2, this book; Kirilenko and Dronin, Chap-
ter 3.5, this book; Singh et al. Chapter 3.6, this
book). Crops such as rice that are heavily de-
pendent on irrigation may need to move to wet-
ter locations (Howden and Crimp, Chapter 3.8,
this book) and be replaced by crops that re-
quire only supplemental irrigation or smaller ar-
eas of high-value crops such as grapes and other
horticultural crops.

Thus, one of the consequences of climate
change will be a shift in the areas of cropping,
a change in the crops grown in a particular area,
and abandonment of cropping in some marginal
areas, but an increase in crop production for areas
that are currently marginal for cropping because
of below-optimum temperatures. While options
are available for large-scale farmers in the de-
veloped world to change crop species and adopt
other technologies of crop/pasture production,

these may not be options for small-holder subsis-
tence farmers in the developing world. Areas of
high population density such as China and India
that aim to maintain food self-sufficiency may
not be as flexible in adapting to climate change
and will need to look to more efficient systems
of production rather than changing crops or ar-
eas of cropping. Turner and Asseng (2005) and
Anderson (2010) showed that in areas of south-
ern Australia where the annual rainfall is be-
tween 250 and 500 mm, farmers even in the
developed world do not achieve wheat yields
at their water-limited potential of 20 kg/ha.mm
(French and Schultz 1984) partly because of poor
rainfall distribution (Asseng et al. 2001), but also
because of poor management such as late plant-
ing, inadequate fertilizer application, and inade-
quate weed, pest, and disease control. As climate
change is likely to increase pest and disease in-
cidence, inadequate crop management is likely
to exacerbate yield losses due to climate change.
Improved crop management in both the devel-
oping and developed world can help to counter
climate change.

Improved crop management in sub-Saharan
Africa by limited use of fertilizer and conser-
vation farming has enabled small-holder farm-
ers to manage the current variability in climate
and enable them to cope with climate change
(Cooper et al. 2008, 2009). For example, Cooper
et al. (2009) simulated the effect of increasing
the nitrogen supply to a maize crop. The simu-
lation showed that with current low input prac-
tices, it is likely that factors such as nutrient de-
ficiency, weed competition, inappropriate water
management, low yielding varieties, pests, and
diseases will limit crop growth and yield, even
with a warmer climate (Fig. 4.1). With current
management (low nitrogen input), the simula-
tion predicted that climate change will lower
yields in the driest 30% of seasons, but there
will be little negative impact on yield for the
majority of seasons (triangles, Fig. 4.1). How-
ever, when nitrogen was nonlimiting, climate
change substantially reduced the yield of maize
(diamonds, Fig. 4.1) below those simulated with
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Fig. 4.1. Probability distributions of maize (Zea mays L.) grain yield under current
(Base—black and grey squares), and a climate change scenario (CC—diamonds
and triangles) of +3◦C and −10% rainfall for high (75 kg N/ha—dark squares and
diamonds) and low (grey squares and triangles) levels of nitrogen fertilizer simulated
for a site with 400 mm of growing season rainfall at Bulawayo, Zimbabwe. (From
Cooper et al. 2009.)

unlimited nitrogen and the current climate con-
ditions (dark squares, Fig. 4.1). Nevertheless, in
70% of years, the potential yield under climate
change still exceeded the yields obtained with
the current farmer practice of low nitrogen input
by a much larger margin than the reduction in
yield due to climate change. This highlights not
only the large yield gap that small-holder farmers
in these rainfed farming systems are foregoing in
the better seasons, but also points to the poten-
tial that exists for mitigating the impacts of fu-
ture climate change on food production through
greater adoption of currently recommended in-
novations, in this case the application of nitrogen
fertilizer. While the simulations in Fig. 4.1 were
conducted with unlimited nitrogen, Cooper et al.
(2009) were not advocating use of high levels of
nitrogen. Studies in the same region have shown
that micro-dosing with small (a soft drink bot-
tle cap full per hill, equivalent to 17 kg N/ha)
amounts of nitrogen can increase maize yields
substantially in the current variable climate, par-

ticularly if associated with other conservation
agriculture practices (Mazvimavi et al. 2008).

Cooper et al. (2009) suggest a schematic that
includes management in association with better
adapted cultivars to overcome the reduced yields
likely as a result of climate change (Fig. 4.2). The
schematic highlights that the impact of climate
change on the yields of low input agriculture
is likely to be minimal as other factors will con-
tinue to provide the overriding constraints to crop
growth and yield. The adoption of currently rec-
ommended improved practices, even under cli-
mate change, will result in substantially higher
yields than farmers are currently achieving and
the adaptation of better adapted varieties could
result in the almost complete mitigation of cli-
mate change effects (Fig. 4.2). While this exam-
ple is taken from southern Africa, it is an example
of the need to adopt improved management prac-
tices that are applicable by small-holder, sub-
sistence farmers in other regions of the world
(Molyneux et al. 2011). Again, it needs to be
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Fig. 4.2. A schematic of the possibilities of increasing yields of small-holder
farmers with climate change. Column 1 depicts yields with the current climate
and current low-input cropping, column 2 depicts the yields with current low-
input cropping and future climate change, column 3 depicts yields with future
climate change and increased management, column 4 depicts yields with future
climate change, improved management, and better adapted cultivars, while
column 5 depicts yields with current climate, improved management, and better
adapted cultivars. (From Cooper et al. 2009.)

emphasized that interventions do not need to be
high input. Conservation agriculture as described
by Mazvimavi et al. (2008), simple rice intensi-
fication, organic farming, and agroforestry sys-
tems have the potential to address the needs
of small-holder farmers in the face of climate
change, allowing intensification of agricultural
productivity by input optimization rather than
increasing expensive inputs (Meyer 2009).

Other implications of climate
change

This chapter has focused on the breeding and
management interventions required to maintain
crop production in the face of climate change.
Chapters 3.1–3.8 also highlight a number of
other interventions/responses to climate change
that cannot be discussed in detail. Most govern-
ments in the various regions have established of-
fices or departments to deal with the implications
of climate change in their countries. All the re-
gions (Chapters 3.1–3.8, this book) suggest that
these offices or departments need to develop poli-

cies to assist with the adaptation or mitigation of
climate change. Specifically, there is a universal
need in all regions (Chapters 3.1–3.8, this book)
for increased research effort into (1) long-term
weather forecasting, early-warning systems, dis-
aster management, and regional climate change
predictions, (2) better understanding of crop ac-
climation and adaptation, (3) breeding better
adapted cultivars, and (4) development of man-
agement technologies for improved yields and
resource utilization in variable climates. Par-
ticularly in developing regions such as Africa,
there is a need for improved extension services
and participatory research and development
(Bhattacharjee et al., Chapter 3.3, this book).
The World Bank (2008) report on “Adaptation
to and Mitigation of Climate Change in Agricul-
ture” indicated that the public sector can facili-
tate adaptation to climate change through such
measures as crop and livestock insurance (see
Lotze-Campen, Chapter 3.4, this book, for an ex-
ample from Spain), safety nets, and research on
and dissemination of flood-, heat-, and drought-
resistant crops. Additionally, the report (World
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Bank 2008) suggests that governments can as-
sist in coping with climate change through water
management policies, resource allocation, and
infrastructure development, particularly for irri-
gation and roads for access to markets where this
infrastructure is underdeveloped, such as sub-
Saharan Africa (Bhattacharjee et al., Chapter 3.3,
this book). Indeed, water management and its ef-
ficient use are considered major issues for crop
production in all the regions (Chapters 3.1–3.8,
this book). While the World Bank (2008) report
points out that new irrigation schemes in dry-
land farming areas are likely to be particularly
effective, especially when combined with com-
plementary reforms and better market access for
high value products, the opportunity for new ir-
rigation schemes is limited in regions where it
could be most beneficial because of increasing
water scarcity in these regions (IWMI 2007), par-
ticularly with the predicted decrease in rainfall
in these regions.

Each author in Chapters 3.1–3.8, this book,
indicates that farmers are already adapting in
various ways to current climate change and cli-
mate variability and that this will stand them in
good stead for future changes in climate. This
is true for the slow and steady changes in tem-
perature and rainfall. Farmers, particularly in the
developed world, are adopting new cultivars, new
species, and new technologies to cope with the
changing climate, but the increase in frequency
and intensity of extreme events is likely to be
more disruptive and could cause devastation to
agriculture. There is a need, therefore, for soci-
ological studies on vulnerability and adaptation
to climate change, and its likely disruption to
agriculture, including the role of social capital,
social networks, and institutions in the adapta-
tion to climate change.
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Chapter 5.1

Impacts of High-Temperature Stress
and Potential Opportunities for Breeding
Rishi P. Singh, P.V. Vara Prasad, Ambrish K. Sharma, and K. Raja Reddy

Introduction

Solar energy is the primary energy source for al-
most all of the world’s ecosystems and drives pri-
mary production. Solar radiation is also the heat
source for the earth and fuels optimum ecosys-
tem functions. Incoming infrared radiation is
retained within the atmosphere by heat-trapping
gases such as carbon dioxide; this creates a
natural greenhouse effect (Rogers 1990). The
world’s industries discharge about 15 × 109 tons
of carbon dioxide (CO2) into the atmosphere
every year. About half of this amount is fixed by
planetary photosynthesis, a quarter is devoured
by the oceans, and another quarter is deposited
in the atmosphere. Atmospheric CO2 is essential
for maintaining temperatures that support life
systems; without CO2 the average global tem-
perature would be −18◦C (Abrahamson 1989;
Surasinghe 2009). However, infrared irradiation
absorption by CO2 and other greenhouse gases
such as methane, nitrous oxide, and sulfur diox-
ide may cause warming of the earth’s climate.

Global surface temperatures are predicted to
rise by about 2–5◦C by the end of this century,
leading to significant changes in crop produc-
tivity, water supplies, and associated economic
value (IPCC 2007). An overall increase of 2◦C in

temperature and 7% in rainfall would lead to an
almost 8% loss in farm level net revenue. These
changes are already occurring. For example, in
India, rainfall has decreased in July, and greater
rainfall has been recorded in August in key crop-
growing areas. Another major change is that the
monsoon pattern has shifted westward; this con-
fines the rainfall to certain pockets and may result
in floods and, in turn, food shortages for many
people.

The effects of global warming on food secu-
rity will likely be more severe in India than in
other parts of the world. For a 2◦C rise in tem-
perature, the reduction in gross domestic prod-
uct (GDP) is 5%, and for the next 6◦C increase,
GDP would be reduced 15–16%. In Haryana,
wheat (Triticum aestivum L.) production de-
clined from 4106 kg/ha in 2001 to 3937 kg/ha
in 2004, and the maximum temperature dur-
ing February and March (booting and grain-
filling) rose by about 3◦C in the last 7 years
(Gahukar 2009). In addition, water supply will
suffer because of scant rainfall in the Himalayas.
South Asia’s prime wheat-growing land—the
vast Indo-Gangetic Plain, which produces about
15% of the world’s wheat crop—will shrink 51%
by 2050 because of hotter, drier weather and
diminished yields; this loss will place at least
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200 million people at greater risk of hunger
(CGIAR 2006).

Abrol and Ingram (1996) emphasized that in-
creased temperature will affect the crop calen-
dar in tropical regions. In the tropics, elevated
temperatures will likely reduce the length of the
growing season, particularly where more than
one crop per year is grown. In semiarid regions
and other agroecological zones with wide diurnal
temperature variation, relatively small changes
in mean annual temperatures could markedly in-
crease the frequency of higher temperature in-
jury. Abiotic stress is the primary cause of crop
loss worldwide, reducing average yields for most
major crops by more than 50% (Boyer 1982;
Bray et al. 2000). Recent studies on the potential
effects of climate change on agriculture in the
developing world offer a uniformly grim prog-
nosis. Consider the following examples (ETC
Group 2008):

� A temperature increase of 3–4◦C (especially
above 30◦C, e.g., maize, at flowering) could
cause crop yields to fall by 15–35% in Africa
and West Asia and by 25–35% in the Middle
East (FAO 2008). About 65 countries in the
southern hemisphere, mostly in Africa, have
the risk of losing 280 million tons of potential
cereal production, valued at $56 billion, as a
result of climate change (United Nations News
Centre, FAO 2005).

� Asian rice yields will decrease dramatically
because of higher nighttime temperatures
(above 21◦C). In warmer conditions, photo-
synthesis slows or ceases, pollination is pre-
vented, and dehydration sets in. Rice yields are
declining by 10% for every degree Celsius in-
crease in nighttime temperatures (above 21◦C)
(IRRI 2004: Peng et al. 2004).

� Wild crop relatives are particularly vulner-
able to extinction due to climate change.
CGIAR (2007) reported that 16–22% of the
wild relatives of cowpea (Vigna unguiculata
L. Walpers), peanut (Arachis hypogaea L.),
and potato (Solanum tuberosum L.) will be-
come extinct by 2055 and that the geographic

range of the remaining wild species will be re-
duced by more than 20%. Wild relatives are a
vital source of resistance genes for future crop
improvement, but their habitat is threatened,
and only a small percentage of these species is
held in gene bank collections.

The IPCC projects that changes in water quan-
tity and quality due to climate change will af-
fect food availability, stability, access, and use.
First, higher evaporative demand as a func-
tion of overall temperature increases will trans-
late into higher levels and intensities of water
withdrawals. Second, the anticipated increase in
volatility of rainfed production will put pressure
on irrigated areas to buffer the global produc-
tion risk. Beneficial and harmful insects, mi-
crobes, and other organisms will also respond
to changes in CO2 and other associated cli-
mate changes, including elevated temperatures
(Goho 2004; Montaigne 2004). Developing an
improved understanding of effects of high tem-
perature and breeding for high-temperature tol-
erance are important strategies to minimize the
effects of high-temperature stress and associated
climate change and variability.

Effect of high temperature on
yield and yield components

Temperature is the most important environmen-
tal factor affecting plant development, growth,
fertilization, and grain yield. It also influences
insect ecology, epidemiology, and distribution,
which is particularly important for insects that
interact with plants. Plant pathogens are highly
responsive to humidity, rainfall, and temperature
(Coakley et al. 1999).

The relative importance of mean and ex-
treme temperatures varies geographically. Plant
species in different habitats have different thresh-
old temperatures, and high-temperature stress is
a complex function of intensity (temperature in
degrees), duration, and rate of temperature in-
crease. The magnitude of the effects is large,
and yield reductions up to 70% are expected in
certain regions (in near equator and lower
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Fig. 5.1.1. Influence of short episodes (10 days) of high temperature at different stages of repro-
ductive development as indicated by days relative to flowering on (a) seed-set percentage and (b) seed
weight of sorghum (hybrid DK 28-E) under controlled environment conditions. Lines on symbols
show the standard errors of means and vertical bar represent the LSD for comparison of treatments.
Data suggests that 10 days prior to flowering and at flowering are two most sensitive stages to high
temperature stress for seed-set. (Adapted from Prasad et al. 2008a.)

latitudes) that already have limited productiv-
ity because of high temperatures. On the other
hand, some regions (in high latitudes) in which
cooler temperatures are currently restricting crop
production would benefit from increased temper-
atures. In general, high-temperature stress, alone
or in combination with drought, is a common
constraint during anthesis and grain-filling stages
in many cereal crops in temperate and tropical
regions.

Compared with vegetative growth processes,
most reproductive processes, which affect yield,
are very sensitive to high temperatures. The re-
productive stages that are most sensitive and vul-
nerable to high-temperature stress include (a)
the period prior to flowering and (b) the pe-
riod during flowering and fertilization. Cereal
and legume crops are sensitive to short episodes
of high-temperature stress during these peri-
ods. These two stages are well defined in cere-
als (for example, grain sorghum, Sorghum bi-
color (L.) Moench; Prasad et al. 2008a; Fig.
5.1.1) and legumes (for example, peanut, Prasad
et al. 1999a; Prasad et al. 2001; Fig. 5.1.2).
Short periods of high-temperature stress dur-
ing the period just before flowering when mi-
crosporogenesis (pollen) and megasporogenesis
(ovule) occur (about 7–14 days before flowering
depending on crop species) cause loss of via-

bility. High-temperature stress during flowering
causes pollen indehiscence, disrupts pollination,
decreases the ability of pollen to germinate, and
decreases the rate of pollen tube growth. These
negative effects disrupt fertilization and decrease
seed numbers.

Studies on peanut have shown that 1 day
of high-temperature stress during flowering can
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Fig. 5.1.2. Influence of short episodes (1 day) of
high daytime floral bud temperature (39◦C) com-
pared to optimum daytime floral bud temperature
(28◦C) at different stages of reproductive devel-
opment as indicated by days relative to anthesis on
fruit-set percentage in peanut (cultivar 86015) un-
der controlled environment conditions. Lines on
symbols show the standard errors of means. Data
suggests that most sensitive stages to high tem-
perature stress occur 4 days before flowering and
at flowering for fruit-set. (Adapted from Prasad
et al. 2001.)
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Fig. 5.1.3. Response of seed-set to temperature in
peanut under controlled environment conditions. Data
suggest that seed-set percentage decreases with in-
creases in daytime floral bud temperature above 33◦C
and reaches zero at close to 40◦C. (Adapted from Prasad
et al. 2000.)

decrease seed-set, particularly when the high
temperatures occur during the first 6 hours
of the day (Prasad et al. 2000). Temperatures
above 33◦C significantly decrease seed-set in
peanut (Fig. 5.1.3). Recent studies on rice (Oryza
sativa L.) have shown that a few days of high-
temperature stress (above 33◦C) significantly de-
crease pollen viability and, therefore, seed-set
(Jagadish et al. 2008, 2010). Brief or long-term
exposure to high temperatures during seed filling
can also accelerate senescence, diminish seed-
set and seed weight, and reduce yield of pulse
legumes (Siddique et al. 1999) and wheat (Prasad
et al. 2008b).

Studies of long-term elevated temperature
showed that reproductive processes were more
sensitive and adversely affected at a lower tem-
perature than vegetative processes in crops such
as rice (Baker and Allen 1993; Baker et al. 1995;
Prasad et al. 2006a), soybean (Glycine max (L.)
Merr.; Boote et al. 2005), common bean (Phase-
olus vulgaris L.; Prasad et al. 2002), peanut
(Prasad et al. 2003), cotton (Gossypium hursu-
tum L.; Reddy et al. 2000), sorghum (Prasad et al.
2006b), and wheat (Prasad et al. 2008b). The
typical optimum temperature for grain yield of
rice, soybean, and peanut was 25◦C, and yield
declined progressively as temperature increased;
complete yield failure occurred at 35◦C for rice

and sorghum and at 39–40◦C for peanut and soy-
bean (Boote et al. 2005).

As mean temperature increases above 23◦C,
seed growth rate, seed size, and intensity of par-
titioning to grain or seed (seed HI) in soybean
decrease until reaching zero at 39◦C (Thomas
2001). Baker et al. (1989) reported that in rice the
progressive reduction in seed size (single seed
growth rate) above 23◦C along with the reduc-
tion in fertility above 30◦C results in a reduced
seed harvest index (HI) at temperatures above
23◦C or above 27◦C, and Boote et al. (2005)
reported an HI of zero at 39◦C for soybean.

A threshold temperature is a daily mean
temperature at which a detectable reduction
in growth begins. Knowledge of lower thresh-
old temperatures is important in physiolog-
ical research as well as crop production.
High-temperature thresholds are particularly
important in tropical and subtropical climates
as high-temperature stress may become a major
limiting factor for field crop production. Thresh-
old temperatures of some economically impor-
tant crop plants are given in Table 5.1.1.

Continual heat stress affects wheat produc-
tivity in developing countries, and terminal heat
stress is a problem in 40% of temperate environ-
ments, which cover 36 million ha (Reynolds et al.
2001). Lawlor and Mitchell (2000) stated that a
1◦C rise (>21◦C) would shorten the reproduc-
tive phase in wheat by 6%, shorten grain-filling
duration by 5%, and reduce grain yield and HI
proportionately. Bender et al. (1999) analyzed
spring wheat grown at nine sites in Europe and
found a 6% decrease in yield per 1◦C temperature
rise, and Lobell and Field (2007) found a 5.4%
decrease in global mean wheat yield per 1◦C
increase in temperature above optimum (about
21◦C), particularly during reproductive stages of
development. Prasad et al. (2008b) reported that
increases in high nighttime temperature (above
20◦C) during reproductive development of wheat
significantly decreased grain-filling duration and
led to lower grain yield.

Researchers have made similar observations
in other crops. Laing et al. (1984) found the
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Table 5.1.1. Threshold high temperatures for economically important crop plants.

Crop plants
Threshold
temperature (

◦
C) Growth stage References

Wheat 26 (daytime) Postanthesis Stone and Nicolas (1994)
Wheat 20 (nighttime) Postanthesis Prasad et al. (2008)
Corn 38 (day maximum) Grain fill Thompson (1986)
Cotton 45 (shock)

35 for >6 h
40 for >12 h

Reproductive
Fruit-set
Reproductive failure

Rahman et al. (2004)
Reddy et al. (1992)
Reddy et al. (1992)

Pearl millet 35 (daytime) Seedling Ashraf and Hafeez (2004)
Tomato 30 (daytime) Emergence Camejo et al. (2005)
Brassica 29 (daytime) Flowering Morrison and Stewart (2002)
Cool-season pulses 25 (mean daily) Flowering Siddique et al. (1999)
Groundnut 34 (daytime) Pollen production Prasad et al. (2000)
Cowpea 41 (daytime) Flowering Patel and Hall (1990)
Kidney bean 28 (daytime) Seed-set Prasad et al. (2000)
Peanut 32 (daytime) Seed-set Prasad et al. (2003)
Rice 34 (daytime) Grain yield Morita et al. (2004)

Source: Revised from Wahid et al. (2007).

highest common bean (Phaseolus vulgaris L.)
yield at 24◦C and steep declines in yield at higher
temperatures. Peng et al. (2004) reported that
rice grain yield declined by 10% for each 1◦C
increase in growing-season minimum tempera-
ture in the dry season, and according to those re-
searchers, their report provides direct evidence
of decreased rice yields from increased night-
time temperatures (from 22◦C to 24◦C) associ-
ated with global warming. In the past century, the
daily minimum nighttime temperature increased
at a faster rate than the daily maximum tempera-
ture along with a steady increase in atmospheric
greenhouse gas concentrations (Easterling et al.
1997).

Lobell and Asner (2003) showed a 17% re-
duction in US maize (Zea mays L.) and soybean
production for every 1◦C rise in temperature and
reported confounding effects from other yield-
limiting factors. And in a recent evaluation of
global maize production response to temperature
and rainfall over the period 1961–2002, Lobell
and Field (2007) reported an 8.3% yield reduc-
tion per 1◦C rise in temperature.

Crop reproductive failures will be a major
problem if temperatures rise by 2–6◦C during
this century, as projected by various global cli-

mate change scenarios. The staple cereal crops
can tolerate only narrow temperature ranges;
temperatures that exceed this range during the
flowering phase can hinder fertilization and seed
production, resulting in reduced yield (Porter
2005). Plants’ responses to temperatures will
also depend on genotypic parameters.

Certain genotypes are more tolerant to high-
temperature stress (Craufurd et al. 2003; Prasad
et al. 2006b). For example, rice cultivar N-22
is tolerant to long-term (Prasad et al. 2006b)
and short-term (Jagadish et al. 2008) high-
temperature stress. These differential genotypic
responses illustrate the importance of genotypic
adaptation to changes in mean and extreme of
temperatures.

Interaction of high temperature
with carbon dioxide

Baker et al. (1990) hypothesized that future crop
yields will be influenced by complex interactions
between the effects of increased atmospheric
CO2 concentration and the effects of tempera-
ture increase brought about by climate change
(IPCC 2007). This could have positive and neg-
ative implications. Agricultural productivity is
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expected to be sensitive to global climate change,
and increased CO2 concentration should cause
increased productivity (at least in C3 plants) and
decrease soil–water use relative to the dry mat-
ter produced. However, higher temperatures and
periodic episodes of high-temperature stress and
drought could exacerbate the negative effects of
high temperatures on crop growth and devel-
opment, thus reducing crop yields and quality
(Reddy et al. 1999; Wheeler et al. 2000).

Elevated CO2 decreases stomatal conduc-
tance in both C3 and C4 species (Morison 1987),
which can lead to greater tissue temperatures. A
meta-analysis of observations reported for wild
C3 and C4 grass species revealed that with no
stresses, elevated CO2 reduced stomatal conduc-
tance by 39% and 29% for C3 and C4 species, re-
spectively (Wand et al. 1999). Jones et al. (1985)
reported a 12% reduction in season-long tran-
spiration and a 51% increase in water-use effi-
ciency for canopies of soybean crops grown in
doubled CO2 in sunlit growth chambers. Allen
et al. (2003) concluded that both increased fo-
liage temperature (solving the energy balance)
and increased leaf area index associated with
CO2 enrichment were responsible for the com-
pensatory effects of elevated CO2 on evapotran-
spiration, which resulted in no major changes in
total water use.

For rice, main effects of CO2 and temper-
ature are known, but no beneficial interactions
have been reported; there are, however, negative
interactions. Elevated CO2 causes greater sensi-
tivity of fertility to temperature in rice, sorghum,
and dry bean. For rice, the relative enhancement
in grain yield with doubled CO2 decreases and
actually becomes negative as the maximum tem-
perature increases in the range of 32–40◦C (Kim
et al. 1996). Higher canopy temperatures of rice,
sorghum, and dry bean adversely affected fer-
tility and grain set. Increases in canopy temper-
ature for wheat, rice, sorghum, cotton, potato,
and soybean have been reported in free atmo-
spheric carbon dioxide enrichment experiments,
and there were no beneficial interactions between
increased CO2 and elevated temperature for re-

productive growth or wheat yield. Prasad et al.
(2002, 2003) found no beneficial interaction be-
tween elevated temperature and CO2; in their
experiments, the temperature-induced decreases
in pollination, seed-set, pod yield, seed yield,
and seed HI were the same or even greater at
elevated than at ambient CO2 levels in kidney
bean and peanut. Detailed reviews of interac-
tions between elevated carbon dioxide and tem-
perature for legumes (Prasad et al. 2005) and
cotton (Reddy et al. 2005) have been published
previously.

There is general agreement that the benefi-
cial effects of an increase in CO2 on plants (i.e.,
the CO2 fertilization effect) may compensate for
some of the negative effects of climate change.
However, our studies have clearly shown that
negative effects of high temperatures will off-
set the beneficial effect of elevated CO2. Simi-
lar studies have demonstrated that the effects of
elevated CO2 on plant growth and yield will de-
pend on photosynthetic pathway, species, growth
stage, water and nitrogen management prac-
tices, and temperatures (Ainsworth and Long
2005).

Effects of CO2 and temperature
on C3 and C4 species

Effects of elevated CO2 and/or temperature vary
among crop species. Most C3 crops and weeds
will benefit more than C4 crop species from ele-
vated CO2. Many weeds, particularly C3 “inva-
sive” weeds that reproduce by vegetative means
(e.g., roots and stolons), respond better than
most C4 cash crops to increasing CO2 (Ziska
and George 2004; Ziska 2003). Although many
weed species have the C4 photosynthetic path-
way and, therefore, show a smaller response to
atmospheric CO2 relative to C3 crops, in most
agronomic situations, crops are in competition
with a mix of C3 and C4 weeds. When the crop
and weed have the same photosynthetic pathway,
C3 weed growth is favored as CO2 increases
(Ziska and Runion 2006). Average crop yields
across several species and under nonstressed
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conditions are expected to increase in the range
of 10–20% for C3 crops and 0–10% for C4 crops
for doubling of current CO2 levels (Ainsworth
et al. 2004; Gifford 2004). This differential re-
sponse is related to the fact that C3 plants do
not possess the mechanism of CO2 enrichment
or Kranz anatomy that is present in C4 plants.

Many higher plants are C3 plants, in which
primary carboxylation is carried out by RuBP-
carboxylase (RUBISCO), and C3 products are
formed in the Calvin cycle. Through the pro-
cess of evolution, a group of plants (e.g., maize,
sorghum, and sugarcane) developed an addition
channel of CO2 fixation. In these so-called C4

plants, CO2 is fixed initially by PEP carboxy-
lase and later released at the site of RUBISCO.
This process minimizes losses due to photores-
piration. As a result of this mechanism of CO2

concentration, C4 plants generally have a photo-
synthetic efficiency that is 2.0–2.5 times higher
than that of C3 plants. For example, photores-
piratory losses in C3 cotton constitute about
25–30% of carbon assimilation in comparison
with about 5–10% in C4 crops such as maize
(Nasyrov 2004). Chloroplasts in cell mesophyll
of C3 plants are in a state of “carbon starvation.”
As leaf temperature increases, (the solubility of
CO2 decreases) the coefficient of gas dissolubil-
ity in the liquid phase is reduced. As a result,
CO2 concentration in the chloroplasts will be
2.5 times lower than that in the atmosphere
(Nasyrov 2004).

Responses of C3 and C4 crops to high temper-
atures can be hard to differentiate because some
C3 crops (e.g., peanut or soybean) are more tol-
erant to high temperature than C4 crops (e.g.,
maize) and vice versa (e.g., millet is more toler-
ant than rice). It is impossible to make general-
izations about these responses, but the responses
likely depend on the duration of flowering and
its sensitivity to high temperature, and the crop’s
ability to tiller and branch. High-temperature
stress has the greatest negative effect when it oc-
curs just before or during flowering or pollination
above the threshold temperature for seed-set of
the crop (Boote and Sinclair 2006; Prasad et al.

1999, 2008a), but this period varies among crops.
For example, maize has a highly compressed
phase of anthesis; spikelets on rice and sorghum
may achieve anthesis over a period of a week
or more; and soybean, peanut, and cotton de-
velop reproductive structures over several weeks.
In addition, some plants have the capability to
compensate for loss of certain batches of floral
organs that are lost because of high-temperature
stress. Crops such as peanut, soybean, cotton,
and cowpea have indeterminate growing habits,
and flowering can occur in flushes. Certain cere-
als (e.g., grain sorghum) can produce new tillers
if the original reproductive structures are dam-
aged and if they have a low reproductive sink
capacity because of decreased set. However, this
results in an extended reproductive period, which
may not always convert into harvestable yield
formation, particularly in regions such as the
US Midwest where the length of growing sea-
son is limited by occurrences of freeze. Overall,
temperature and precipitation changes in future
decades will modify, and potentially limit the di-
rect effects of CO2 on crops and weeds and how
plants adapt to climate change and variability
(IPCC 2007).

Traits of interest and breeding
opportunities for high-temperature
tolerance

High-temperature stress leads to a series of
morphological, physiological, biochemical, and
molecular changes that adversely affect plant
growth and productivity (Prasad et al. 2009). To
mitigate these negative effects, we need to de-
velop cultivars that have tolerance to extreme or
chronic temperature events. Breeding for stress
tolerance requires (a) identification of key traits,
(b) efficient screening procedures, (c) identifi-
cation of suitable and diverse donor or tolerant
lines, and (d) understanding inheritance and ge-
netics of the desired traits.

High-temperature tolerance is generally de-
fined as the ability of a plant to grow and pro-
duce economic yield under high temperatures.
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Table 5.1.2. Associations between eco-morpho-physiological parameters and yield.

No Parameters
Association
with yield References

1 Cell membrane thermostability (CMT) Positive Bibi et al. (2003),
Rahman et al. (2004),
Reynolds et al. (2001),
Saadalla et al. (1990)

2 Canopy temperature depression (CTD) Positive Idso and Reginato (1982),
Reynolds et al. (1998)

3 Leaf and stomatal conductance Positive Amani et al. (1996),
Lu et al. (1994)

4 Crop water stress index (CWSI) Positive Burke et al. (1990)
5 Thermal stress index (TSI) Positive Burke et al. (1990)
6 Carbon isotopes discrimination differences Positive Lu et al. (1996)
7 Leaf chlorophyll content Positive Reynolds et al. (2001),

Saranga et al. (2004)
8 Stay-green effect Positive Reynolds et al. (2001)
9 Chlorophyll fluorescence Positive Bibi et al. (2003)

10 Dark respiration Negative Oosterhuis (2002),
Hodges et al. (1991)

11 Photosynthesis Positive Lu et al. (1994),
Reynolds et al. (2001)

12 Chlorophyll fluorescence Positive Ristic et al. (2007a, 2007b)
13 Pollen viability Positive Craufurd et al. (2003)
14 Anther dehiscence Positive Prasad et al. (2006)
15 Rubisco activase Positive Ristic et al. (2009)

Source: Revised from Singh et al. 2007.

However, yield may not always be an indicator
of stress tolerance. Basic physiological processes
such as photosynthesis and reproductive ability
are also important. Several traits are associated
with yield under extreme stress conditions such
as high temperature and drought (Table 5.1.2).
Crop physiologists and breeders are always look-
ing for cost-effective, efficient, and quick screen-
ing techniques that allow better discrimination
among genotypes by directly measuring traits of
importance or those that correlate with traits of
interest. These techniques are based on the en-
vironment and include measuring canopy tem-
perature depression (CTD) with an infrared ther-
mometer, using cell membrane thermostability
to measure electrolyte leakage from the injured
cells, determining stay-green or functional leaf
area duration by measuring chlorophyll content
using a SPAD meter, and measuring pollen vi-
ability and seed-set to determine reproductive
success.

CTD is a commonly used term for the dif-
ference between the plant canopy and air tem-
peratures and is a function of stomatal conduc-
tance (Amani et al. 1996), which is a mechanism
of heat escape (Cornish et al. 1991). CTD has
been identified as an important trait for wheat
(Reynolds et al. 1998; Balota et al. 2007). Idso
et al. (1984, 1981) established a strong correla-
tion between CTD and yield. Similarly, Reynolds
et al. (1998) observed that CTD has high ge-
netic correlation with yield, indicating that this
trait is heritable and, therefore, amenable to early
generation selection. Because CTD is directly or
indirectly affected by several physiological pro-
cesses, it is a good indicator of genotype fitness
in a given environment. Amani et al. (1996) re-
ported that for a given genotype, CTD is a func-
tion of many environmental factors, principally
soil water status, air temperature, relative humid-
ity, and incident radiation. Moreover, they also
demonstrated that the trait is best expressed at
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high vapor pressure deficit (VPD) conditions as-
sociated with low relative humidity and warm
air temperature. VPD affects transpiration effi-
ciency by changes in environment as well as by
physiological response of the plant; accordingly,
any fluctuation in VPD during the growing sea-
son and the growth rate of a given variety during
the growing season could influence transpiration
efficiency (Farquar et al. 1988). High temper-
atures usually are associated with higher VPD
increases. Hutmacher et al. (1990) observed that
stomata conductance (gs) of well-watered plants
was negatively correlated with VPD. They de-
scribed a negative linear relationship between
VPD and CTD and concluded that there was a
direct response of stomatal conductance to VPD.

A plant’s photosynthetic potential is di-
rectly proportional to the quantity of chlorophyll
present in the leaf tissue. Differences in pho-
tosynthesis under high-temperature stress have
been shown to be associated with a loss of
chlorophyll and a change in chlorophyll a : b
ratio (Harding et al. 1990). In tomato, an in-
creased chlorophyll a : b ratio and a decreased
chlorophyll : carotenoids ratio were observed in
heat-tolerant genotypes under high temperatures,
which indicates that these changes are related to
thermotolerance (Wahid and Ghazanfar 2006).
Under high temperatures, degradation of chloro-
phyll a and b was more pronounced in fully de-
veloped leaves than in developing leaves of sug-
arcane (Karim et al. 1999).

Reynolds et al. (1994) demonstrated that loss
of chlorophyll during grain fill is associated with
reduced wheat yield. Rapid estimates of photo-
synthetic potential can be important for studies of
gas exchange and the carbon cycle (Schlemmer
et al. 2005), and spectral reflectance measure-
ments hold promise for the assessment of some
physiological parameters at the leaf level.

Chlorophyll fluorescence, the ratio of vari-
able fluorescence to maximum fluorescence
(Fv/Fm), and base fluorescence (F0) are phys-
iological parameters that are correlated with
high-temperature tolerance (Yamada et al. 1996).
The chlorophyll fluorescence emission kinet-

ics from plants are indicative of plant photo-
synthetic performance (Barbagallo et al. 2003).
More recently, fluorescence parameters have
been shown to relate directly to the photosyn-
thetic CO2 assimilation rate of leaves. The sen-
sitivity of chlorophyll fluorescence to perturba-
tions in metabolism coupled with the ease and
rapidity with which measurements of chloro-
phyll fluorescence can be made makes fluores-
cence potentially useful for noninvasive screen-
ing to identify metabolic perturbations in leaves.
Fluorescence estimates the maximum quantum
efficiency of photosystem-II chemistry (Butler
1978) and can be determined in less than a
second. Barbagallo et al. (2003) suggested this
should be the preferred parameter for screening
where possible. Images of the fluorescence pa-
rameter can also be used to detect stress in plants
(Maxwell and Johnson 2000).

Chlorophyll heat tolerance and lower fluores-
cence signals have been reported in a number
of crops, including wheat (Moffat et al. 1990).
Chlorophyll fluorescence is indicative of thy-
lakoid membrane damage, which can lead to de-
creased photosynthesis. Recent studies on wheat
suggest that there is a strong relationship be-
tween chlorophyll content and chlorophyll flu-
orescence in association with high-temperature
tolerance (Ristic et al. 2007a). Similarly, overex-
pression of chloroplast elongation protein EF-Tu
was associated with increased high-temperature
tolerance in wheat because of decreased thy-
lakoid membrane damage and increased chloro-
phyll content (Ristic et al. 2008) due to decreased
thermal aggregation of proteins (Ristic et al.
2007b) that resulted in greater green leaf area
duration and increased photosynthetic activity.
Our recent studies also suggest that endogenous
expression of Rubisco activase has the potential
to improve high-temperature tolerance in wheat
(Ristic et al. 2009).

Sullivan (1972) developed a high-temperature
tolerance test that determines cellular membrane
thermostability (CMT) by measuring the amount
of electrolyte leakage from leaf discs bathed in
deionized water after exposure to heat treatment.
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Modifications to this method have been proposed
for specific crops. Blum and Ebercon (1981) used
this technique to measure high-temperature and
drought tolerance in wheat.

Increased solute leakage, an indicator of de-
creased CMT, has been used as an indirect mea-
sure of high-temperature tolerance in diverse
plant species, including soybean (Martineau
et al. 1979), tomato (Chen et al. 1982), wheat
(Blum et al. 2001), cotton (Ashraf et al. 1994),
sorghum (Marcum 1998), cowpea (Ismail and
Hall 1999), and barley (Wahid and Shabbir
2005). This tolerance is generally well asso-
ciated with photosynthesis, but its association
with reproductive high-temperature tolerance is
not clear and needs investigation. Some studies
showed no correlation between leaf membrane
damage and spikelet fertility or pollen viability
(Kakani et al. 2002; Prasad et al. 2006b,
Fig. 4d), but leaf membrane damage was neg-
atively correlated in cowpea (Thiaw and Hall
2004). Blum et al. (2001) reported that her-
itability for CMT for high-temperature toler-
ance was 71% in winter wheat and 67% in
spring wheat.

The relationship between CMT and crop yield
under high temperatures may vary from plant to
plant; this emphasizes the need to study this rela-
tionship in individual crops before using it as an
important physiological selection criterion. For
example, a significant positive relationship be-
tween CMT and yield was observed in sorghum
(Sullivan and Ross 1979), but no such relation-
ship was observed in soybean (Martineau et al.
1979) or wheat (Shanahan et al. 1990).

Seed-set percentage could be an indicator of
reproductive success and yield formation. Prasad
et al. (2006a, 2006b) demonstrated significant
genotypic variation in heat tolerance for the
percentage filled grains in rice. Craufurd et al.
(2003) made similar observations for peanut.
There is generally a strong correlation between
pollen production, pollen shed, and pollen via-
bility and seed-set (Prasad et al. 2006a, 2006b,
2000; Jagadish et al. 2008, 2010) (Fig. 5.1.4).
Similarly, high-temperature-induced decreases

in fruit set in cowpea have been associated with
loss of pollen viability (see Chapter 15 cowpea,
and Hall 1992, 1993). Thus, determining pollen
or stigma responses to temperature and measur-
ing seed-set under high-temperature stress could
help determine a crop’s tolerance to high tem-
peratures. Evaluation of germplasm to identify
sources of heat tolerance has regularly been ac-
complished by screening for fruit set under high
temperatures (Berry and Rafique-Uddin 1988;
Craufurd et al. 2003; Prasad et al. 2006b). Fur-
thermore, although poor fruit set at high temper-
atures cannot be attributed to a single factor, de-
creases in pollen germination and/or pollen tube
growth are among the most commonly reported
factors.

Another potential trait and assay for repro-
ductive high-temperature tolerance is pollen
viability and germination. Pollen viability and
germination is generally directly related to
seed-set percentage. In several crops, such as
rice and peanut, pollen viability and pollen pro-
duction begin to decline as daytime maximum
temperature (Tmax) exceeds 33◦C and reach zero
at a Tmax of 40◦C (Fig. 5.1.3; Kim et al. 1996;
Prasad et al. 1999b, 2000, 2003; Jagadish et al.
2007). Incubating pollen collected in ambient
temperatures under different temperatures in
artificial conditions revealed differences in high-
temperature stress among crop cultivars (Kakani
et al. 2005; Salem et al. 2007). The cardinal tem-
peratures (Tmin, temperature below which pollen
did not germinate; Topt, temperature which
had maximum range of pollen viability; and
Tmax, temperature beyond which pollen did not
germinate;) differ among cultivars in crops such
as peanut (Kakani et al. 2002; Fig. 5.1.5), cotton
(Kakani et al. 2005), and soybean (Salem et al.
2007). These results, which were obtained under
controlled environment conditions, suggest that
cultivars that have a higher optimal temperature
and Tmax for pollen viability have greater toler-
ance to high-temperature stress during reproduc-
tive stages of development (Fig. 5.1.6). However,
extensive studies on the field performance of
identified cultivars of peanut and soybean
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based on pollen viability and their potential for
use in breeding programs are still under way.

One trait that can help crops avoid high-
temperature stress during reproductive stages
of development is the time of day at which
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flowering occurs. Genotypic variability exists for
time of day of flowering in rice (Prasad et al.
2006b). Certain rice genotypes flower very early
in the morning, before the daytime temperature
rises, so they escape high temperatures during
anther dehiscence and pollen germination, pollen
tube growth, and fertilization process; this leads
to successful seed-set. It will be interesting to
see if this phenomenon exists in other crop
species. This trait has value because studies have
shown that once the fertilization process is com-
plete, the embryo is relatively more tolerant to
high-temperature stress than the pollen grains
(Prasad et al. 2000).

Genetic variability in leaf senescence has
been demonstrated in several species (e.g.,
maize, sorghum, and rice), and this trait has been
used in the selection process (Thomas and Smart
1993). By genetically modifying the initiation
date and the rate of senescence, plant breeders
can create functional “stay-greens” (i.e., plants
with a longer duration of photosynthetic ac-
tivity). In this synthesis, Smart (1994) stressed
the close relationship between the level of Ru-
bisco expression, ribulose-5-phosphate kinase,
and chlorophyll concentration as well as the pho-
tosynthetic activity of leaves (Crafts-Brandner
and Poneleit 1992). The type of senescence,
rapid or delayed, seems to be a dominant char-
acteristic and has been observed in wheat (Boyd
and Walker 1972) and maize (Crafts-Brandner
and Poneleit 1992). Selection for the purpose of
decreasing leaf senescence, which results in an
extension of photosynthetic activity especially
for transfer of carbohydrates to grain fill, seems
much more promising than the increase of pho-
tosynthetic efficiency alone, especially because
senescence is regulated by a smaller number of
genes than photosynthesis (Nelson 1988; Bakken
et al. 1997).

There is large-scale polymorphism of the in-
traspecific efficiency of photosynthesis. Also,
maternal inheritance is evident with respect to
photosynthesis, Rubisco activity, and number of
chloroplasts (Nasyrov 2004). Genotypic differ-
ences in photosynthetic capacity may be detected

indirectly by selecting for lines that have more
dry weight per unit leaf are, because they usually
have higher levels of photosynthetic enzymes
and photosystem components per unit leaf area.
Percey et al. (1996) observed stomatal conduc-
tance differences in low- and high-yielding Pima
cotton (Gossypium barbadense L.) lines and re-
ported that stomatal conductance is genetically
controlled.

In addition to enhancing grain yield un-
der hot conditions, high-temperature-tolerance
genes have been shown to enhance responses
to elevated CO2 with respect to pod production
under both optimum and high nighttime tem-
peratures (Ahmed et al. 1993). Hall and Allen
(1993) hypothesized that cultivars with heat tol-
erance during reproductive development, having
high HI, high photosynthetic capacity per unit
leaf area, small leaves, and low leaf area per
unit ground area under present levels of CO2

will be most responsive to elevated CO2 un-
der both hot and intermediate temperatures. The
heat-tolerance genes confer some of these hy-
pothesized traits: heat tolerance during reproduc-
tive development, higher HI, and less leaf area
per unit ground area. The higher HI associated
with the effects of the heat-tolerance genes could
be beneficial in future environments with higher
CO2 (Ismail and Hall 1998).

Breeding for adaptation to
increased temperature stress

The identification of yield-related physiological
selection traits (as opposed to morphological or
visual ones) is of great interest to many physi-
ologists and breeders. As field instruments con-
tinue to improve, new opportunities arise; for
example, airborne infrared imagery and other
remote sensing techniques can be used to de-
termine canopy temperature (Araus 1996). Such
techniques could complement molecular-aided
selection for yield in the future (Evans and
Fischer 1999). Genetic improvement of plants
for stress tolerance will be an economically vi-
able solution for crop production under stressful
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environments (Blum 1988). Rosielle and
Hamblin (1981) discussed selection approaches
under stress and nonstress conditions and sug-
gested that selection for tolerance may be worth-
while if it is imperative that yields in stress envi-
ronments be increased.

Adaptability to an environment and yield sta-
bility under different conditions is considered
a genetic progress factor. This factor is not to-
tally independent of the selection for yield poten-
tial because modern cultivars often have a yield
greater than or equal to old cultivars, even un-
der stressed environments (Evans and Fischer
1999). Sustained temperature increases over the
season will change the duration (from sowing
to maturity) of the crop (Roberts and Summer-
field 1987), whereas short episodes of high tem-
perature at critical stages of crop development
can affect yield independently of any substantial
changes in mean temperature (McKeown et al.
2005).

Wahid et al. (2007) stressed that to accelerate
such progress, major areas of emphasis in the
future should be (a) design and development of
accurate screening procedures, (b) identification
and characterization of genetic resources with
heat tolerance, (c) discerning the genetic basis
of heat tolerance at each stage of plant devel-
opment, and (d) development and screening of
large breeding populations to facilitate transfer
of genes for heat tolerance to commercial cul-
tivars. The use of advanced molecular biology
techniques may facilitate development of plants
with improved heat tolerance. Genomics, pro-
teomics, and metabolomics will certainly con-
tribute to our knowledge of the regulation of dif-
ferent physiological processes, the development
of organs, and resistance mechanisms to stress,
which will lead to the modification of intrinsic
properties of different organs.

Reynolds et al. (2001) stressed that differ-
ent physiological mechanisms may contribute
to heat tolerance in the field (e.g., heat-tolerant
metabolism as indicated by higher photosyn-
thetic rates, stay-green leaves and membrane
thermostability, or heat avoidance as indicated

by CTD). Such traits can be screened for se-
lection of heat-tolerant parents and as selection
tools in breeding programs. Hall (2001) empha-
sized that research should focus on three major
yield-enhancing strategies: increasing HI, plant
biomass, and stress tolerance.

It is necessary to consider potential future
changes while designing plant breeding pro-
grams because these programs usually take sev-
eral years to produce new cultivars, and the new
cultivars must be adapted to the conditions that
prevail when they are released. If a screening
method that is both efficient and highly reli-
able is not available, it may be possible to use
two different screening methods at two differ-
ent stages in the breeding program. For example,
an efficient indirect screening method, such as
marker-assisted selection, could be used in early
generations when large numbers of plants must
be screened, and a direct and more reliable, but
less efficient, screening method could be used in
more advanced generations.

At the Indian Agricultural Research Institute
in New Delhi, India, heat-tolerant cotton geno-
types have been developed using the shuttle-
breeding approach. Shuttle-breeding refers to
a change of environment during the selection
process. This method is used to select broadly
adopted cultivars from the segregating popula-
tions. The selection was applied (Singh et al.
2003) for higher numbers of fruiting structures
(square/flower/bolls) per plant in addition to
early maturity initially in the cultivars and later in
the segregating generations from intra- and inter-
specific crosses. This approach was also used
to select genotypes for high-temperature toler-
ance; the objective was to test these genotypes’
suitability during the spring–summer growing
season (February to June) in India. In North
India, this season is characterized by low tem-
peratures during germination (mean minimum
temperature of 7.5–18.3◦C in the second fort-
night of February) and high temperatures during
reproductive stages (25.4–33.7◦C mean mini-
mum temperature and 33.6–43.4◦C mean max-
imum temperature from May 15 to June 30).
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Temperatures recorded from 2001 to 2004 (mid-
February to the end of June averaged over
15 days) clearly indicated that during the sum-
mer season, both minimum and maximum tem-
peratures are very high during the critical re-
productive phase (mid-September onward). The
success of these selected genotypes depends on
their tolerance to low temperatures during ger-
mination and high-temperature tolerance during
reproductive stages (Reddy et al. 1996; Singh
et al. 2007). One such cotton variety (Aurobindo
PSS-2) and other heat-tolerant germplasm have
been developed at IARI. As demonstrated from
the vast amount of plant breeding and crop im-
provement research (Sung et al. 2003), tolerance
to high- and/or low-temperature stress conditions
is a complex trait.

There has also been significant progress
in using physiological tools to develop high-
temperature tolerance in cowpea (Hall et al.
2002; Hall 2004). Hall et al. (2002) conducted
several physiological studies to understand the
effects of high-temperature stress and physio-
logical process associated with high-temperature
tolerance. Incorporating high-temperature toler-
ance during reproductive development enhanced
not only grain yield under high temperature but
also response to elevated CO2 under high night-
time temperatures. Progress in breeding heat-
tolerant cowpea cultivars, including the observed
association between heat tolerance during repro-
ductive development, semidwarf habit, and in-
creased HI, is discussed in Chapter 15 and Hall
(2004).

Sources of genetic variation
for heat tolerance

Another resource for high-temperature tolerance
is wild relatives of various crops. Wild plants
related to traditional and modern crops harbor
an abundant supply of resistance genes (Lane
and Jarvis (2007). Crop wild relatives, which
include crop ancestors as well as other related
species, have been used for crop improvement
for more than 100 years (Plucknett et al. 1987)

and have saved the agricultural industry millions
of dollars, directly and indirectly, by improv-
ing crop resilience to biotic and abiotic stresses.
Hajjar and Hodgkin’s (2007) review of the use
of wild relatives in breeding showed that breed-
ing for improved tolerance to abiotic stresses
such as drought, extreme temperature, and soil
salinity has been the exception but that such tol-
erance traits were increasingly being incorpo-
rated into modern breeding programs. Crop wild
relatives have often been used to improve bi-
otic stress tolerance, particularly disease. A few
studies have shown that wild relatives of wheat
have greater tolerance to environmental stress
(Zaharieva et al. 2001; Yang et al. 2002).
However, most wild relatives have very low
yields; thus, the tolerance traits need to be
transferred to existing high-yielding cultivars
using appropriate breeding approaches (e.g.,
backcrosses).

Conserving crop genetic wild resources is im-
portant; these resources need to be exploited for
high-temperature tolerance, and their potential
use in crop breeding programs need to be criti-
cally evaluated. Wild relatives may have greater
genetic variance for heat tolerance since a genetic
bottleneck typically occurred with domestication
from wild species.

In summary, high temperatures negatively af-
fect various physiological and yield processes
including photosynthesis, chlorophyll content,
pollen viability, seed-set, seed numbers, and
seed weights, resulting in lower grain yield
and poor grain quality. Development of heat-
tolerant cultivars is crucial to ensuring success-
ful crop production during periods of climate
change and variability. Some of the physiolog-
ical traits that contribute to high-temperature
tolerance include CTD, increased membrane
thermostability, higher photosynthetic rates, in-
creased green leaf duration, higher reproductive
fertility through pollen viability and seed-set,
and altered flowering time to avoid high tem-
peratures. Breeding programs should measure
such traits to assist in selection of heat-tolerant
cultivars.



P1: SFK/UKS P2: SFK Color: 1C

BLBS082-5-1 BLBS082-Yadav July 12, 2011 13:58 Trim: 246mm X 189mm

180 CROP ADAPTATION TO CLIMATE CHANGE

Acknowledgments

This publication is Contribution no. 10-366-B
from the Kansas Agricultural Experiment Sta-
tion and also a contribution from Mississippi
Agriculture Experiment Station no. BC-11843.
Dr. Prasad thanks the Collaborative Research
Support Programs of United States Aid for In-
ternational Development for supporting his re-
search program on sorghum and peanut.

References

Abrahamson DE (1989) Global warming: Issues, impacts,
responses. The challenge of global warming. Island Press,
Washington, DC.

Abrol YP, Ingram KT (1996) Effects of higher day and night
temperatures on growth and yields of some crop plants.
In: FA Bazzaz and WG Sombroek (eds) Global Climate
Change and Agricultural Production: Direct and Indirect
Effects of Changing Hydrological, Pedological and Plant
Physiological Processes, pp. 1–19. John Wiley & Sons
Ltd., Chichester, West Sussex, England.

Ahmed FE, Hall AE, Madore MA (1993) Interactive effects
of high temperature and elevated carbon dioxide concen-
tration on cowpea (Vigna unguiculata (L.) Walp.). Plant
Cell and Environment 16: 835–842.

Ainsworth EA, Long SP (2005) What have we learned from
15 years of free-air CO2 enrichment (FACE)? A meta-
analysis of the responses of photosynthesis, canopy prop-
erties and plant production to rising CO2. New Phytolo-
gist 165: 351–372.

Ainsworth EA, Rogers A, Nelson R, Long SP (2004) Testing
the source-sink hypothesis of down-regulation of photo-
synthesis in elevated CO2 in the field with single gene
substitutions in Glycine max. Agricultural and Forest
Meteorology 122: 85–94.

Allen LH Jr, Pan D, Boote KJ, Pickering NB, Jones JW
(2003) Carbon dioxide and temperature effects on evapo-
transpiration and water-use efficiency of soybean. Agron-
omy Journal 95: 1071–1081.

Amani I, Fischer RA, Reynolds MP (1996) Evaluation of
canopy temperature as screening tool for heat tolerance
in spring wheat. Journal of Agronomy and Crop Science
176: 119–129.

Araus JL (1996) Integrative physiological criteria associated
with yield potential. In: MP Reynolds et al. (eds) Increas-
ing Yield Potential in Wheat, pp. 150–166. CIMMYT,
Mexico DF.

Ashraf M, Hafeez M (2004) Thermotolerance of pearl millet
and maize at early growth stages: Growth and nutrient
relations. Biologia Plantarum 48: 81–86.

Ashraf M, Saeed MM, Qureshi MJ (1994) Tolerance to high
temperature in cotton (Gossypium hirsutum L.) at initial

growth stages. Environmental and Experimental Botany
34: 275–283.

Baker JT, Allen LH Jr (1993) Effects of CO2 and temperature
on rice: A summary of five growing seasons. Journal of
Agricultural Meteorology (Tokyo) 48: 575–582.

Baker JT, Allen LH Jr, Boote KJ (1989) Response of soy-
bean to air temperature and carbon dioxide concentration.
Crop Science 29: 98–105.

Baker JT, Allen LH Jr, Boote KJ (1990) Growth and yield
response of rice to carbon dioxide concentration. Journal
of Agricultural Science 115: 313–320.

Baker JT, Boote KJ, Allen LH Jr (1995) Potential climate
change effects on rice: Carbon dioxide and tempera-
ture. In: Rosenzweig C et al. (ed.) Climate Change and
Agriculture: Analysis of Potential International Impacts,
pp. 31–47. American Society of Agronomy Special Pub-
lication No. 59. ASA, Madison, WI.

Bakken AK, Macduff J, Humphreys M, Raistrick N (1997)
A stay-green mutation of Lolium perenne affects NO3

uptake and translocation of N during prolonged N star-
vation. New Phytologist 135: 41–50.

Balota M, Payne WA, Evett SR, Lazar MD (2007) Canopy
temperature depression sampling to assess grain yield
variation and genotypic differentiation in winter wheat.
Crop Science 47: 1518–1529.

Barbagallo RP, Oxborough K, Pallett KE, Baker NR
(2003) Rapid, noninvasive screening for perturba-
tions of metabolism and plant growth using chloro-
phyll fluorescence imaging. Plant Physiology 132:
485–493.

Bender J, Hertstein U, Black C (1999) Growth and yield
responses of spring wheat to increasing carbon dioxide,
ozone and physiological stresses: A statistical analysis of
“ESPACE-wheat” results. European Journal of Agron-
omy 10: 185–195.

Berry SZ, Rafique-Uddin M (1988) Effect of high tem-
perature on fruit set in tomato cultivars and selected
germplasm. Horticultural Science 23: 606–608.

Bibi AC, Oosterhuis DM, Brown RS, Gonias ED,
Bourland FM (2003) the physiological response of cotton
to high temperature for germplasm screening, pp. 87–93.
Summaries of Arkansas Cotton Research 2003. AAES
Research Series, 521.

Blum A (1988). Plant Breeding for Stress Environments,
223pp. CRC Press Inc., Boca Raton, FL.

Blum A, Ebercon A (1981) Cell membrane stability as a
measure of drought and heat tolerance in wheat. Crop
Science 21: 43–47.

Blum A, Klueva N, Nguyen HT (2001) Wheat cellular ther-
motolerance is related to yield under heat stress. Euphyt-
ica 117: 117–123.

Boote KJ Allen LH, Prasad PVV, Baker JT, Gesch RW,
Synder AM, Pan D, Thomas JMG (2005) Elevated tem-
perature and CO2 impacts on pollinations, reproduc-
tive growth, and yield of several globally important
crops. Journal of Agricultural Meteorology (Tokyo) 60:
469–474.



P1: SFK/UKS P2: SFK Color: 1C

BLBS082-5-1 BLBS082-Yadav July 12, 2011 13:58 Trim: 246mm X 189mm

IMPACTS OF HIGH-TEMPERATURE STRESS AND POTENTIAL OPPORTUNITIES 181

Boote KJ, Sinclair TR (2006) Crop physiology: Significant
discoveries and our changing perspective on research.
Crop Science 46: 2270–2277.

Boyd WJR, Walker MG (1972) Variation in chlorophyll
a content and stability in wheat flag leaves. Annals of
Botany 36: 87–92.

Boyer JS (1982) Plant productivity and environment. Science
218: 443–448.

Bray EA, Bailey-Serres J, Weretilnyk E (2000) Responses
to abiotic stress. In: W Gruissem, B Buchannan, and
R Jones (eds) Biochemistry and Molecular Biology of
Plants, pp. 1158–1249. American Society of Plant Phys-
iologists, Rockwill, MD.

Burke JJ, Hatfield JL, Wanjura DF (1990) A thermal stress
index for cotton. Agronomy Journal 82: 526–530.

Butler WL (1978) Energy distribution in the photochemi-
cal apparatus of photosynthesis. Annual Review of Plant
Physiology 29: 345–378.

Camejo D, Rodrı́guez P, Morales MA, Dell’amico JM,
Torrecillas A, Alarcón JJ (2005) High temperature ef-
fects on photosynthetic activity of two tomato cultivars
with different heat susceptibility. Journal of Plant Phys-
iology 162: 281–289.

CGIAR (2006) Intensified research effort yields climate-
resilient agriculture to blunt impact of global warm-
ing, prevent widespread hunger. Available from:
http://www.cgiar.org/pdf/agm06/AGM06%20Press%20
Release%20FINAL.pdf. Accessed April 19, 2011

CGIAR (2007) Consultative group on international
agricultural research: Global climate change: Cane agri-
culture cope. Online Briefing Dossier, 2007. Available
from: http://www.dfid.gov.uk/R4D/PDF/Articles/cc_
agriculture_execsummary.pdf. Accessed April 19, 2011.

Chen THH, Shen ZY, Lee PH (1982) Adaptability of crop
plants to high temperature stress. Crop Science 22:
719–725.

Coakley SM, Scherm H, Chakraborty S (1999) Climate
change and plant disease management. Annual Review
of Phytopathology 37: 399–426.

Cornish K, Radin JW, Turcotte EL, Lu ZM, Zeiger E (1991)
Enhanced photosynthesis and stomatal conductance of
pima cotton (Gossypium barbadense L.) bred for in-
creased yield. Plant Physiology 97: 484–489.

Crafts-Brandner SJ, Poneleit CG (1992) Selection for seed
growth characteristics: Effect on leaf senescence in
maize. Crop Science 32: 127–131.

Craufurd PQ, Prasad PVV, Kakani VG, Wheeler TR, Nigam
SN (2003) Heat tolerance in peanuts. Field Crops Re-
search 80: 63–77.

Easterling DR, Horton B, Jones PD, Peterson TC, Karl
TR, Parker DE, Salinger MJ, Razuvayev V, Plummer
N, Jamasan P, Folland CK (1997). Maximum and min-
imum temperature trends for the globe. Science 277:
364–367.

ETC Group (May/June 2008). Patenting the “Climate Genes”
and Capturing the Climate Agenda. Communique issue
# 99.

Evans LT, Fischer RA (1999) Yield potential: Its defini-
tion, measurement and significance. Crop Science 39:
1544–1551.

FAO, Press Release (2008) Agriculture in the near east
likely to suffer from climate change, Rome/Cairo.
Available from: http://www.fao.org/newsroom/en/news/
2008/1000800/index.html. Accessed March 3, 2008

Farquar GD, Hubick KT, Condon AG, Richards RA (1988)
Carbon isotope fractionation and plant water-use effi-
ciency. In: PW Rundel, JR Ehleringer and KA Nagy (eds)
Stable Isotopes in Ecological Research 68, pp. 21–40.
Springer, Berlin, Germany.

Gahukar RT (2009) Food security: The challenges of climate
change and bioenergy. Current Science 96: 1.

Gifford RM (2004) The CO2 fertilizing effect-Does it occur
in the real world? New Phytologist 163: 221–225.

Goho A (2004) Gardeners anticipate climate change. Amer-
ican Gardener 83: 36–41.

Hajjar R, Hodkin T (2007) The use of wild relatives in
crop improvement: A survey of developments of the last
20 years. Euphytica 156: 1–13.

Hall AE (1992) Breeding for heat tolerance. Plant Breeding
Review 10: 129–168.

Hall AE (1993) Physiology and breeding for heat tolerance
in cowpea, and comparisons with other crops. In: George
Kuo C (ed) Adaptation of Food Crops to Temperature
and Water Stress. Proceedings of International Sympo-
sium, Taiwan, August 13–18, 1992, pp. 271–284. Asian
Vegetable Research and Development Center, Shanhua,
Taiwan.

Hall AE (2001) Crop Responses to Environment, pp. 76–77.
CRC Press, Boca Raton, FL.

Hall AE (2004) Breeding for adaptation to drought and
heat in cowpea. European Journal of Agronomy 21:
447–454.

Hall AE, Allen LH Jr (1993) Designing cultivars for the cli-
matic conditions of the next century. In: DR Buxton, R
Shibles, RA Forsberg, BL Blad, KH Asay, GM Paulsen,
and RF Wilson (eds) International Crop Science I,
pp. 291–297. Crop Science Society of America, Madison,
WI.

Hall AE, Ismail AM, Ehlers JD, Marfo KO, Cisse N, Thiaw
S, Close TJ (2002) Breeding for tolerance to temperature
extremes and adaptation to drought. In: CA Fatokun, SA
Tarawali, BB Singh, PM Kormawa, and M Tamo (eds)
Challenges and Opportunities for Enhancing Sustainable
Cowpea Production, pp. 14–21. International Institute of
Tropical Agriculture, Ibadan, Nigeria.

Harding SA, Gurkema JA, Paulsen GM (1990) Photosyn-
thesis decline from high temperature stress during mat-
uration of wheat. I. Interaction with senescence process.
Plant Physiology 92: 648–653.

Hodges HF, Reddy VR, Reddy KR (1991) Mepiquat chloride
and temperature effects on photosynthesis and respiration
of fruiting cotton. Crop Science 31: 1302–1308.

Hutmacher RB, Steiner JJ, Ayars JE, Mantel AB, Vail SS
(1990) Response of seed carrot to various water regimes.



P1: SFK/UKS P2: SFK Color: 1C

BLBS082-5-1 BLBS082-Yadav July 12, 2011 13:58 Trim: 246mm X 189mm

182 CROP ADAPTATION TO CLIMATE CHANGE

I. Vegetative growth and plant water relations. Journal
of the American Society of Horticultural Science 115:
715–721.

Idso SB, Reginato RJ (1982) Leaf diffusion resistance and
photosynthesis in cotton as related to a foliage temper-
ature based plant water stress index. Agricultural and
Forest Meteorology 27: 27–34.

Idso SB, Jackson RD, Pinter PJ Jr, Reginato RJ, Hatfield JL
(1981) Normalizing the stress-degree-day parameter for
environment variability. Agricultural and Forest Meteo-
rology 24: 45–55.

Idso SB, Reginato RJ, Clarrson KL, Anderson MG (1984) On
the stability of stress baselines. Agricultural and Forest
Meteorology 32: 177–182.

Intergovernmental Panel on Climate Change (IPCC) (2007)
Climate change 2007: Synthesis report. Available
from: http://www.ipcc.ch/ipccreports/ar4-syr.htm. Ac-
cessed January 20, 2008.

IRRI, Press Release (2004) Rice harvests more affected than
first thought by global warming. Proceedings of the Na-
tional Academy of Sciences 101: 9971–9975.

Ismail AM Hall, AE (1998) Positive and potential negative
effect of heat-tolerance genes in cowpea. Crop Science
38: 381–390.

Ismail AM, Hall AE (1999) Reproductive-stage heat toler-
ance, leaf membrane thermostability and plant morphol-
ogy in cowpea. Crop Science 39: 1762–1768.

Jagadish SVK, Craufurd PQ, Wheeler TR (2007) High tem-
perature stress and spikelet fertility in rice. Journal of
Experimental Botany 58: 1627–1635.

Jagadish SVK, Craufurd PQ, Wheeler TR (2008) Phenotyp-
ing parents of mapping populations of rice (Oryza sativa
L.) for heat tolerance during anthesis. Crop Science 48:
1140–1146.

Jagadish SVK, Muthurajan R, Oane R, Wheeler TR, Heuer
S, Bennett J, Craufurd PQ (2010) Physiological and pro-
teomic approaches to address heat tolerance during an-
thesis in rice (Oryza sativa L.). Journal of Experimental
Botany 61: 143–156.

Jones P, Jones JW, Allen LH Jr (1985) Seasonal carbon
and water balances of soybeans grown under stress treat-
ments in sunlit chambers. Transactions American Society
of Agricultural Engineers 28: 2021–2028.

Kakani VG, Reddy KR, Koti S, Wallace TP, Prasad PVV,
Reddy VR, Zhao D (2005) Comparison of pollen and
physiological characters of cotton cultivars as screening
tools for high temperature tolerance. Annals of Botany
96: 59–67.

Kakani VG, Prasad PVV, Craufurd PQ, Wheeler TR (2002)
Response of in vitro pollen germination and pollen
tube growth of groundnut (Arachis hypogaea L.) geno-
types to temperature. Plant Cell and Environment 25:
1651–1661

Karim MA, Fracheboud Y, Stamp P (1999) Photosynthetic
activity of developing leaves is less affected by heat stress
than that of developed leaves. Physiologia Plantarum
105: 685–693.

Kim HY, Horie T, Nakagawa H, Wada K (1996) Effects
of elevated CO2 concentration and high temperature on
growth and yield of rice. II. The effect of yield and its
component of Akihikari rice. Japanese Journal of Crop
Science 65: 644–651.

Laing DR, Jones PG, Davis JH (1984) Common bean
(Phaseolus vulgaris L.). In: PR Goldsworthy and NM
Fisher (eds) The Physiology of Tropical Field Crops, pp.
305–351. John Wiley and Sons, New York, NY.

Lane A, Jarvis A (2007) Changes in climate will modify
that geography of crop suitability: Agricultural biodiver-
sity can help with adaptation. An open Access Journal
published by ICRISAT 4: 1.

Lawlor DW, Mitchell RAC (2000) Crop ecosystem responses
to climatic change: Wheat. In: KR Reddy and HF Hodges
(eds) Climate Change and Global Crop Productivity, pp.
57–80. CAB International, New York, NY.

Lobell DB, Asner GP (2003) Climate and management con-
tributions to recent trends in US. Agricultural Yields.
Science 299: 1032.

Lobell DB, Field CB (2007) Global scale climate-crop yield
relationships and the impact of recent warming. Environ-
mental Research Letters 2: 1–7.

Lu Z, Percy RG, Sharif MR, Rundel PW, Zeiger E (1996)
Genetic variation in carbon isotope discrimination and its
relation to stomatal conductance in pima cotton (Gossyp-
ium barbadense). Australian Journal of Plant Physiology
23: 127–132.

Lu Z, Radin JW, Turcotte EL, Percy R, Zeiger E (1994)
High yields in advanced lines of pima cotton are associ-
ated with higher stomatal conductance, reduced leaf area
and lower leaf temperature. Physiologia Plantarum 92:
266–272.

Marcum KB (1998) Cell membrane thermostability and
whole plant heat tolerance of Kentucky bluegrass. Crop
Science 38: 1214–1218.

Martineau JR, Specht JE, Williams JH, Sullivan CY (1979)
Temperature tolerance in soybean. I. Evaluation of tech-
nique for assessing cellular membrane thermostability.
Crop Science 19: 75–78.

Maxwell K, Johnson GN (2000) Chlorophyll fluorescence:
A practical guide. Journal of Experimental Botany 51:
659–668.

McKeown A, Warland J, McDonald MR (2005) Long-term
marketable yields of horticultural crops in southern On-
tario in relation to seasonal climate. Canadian Journal of
Plant Science 85: 431–438.

Moffat JM, Sears G, Cox TS, Paulsen GM (1990) Wheat
high temperature tolerance during reproductive growth.
I. Evaluation by chlorophyll fluorescence. Crop Science
30: 881–885.

Montaigne F (2004) The heat is on: Eco-signs. National
Geographic 206: 34–55.

Morison JIL (1987) Intercellular CO2 concentration and
stomatal response to CO2. In: E Zeiger, GD Farquhar,
and IR Cowan (eds) Stomatal Function, pp. 229–251.
Stanford University Press, Stanford, CA.



P1: SFK/UKS P2: SFK Color: 1C

BLBS082-5-1 BLBS082-Yadav July 12, 2011 13:58 Trim: 246mm X 189mm

IMPACTS OF HIGH-TEMPERATURE STRESS AND POTENTIAL OPPORTUNITIES 183

Morrison MJ, Stewart DW (2002) Heat stress during
flowering in summer Brassica. Crop Science 42:
797–803.

Morita S, Shiratsuchi H, Takanashi J, Fujita K (2004) Effect
of high temperature on ripening in rice plant: Analysis of
the effect of high night and high day temperature applied
to the panicle in other parts of the plant. Japanese Journal
of Crop Science 73: 77–83.

Nasyrov YS (2004) Photosynthesis, global climate changes
and genetic improvement of plant productivity. Pro-
ceedings of the International Symposium on Strategies
for Sustainable Cotton Production—A Global Vision,
November 23–25, 2004. University of Agriculture Sci-
ences, Dharwad, Karnataka, India.

Nelson CJ (1988) Genetic associations between photosyn-
thetic characteristics and yield: Review of the evidence.
Plant Physiology and Biochemistry 26: 543–554.

Oosterhuis DM (2002) Day or night high temperatures: A
major cause of yield variability. Cotton Grower 46: 8–9.

Patel PN, Hall AE (1990) Genotypic variation and classi-
fication of cowpea for reproductive responses to high
temperatures under long photoperiods. Crop Science 30:
614–621.

Peng S, Huang J, Sheehy JE, Laza RC, Visperas RM, Zhong
X, Centeno GS, Khush GS, Cassman KG (2004) Rice
yields decline with higher night temperature from global
warming. Proceedings of National Academy of Science
101: 9971–9975.

Percey RG, Lu ZM, Radin JW, Turcotte EL, Zeiger E
(1996) Inheritance of stomatal conductance in pima cot-
ton (Gossypium barbadense L.). Physiologia Plantarum
96: 389–394.

Plucknett D, Smith N, Williams J, Murthi Anishetty N (1987)
Gene Banks and the World’s Food. Princeton University
Press, Princeton, NJ.

Porter JR (2005) Rising temperatures are likely to reduce
crop yields. Nature 436: 174.

Prasad PVV, Allen LH, Boote KJ (2005) Crop responses to
elevated carbon dioxide and interaction with temperature:
Grain legumes. In: Z Tuba (ed.) Ecological Responses
and Adaptations of Crops to Rising Carbon Dioxide,
pp. 113–155. Haworth Press, PA.

Prasad PVV, Boote KJ, Allen LH Jr (2006a) Adverse high
temperature effects on pollen viability, seed-set, seed
yield and harvest index of grain-sorghum [Sorghum bi-
color (L.) Moench] are more severe at elevated carbon
dioxide due to high tissue temperature. Agricultural and
Forest Meteorology 139: 237–251.

Prasad PVV, Boote KJ, Allen LH Jr, Thomas JMG (2003)
Supra-optimal temperatures are detrimental to peanut
(Arachis hypogaea L.) reproductive processes and yield
at ambient and elevated carbon dioxide. Global Change
Biology 9: 1775–1787.

Prasad PVV, Boote KJ, Allen LH Jr, Thomas JMG (2002)
Effects of elevated temperature and carbon dioxide on
seed-set and yield of kidney bean (Phaseolus vulgaris
L.). Global Change Biology 8: 710–721.

Prasad PVV, Boote KJ, Allen LH Jr, Sheehy JE, Thomas
JMG (2006b) Species, ecotype and cultivar differences
in spikelet fertility and harvest index of rice in response
to high temperature stress. Field Crops Research 95:
398–411.

Prasad PVV, Craufurd PQ, Summerfield RJ (1999a) Sensitiv-
ity of peanut to timing of heat stress during reproductive
development. Crop Science 39: 1352–1357.

Prasad PVV, Craufurd PQ, Summerfield RJ (1999b) Fruit
number in relation to pollen pollen production and vi-
ability in groundnut exposed to short episodes of heat
stress. Annals of Botany 84: 381–386.

Prasad PVV, Craufurd PQ, Kakani VG, Wheeler TR, Boote
KJ (2001) Influence of high temperature during pre- and
post-anthesis stages of floral development on fruit-set and
pollen germination in peanut Australian Journal of Plant
Physiology 28: 233–240.

Prasad PVV, Craufurd PQ, Summerfield RJ, Wheeler TR
(2000) Effects of short episodes of heat stress on
flower production and fruit-set of groundnut (Arachis
hypogaea L.). Journal of Experimental Botany 51: 777–
784.

Prasad PVV, Pisipati SR, Mutava RN, Tuinstra MR (2008a)
Sensitivity of grain sorghum to high temperature stress
during reproductive development. Crop Science 48:
1911–1917.

Prasad PVV, Pisipati SR, Ristic Z, Bukovnik U, Fritz
A (2008b) Impact of high nighttime temperature on
growth and yield of spring wheat. Crop Science 48:
2372–2380.

Prasad PVV, Staggenborg SA, Ristic Z (2009) Impact of
drought and heat stress on physiological, growth and
yield processes. In: LH Ahuja, SA Saseendran, and VR
Reddy (eds) Modeling Water Stress Effects on Plant
Growth: Advances in Agricultural Systems Modeling 1:
301–355, ASA-CSSA, Madison, WI.

Rahman H, Malik SA, Saleem M (2004) Heat tolerance of
upland cotton during the fruiting stage evaluated using
cellular membrane thermo stability. Field Crops Research
85: 149–158.

Reddy KR, Davidonis G, Johnson J, Vinyard B (1999) Tem-
perature regime and carbon dioxide enrichment alters
cotton boll development and fiber properties. Agronomy
Journal 91: 851–958.

Reddy KR, Hodges HF, Kimball BA (2000) Crop ecosystem
responses to climatic change: Cotton. In KR Reddy and
HF Hodges (eds) Climate Change and Global Crop Pro-
ductivity, pp. 161–187. CAB International, Wallingford,
UK.

Reddy KR, Hodges HF, Mckinion JM (1996) Food and agri-
culture in the 21st century: A cotton example. World
Resource Review 8: 80–97.

Reddy KR, Prasad PVV, Kakani VG (2005) Crop responses
to elevated carbon dioxide and interaction with temper-
ature: Cotton. In: Z Tuba (ed) Ecological Responses
and Adaptations of Crops to Rising Carbon Dioxide,
pp. 157–191. Haworth Press, PA.



P1: SFK/UKS P2: SFK Color: 1C

BLBS082-5-1 BLBS082-Yadav July 12, 2011 13:58 Trim: 246mm X 189mm

184 CROP ADAPTATION TO CLIMATE CHANGE

Reddy KR, Reddy VR, Hodges HF (1992) Temperature ef-
fects on cotton fruit retention. Agronomy Journal 84:
26–30.

Reynolds MP, Balota M, Delgado MIB, Amani I, Fischer RA
(1994) Physiological and morphological traits associated
with spring wheat yield under hot, irrigated conditions.
Australian Journal of Plant Physiology 21: 717–730.

Reynolds MP, Nagarajan S, Razzaque MA, Ageeb OAA
(2001) Heat tolerance. In: MP Reynolds, JI Ortiz-
Monasterio, and A McNab (eds) Application of Physiol-
ogy in Wheat Breeding, pp. 124–135. CIMMIT, Mexico,
DF.

Reynolds MP, Singh RP, Ibrahim A, Ageeb OAA, Larque-
Saavedra A, Quick JS (1998) Evaluating physiological
traits to complement empirical selection for wheat in
warm environment. Euphytica 100: 84–95.

Ristic Z, Bukovnik U, Prasad PVV (2007a) Correlation be-
tween heat stability of thylakoid membrane and loss of
chlorophyll in winter wheat under heat stress. Crop Sci-
ence 47: 2067–2073.

Ristic Z, Bukovnik U, Momcilovic I, Fu J, Prasad PVV
(2008) Heat-induced accumulation of chloroplast pro-
tein synthesis elongation factor, EF-Tu, in winter wheat.
Journal of Plant Physiology 165: 192–202.

Ristic Z, Momcilovic I, Fu J, Callegari E, DeRidder BP
(2007b) Chloroplast protein synthesis elongation factor,
EF-Tu, reduces thermal aggregation of rubisco activase.
Journal of Plant Physiology 164: 1564–1571

Ristic Z, Momcilovic U, Bukovnik U, Prasad PVV, Fu
J, DeRidder BP, Elthon TE, Mladenov N (2009)
Rubisco activase and wheat productivity under heat
stress conditions. Journal of Experimental Botany 60:
4003–4014.

Roberts EH, Summerfield RJ (1987) Measurement and pre-
diction of flowering in annual crops. In: JG Atherton
(ed.) Manipulation of Flowering, pp. 17–50. Butterworth,
London.

Rogers P (1990) Climate change and global warming: A
new role for science in decision making. Environmental
Science and Technology 24: 428–430.

Rosielle AA, Hamblin J (1981) Theoretical aspects of selec-
tion for yield in stress and non-stress environments. Crop
Science 21: 943–946.

Saadalla MM, Shanahan JF, Quick JS (1990) Heat toler-
ance in winter wheat. I. Hardening and genetic effects on
membrane thermostability. Crop Science 30: 1243–1247.

Salem MA, Kakani VG, Koti S, Reddy KR (2007) Screen-
ing soybean genotypes for high temperatures by in vitro
pollen germination and pollen tube length. Crop Science
47: 219–231.

Saranga Y, Jiang CX, Wright RJ, Yakir D, Paterson AH
(2004) Genetic dissection of cotton physiological re-
sponses to arid conditions and their inter-relationship
with productivity. Plant Cell and Environment 27:
263–277.

Schlemmer MR, Francis DD, Shanahan JF, Sehepers JS
(2005) Remotely measuring chlorophyll content in corn

leaves with differing nitrogen levels and relative water
content. Agronomy Journal 97: 106–112.

Shanahan JF, Edwards IB, Quick JS, Fenwick JR (1990)
Membrane thermostability and heat tolerance of spring
wheat. Crop Science 30: 247–251.

Siddique KHM, Loss SP, Regan KL, Jettner RL (1999)
Adaptation and seed yield of cool season grain legumes
in Mediterranean environments of south-western
Australia. Australian Journal of Agricultural Research
50: 375–387.

Singh RP, Singh J, Lal CB, Sunita K, Elayaraja K (2003)
Development of suitable cotton G. hirsutum L. plant
type tolerant to high diurnal temperature with suitabil-
ity to grow during spring/summer season. ICAR News 9:
14–16.

Singh RP, Vara Prasad PVV, Sunita K, Giri SN, Reddy KR
(2007) Influence of high temperature and breeding for
heat tolerance in cotton: A review. Advance in Agronomy
93: 314–384.

Smart CM (1994) Tansley Review No. 64. Gene expression
during leaf senescence. New Phytologist 126: 419–448.

Stone PJ, Nicolas ME (1994) Wheat cultivars vary widely in
their responses of grain yield and quality to short periods
of post-anthesis heat stress. Australian Journal of Plant
Physiology 21: 887–900.

Sullivan CY (1972) Mechanism of heat and drought resis-
tance in grain sorghum and methods of measurement. In:
NGP Rao and LR House (eds) Sorghum in the Seventies.
Oxford and IBH Publishing Co., New Delhi, India.

Sullivan CY, Ross WM (1979) Selecting for drought and heat
resistance in grain sorghum. In: H Mussell and R Staple
(eds) Stress Physiology in Crop Plants, pp. 263–281. John
Wiley & Sons, New York, NY.

Sung DY, Kaplan F, Lee K, Charles L (2003) Acquired tol-
erance to temperature extremes. Trends in Plant Science
8: 179–187.

Surasinghe T (2009) Loss of biodiversity in the face of global
warming. Zoos’ Print XXIV (RNI 10:10).

Thiaw S, Hall AE (2004) Comparison of selection for either
leaf-electrolyte-leakage or pod set in enhancing heat tol-
erance and grain yield of cowpea. Field Crops Research
86: 239–253.

Thomas H, Smart CM (1993) Crop that stay green. Annals
of Applied Biology 123: 193–219.

Thomas JMG (2001) Impact of Elevated Temperature and
Carbon Dioxide on Development and Composition of
Soybean Seed, 185pp. Ph.D. Dissertation, University of
Florida, Gainesville, FL.

Thompson LM (1986) Climatic change, weather vari-
ability and corn production. Agronomy Journal 78:
649–653.

United Nations News Centre, FAO (2005) Climate Change
Threatens Crop Losses, More Hungry People—UN, 26
May 2005.

Wahid A, Ghazanfar A (2006) Possible involvement of some
secondary metabolites in salt tolerance of sugarcane.
Journal Plant Physiology 163: 723–730.



P1: SFK/UKS P2: SFK Color: 1C

BLBS082-5-1 BLBS082-Yadav July 12, 2011 13:58 Trim: 246mm X 189mm

IMPACTS OF HIGH-TEMPERATURE STRESS AND POTENTIAL OPPORTUNITIES 185

Wahid A, Shabbir A (2005). Induction of heat stress tol-
erance in barley seedlings by pre-sowing seed treat-
ment with glycinebetaine. Plant Growth Regulation 46:
133–141.

Wahid A, Gelani S, Ashraf M, Foolad MR (2007) Heat toler-
ance in plants: An overview. Environmental and Experi-
mental Botany 61: 199–223.

Wand SJE, Midgley GF, Jones MH, Curtis PS (1999) Re-
sponses of wild C4 and C3 grasses (Poaceae) species to el-
evated atmospheric CO2 concentration: A meta-analytic
test of current theories and perceptions. Global Change
Biology 5: 723–741.

Wheeler TR, Craufurd PQ, Ellis RH, Porter JR, Vara Prasad
PV (2000) Temperature variability and the annual yield
of crops. Agriculture, Ecosystems and Environment 82:
159–167.

Yamada M, Hidaka T, Fukamachi H (1996) Heat tolerance in
leaves of tropical fruit crops as measured by chlorophyll
fluorescence. Scientia Horticulture 67: 39–48.

Yang J, Sears RG, Gill BS, Paulsen GM (2002) Growth and
senescence characteristics associated with tolerance of
wheat-alien amphiploids to high temperature under con-
trolled conditions. Euphytica 126: 185–193.

Zaharieva M, Gaulin E, Havaux M, Acevedo E, Monneveux
P (2001) Drought and heat responses in the wild wheat
relatives Aegilops geniculata Roth: Potential interests for
wheat improvements. Crop Science 41: 1321–1329.

Ziska LH (2003) Evaluation of the growth response of six
invasive species to past, present and future carbon diox-
ide concentrations. Journal of Experimental Botany 54:
395–404.

Ziska LH, George K (2004) Rising carbon dioxide and inva-
sive, noxious plants: Potential threats and consequences.
World Resource Review 16: 427–447.

Ziska LH, Runion GB (2006) Future weed, pest and dis-
ease problems for plants. In: P Newton, A Carman, G
Edwards, and P Niklaus (eds) Agroecosystems in a
Changing Climate, pp. 262–287. CRC, Boca Raton, FL.



P1: SFK/UKS P2: SFK Color: 1C

BLBS082-5-2 BLBS082-Yadav July 12, 2011 14:1 Trim: 246mm X 189mm

Chapter 5.2

Responses to Increased Moisture Stress and
Extremes: Whole Plant Response to Drought
under Climate Change
Vincent Vadez, Jana Kholova, Sunita Choudhary, Paul Zindy, Médulline Terrier,
Lakshman Krishnamurthy, Pasala Ratna Kumar, and Neil C. Turner

Introduction

Drought is the most common abiotic stress re-
ducing the yield of many crops, in particular
legumes. Improving the tolerance of crops under
water-limited environments is a must if agricul-
tural production is to keep up with the expected
demographic increase. Beyond productivity, re-
silience of crops to water limitation, i.e., the ca-
pacity to yield even under very harsh conditions,
will be increasingly important with the ongo-
ing and predicted changes in climate. All the
Global Circulation Models (GCMs) predict that
the current increases in temperature will con-
tinue so that by the end of the present century
mean temperatures will be 2–4◦C warmer than
the present (Christensen et al. 2007). While the
GCMs predict rainfall less reliably than tem-
perature, the consensus is that the semiarid re-
gions away from the equator will have decreas-
ing rainfall and increasing periods of drought
(Christensen et al. 2007; Hennessey et al. 2008).
Again, while predictions of extreme events are
less reliable, the consensus view is that supraop-
timal temperatures and periods of drought and

flooding rains will increase (Christensen et al.
2007; Hennessey et al. 2008), increasing the re-
quirement for greater crop resilience. Finally, the
change in temperature will also affect how crops
grow and develop, even if water is sufficient, and
this will have consequences on how crops re-
spond when water becomes limiting. Thus, cli-
mate change will add a new dimension to the
current research on drought and a comprehen-
sive approach is needed to address drought in a
way that takes into account how climate change
will affect how plants use water and respond to
drought.

In this chapter, we tackle the physiology of
plant water use from the angle of how this will
be modified in a context of a changing climate.
Two recent reviews cover a number of innovative
aspects to drought research, in particular in rela-
tion to research on roots, and advocate the need
to look at the soil–root–shoot–atmosphere water
management in a comprehensive and dynamic
manner (Vadez et al. 2007, 2008). In the present
chapter, we revisit some of these aspects from
the perspective of changing climatic conditions
and explore the major issues that climate change
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will bring about, and how it will affect crop
production and in particular under water-limited
conditions. These issues can be broadly grouped
into two categories: (1) thermodynamic aspects
of the soil–plant–atmosphere water relations and
(2) growth and development aspects.

By “thermodynamic aspects of soil–plant–
atmosphere water relations,” we tackle the fact
that temperature will increase, either the well-
predicted 2–4◦C increase or the increase in
supraoptimal temperature events, and although
the relative humidity may increase (Roderick
et al. 2007), we may expect that the vapor pres-
sure deficit (VPD) would increase because the
magnitude of the relative humidity increase is
expected to be less than the magnitude of the
temperature increase. We will start this section
by reflecting on the fact that drought effects are
often consequences of differences in patterns of
water use while water was available, and where
we believe that plant hydraulics would play an
important role. The increase in VPD will in-
crease the rate of transpiration per unit leaf area
and may have consequences on the hydraulic re-
lations along the soil–plant–atmosphere contin-
uum. Understanding the conductance to water of
these different compartments will be an impor-
tant aspect of selecting those genotypes that are
better suited to climate change. This will need
an improvement in the methods to assess the
role of roots (Vadez et al. 2008) and require a
thorough investigation of how genotypes control
water loss at the leaf level and how this interacts
with the increased VPD. We will also review the
decreased water productivity due to the increase
in VPD, and how understanding the processes of
water loss at the leaf level are likely to be key to
developing genotypes adapted to climate change.

By “growth and development processes,” we
mean all processes that will be influenced by tem-
perature per se and by the rise in CO2 concentra-
tion. First and foremost, the increase in tempera-
ture will increase the phenological development
of the crop and shorten the cropping cycle. This
will have an influence under all conditions, not
only drought, and will simply represent a loss

of opportunity to fix carbon and intercept light.
The increase in VPD will likely have an effect
on leaf expansion, which in consequence will af-
fect both the crop biomass productivity and also
the crop water balance under conditions of water
deficit. We will address how shortening the crop-
ping cycle, and increasing water demand because
of VPD, may balance each other with limited
consequences on the overall soil water balance.
We will briefly address how the rise in CO2 will
have a beneficial effect on water productivity,
which will in part counterbalance the negative
effect of VPD increase on water productivity but
not discuss the short- and long-term acclimation
to higher CO2, which is still the object of de-
bate. We will address how breeders will have to
select new cultivars with phenological develop-
ment and overall strategies of water use that are
suited to the changes in climate, in particular the
ability to meet the demand for water at critical
stages in crop development. In this section, we
will also address how supraoptimal temperatures
will have a dramatic effect on seed setting. This
fact is well known and the challenge will be to
identify genotypes capable of successful repro-
duction at high temperature.

Thermodynamic effects

How climate change will affect the
control of plant water loss

Under conditions of climate change, tempera-
tures are almost certain to increase and even
if air humidity increases slightly, the VPD will
likely increase. It is well known that the water
moves along the soil–plant–atmosphere contin-
uum driven by differences in water pressure. The
increase in VPD will simply increase the differ-
ence between the wet leaf interior and dry atmo-
sphere and tend to drive water out of the leaves
and lead to more rapid depletion of the soil mois-
ture profile unless the stomata close to reduce the
water loss from the leaves. If plants can control
water loss at high VPD when water is plentiful,
this should make it more available when rainfall
diminishes, a strategy that would be particularly
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important in conditions of terminal stress. So,
our first line of action against climate change is to
tackle the control of plant water loss under well-
watered conditions. For that purpose, we need
to understand better the hydraulic issues related
to water movement in the soil–plant–atmosphere
continuum.

The soil–plant–atmosphere continuum

Besides the fact that roots supply water to the
plant and contribute to the overall plant water
balance, relatively little is known about the pro-
cesses and regulation of water uptake. It is well
established that the hydrostatic pressure created
by transpiration from the shoot is transmitted
to the xylem vessels of the shoot and the roots,
which drives water in the root cylinder toward the
xylem vessels (Steudle 1995; Tyree 1997). It is
also clear that the hydrostatic pressure is not the
only factor responsible for water uptake, which
also involves specialized membrane transporters
(aquaporins) (Chrispeels and Maurel 1994; Javot
and Maurel 2002; Tyerman et al. 2002; Bramley
et al. 2007, 2009). The current model of water
uptake through the root cylinder to the xylem,
the composite transport model (Steudle 2000a),
is such that water is taken up via three major
pathways: (1) an apoplastic pathway where wa-
ter travels through the apoplast of the cells in the
root cortex, toward the endodermis and the xylem
vessels, (2) a pathway of symplastic water trans-
fer where water goes through cells traveling in
the membrane continuum (endoplasmic reticu-
lum and plasmodesmata) (cell-to-cell pathway),
and (3) a pathway that involves water move-
ment through the vacuoles and often merged to
the symplastic pathway. The symplastic pathway
usually is considered to offer a large resistance to
water flow in contrast to the apoplastic pathway,
which predominates when transpiration demand
is high (Steudle 2000a, 2000b).

At constant leaf area, there are several possi-
ble ways by which plants can avoid losing exces-
sive water even if water is available: (1) by having
a lower stomatal conductance and (2) by limiting

stomatal conductance when the VPD is high. We
could also hypothesize that limiting root con-
ductance to water entry would in turn induce
stomatal closure under conditions of high evap-
orative demand. Some of these hypotheses are
supported by a modeling study showing that im-
posing a maximum rate of transpiration per day
would contribute to water saving, increase the
transpiration efficiency (TE), and lead to a yield
benefit in sorghum in most years (Sinclair et al.
2005). The challenge will be to identify geno-
types that are capable of controlling water loss.

Understanding better the root hydraulic
conductance to water

Under various stresses such as drought, salinity,
waterlogging, nutrient deficiency, root aging, or
environmental conditions such as temperature,
humidity, or light, the resistance to water flow
varies (Steudle and Henzler 1995; Bramley et al.
2010), and, for instance, usually increases under
water deficit (Steudle 2000a). Most of that resis-
tance is located in the root cylinder (radial re-
sistance), whereas xylem vessels normally offer
much less resistance (axial resistance) (Steudle
2000a; Bramley et al. 2009). In the root cylin-
der, the cell-to-cell pathway is a highly regulated
movement, involving the crossing of many mem-
branes through membrane transporters (aqua-
porins) (Javot and Maurel 2002; Tyerman et al.
2002; Bramley et al. 2007).

Understanding which components of the
composite model (Steudle 2001) predominate
under nonstressed conditions, and how these
components change under water deficit, are cru-
cial in understanding how plants regulate the
rate of water and nutrient supply at the root
level and eventually support transpiration and
growth. Several reports have shown intra- and in-
terspecific differences in the relative proportion
of water traveling through each of these path-
ways (Steudle 1993; Steudle and Frensch 1996;
Yadav et al. 1996; Steudle and Petersen 1998;
Jackson et al. 2000; Bramley et al. 2009). In-
traspecific differences in the hydraulic properties
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of roots would affect the rate of soil water use,
or would lower the root length density (RLD)
needed to absorb a given amount of water. So,
under drought-prone conditions and moreover
with climate change, the regulation of root hy-
draulic conductance is likely to be a key to the
overall control of water loss by plants.

The need to approach roots
“dynamically”

A better understanding of the dynamics of plant
water use under both well-watered conditions
and upon exposure to water deficits will be
crucial to progress toward the identification of
genotypes that can match water requirement and
availability with climate change. Rooting traits
will continue to be an important component in
the overall plant adaptation to drought. However,
it appears that there is a need to better under-
stand root functionality rather than deciphering
its morphology. Despite a substantial number of
studies on roots in different crops, most of these
studies assessed roots in a very “static” man-
ner, i.e., destructive samplings at one or several
points in time, giving virtually no information on
the detailed “dynamics” of roots, and it is still un-
clear what particular root trait, or what particular
aspect of root growth would contribute to a better
adaptation to drought. In addition, most studies
on roots published thus far have relied on a fun-
damental assumption, that increased RLD would
equate with higher water uptake and therefore on
yield.

As suggested by other authors (McIntyre
et al. 1995; Dardanelli et al. 1997), water up-
take should be the primary focus of root research
and such water uptake should be assessed in vivo
and repeatedly in plants that are adequately wa-
tered and are exposed to stress in conditions that
mimic field conditions, particularly in relation to
soil depths and soil volume per plant. In a pre-
vious review (Vadez et al. 2008), we have advo-
cated that water uptake by roots should be mea-
sured rather than assessing morphological root-
ing traits. This methodological approach should

be complemented by a comprehensive study on
how roots and shoots capture and regulate water
loss in a way that maximizes and matches plant
productivity to available water.

VPD effect on water productivity

Water-use efficiency (WUE) can be defined at
several levels: (1) at the cellular level as the ratio
of instantaneous carbon fixation/instantaneous
transpiration (A/E), (2) at the plant level as
the ratio biomass/water transpired (also called
TE), and (3) finally at the field level as
the ratio of harvestable yield or above-ground
biomass/evapotranspiration (also called WUE).
Here, we will deal with TE, which is usually a
major portion of WUE although soil evaporation
can be a large fraction of evapotranspiration in
some dryland situations.

As per the different definition of TE (reviewed
by Tanner and Sinclair 1983), the productivity of
water is an inverse relation of VPD, such as

Y/T = k(/e∗ − e) (Bierhuizen and

Slatyer 1965),

where Y represents biomass or grain yield, T is
transpiration, e is the vapor pressure in the at-
mosphere, and e∗ is the saturated vapor pressure
(the term e∗−e represents VPD).

So, it appears from this definition that the wa-
ter productivity of crop is constant except for
a constant k that is crop specific. A recent re-
view paper (Steduto et al. 2007) confirms these
facts and also states that the only major differ-
ences in the k constant would be between C4 and
C3 plants, whereas k would normally vary lit-
tle within either C3 or C4 plants. However, they
agree with a growing number of experimental
data showing genotypic differences in TE in sev-
eral crops such as groundnut. There is indeed a
growing body of evidence showing that TE varies
across genotypes of the same species, and then
among species. Steduto et al. (2007) attribute the
differences in TE with variation in the metabolic
costs with respiration expenses differing among
genotypes. So, for water-limited environments,
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whether water productivity can be improved to-
ward better yields in specific environment/crops
is still a major question mark. At ICRISAT, con-
siderable effort is ongoing to develop ground-
nut genotypes with improved WUE. It has been
shown in groundnut that higher TE leads to
higher yield under intermittent stress conditions
(Wright et al. 1991; Ratnakumar et al. 2009), but
more work is needed in other legume crops.

The definition of TE by Bierhuizen and
Slatyer (1965) simply indicates that if VPD in-
creases, the water productivity will decrease at
a constant rate. So, while the debate is still on-
going in relation to the constant k, i.e., the slope
of the linear relationship between Y and T , no
one has attempted to address whether the rela-
tionship between TE and VPD follows a sim-
ilar decline in all genotypes. At ICRISAT, we
have initiated some research on this by mea-
suring TE in groundnut and pearl millet geno-
types, where TE was measured at different VPD
level ranging between 0.7 and 3.2 kPa using con-
trolled environment growth chambers. Prelimi-
nary data indicate that not all genotypes have a
same rate of decrease in TE upon increasing VPD
(data not shown). For instance, TE in genotype
ICGV86031, previously used as high TE par-
ent in a crossing program (Krishnamurthy et al.
2007), had a higher TE than the low TE parent
TAG24 under low VPD. However, the difference
in TE between the genotypes was much less at
higher VPD levels.

Regulation of stomatal control

A key to identifying germplasm with superior
water productivity is a better understanding of
the control of leaf water losses. Recent data in
pearl millet (Kholova et al. 2010) and ground-
nut (Vadez et al. 2007; Bhatnagar-Mathur et al.
2008) report genotypic differences in the con-
trol of water loss under well-watered conditions,
with important consequences on how genotypes
respond later to a water deficit. Recent work on
the ERECTA gene that controls TE shows that it
has a role both in regulating photosynthesis and

also in regulating stomatal conductance (Masle
et al. 2005). ERECTA is a putative leucine-rich
repeat receptor like kinase with known effect on
the inflorescence development. This would po-
tentially lead to a limit on the maximum rate of
transpiration. Data on pearl millet and ground-
nut (Vadez et al. 2007; Bhatnagar-Mathur et al.
2008) indicate that genotypes better adapted to
certain drought conditions might be those capa-
ble of limiting water use when water is available.
In short, this type of behavior, i.e., water spar-
ing by the shoot in the vegetative phase when the
soil is wet, should make more water available for
water uptake by roots at the grain-filling period.
However, a more moderate water use in the veg-
etative stage will result in less photosynthetic ac-
tivity and growth. While this water-sparing will
be beneficial where crops grow on stored soil
water, it can lead to lower yields where crops
grow on current rainfall in a short rainy sea-
son (Turner and Nicolas 1998). What is usually
called “drought tolerance” can at least in part be
the consequence of constitutive traits that impact
on how soil water is used when it is nonlimiting
to plant transpiration.

Sensitivity of stomata to VPD to save
water in the soil profile

Transpiration of certain genotypes of soybean
has been shown to no longer increase or to in-
crease at a lower rate at VPDs above 2.0 kPa
(Sinclair et al. 2008). This trait would limit soil
moisture use when the VPD is high, hence when
carbon fixation has a high water cost. Similar
and additional to the above trait, it would make
more soil water available for grain filling. Cer-
tain species such as pearl millet in semiarid con-
ditions have been reported to limit the increase
in transpiration when the VPD is above 2.5 kPa
(Squire 1979). In the work reviewed by Bidinger
and Hash (2004), no attention was paid to pos-
sible genetic variations in this strategy. Our re-
cent data indicate that a behavior similar to that
in soybean is occurring in pearl millet, where
genotypes differ in their transpiration response
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to VPD (Vadez et al. 2007b). Incorporation of
a terminal drought tolerance Quantitative Trait
Locus (QTL) considerably slowed transpiration
at high VPD, whereas in genotypes not incor-
porating this QTL, the rate of transpiration re-
sponded linearly to increases in VPD above
2.0 kPa. We have also found similar results in
groundnut, where transpiration responded lin-
early to an increase in VPD above 2.0 kPa in
the genotype TAG24, whereas transpiration did
not increase when the VPD was above 2.0 kPa
in the genotype ICGV86031 (Devi et al., 2010).

Growth and development
processes

Shortening of the cropping period

The phenological stages of plants are related
to the accumulation of thermal degrees above
a baseline temperature defined for each crop.
Figure 5.2.1 shows the accumulation in degree-
days in chickpea, using a base temperature of
8◦C. It shows that a standard genotype requir-
ing about 800 degree-days to reach flowering in
the current climate would accumulate a similar
number of degree-days in about 8 days less when
the mean temperature increases 2◦C. A warm-

ing climate has a similar effect on the time to
maturity. Such a decrease in the overall crop-
ping cycle is going to be one of the major ef-
fects of climate change. The consequences are
twofold: (1) the shortening of the cropping cycle
should, in theory, make the water requirement
of the crop smaller and simulate the effects of
short-duration cultivars, a breeding objective for
water-limited environments and (2) the shorten-
ing of the cropping cycle represents a substantial
decrease in the magnitude of light capture by the
crop canopy and simulation modeling indicates
that this will lead to a substantial yield decline
in most situations and crops. To recover that loss
in duration in cropping cycle, and the related de-
cline in yield, the simplest solution will be to use
slightly longer duration genotypes and cultivars
than those currently being used.

Leaf expansion

Leaf expansion rate is normally linearly related
to accumulation of thermal time in cereals. How-
ever, leaf expansion is affected by VPD and
decreases under high VPD in maize (Reymond
et al. 2003). A lower leaf expansion rate would
then lead to lower leaf area. If climate change

Fig. 5.2.1. Degree-day accumulation in chickpea using a base temperature of 8◦C. It
uses mean daily temperature data of the month of November and December 2008 at
ICRISAT headquarters (Patancheru, Andhra Pradesh). The climate change (CC) scenario
is using an increase of 2◦C above current climate.
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results in higher VPDs, we can expect that the
leaf canopy will develop differently as a result
of climate change and may differ among species
and genotypes. While leaf expansion in crops,
such as maize, takes place primarily during the
night; in pearl millet, leaf expansion takes place
during both day and night. This is an impor-
tant issue as minimum temperatures have been
shown to increase more than maximum temper-
atures and maximum relative humidities to de-
crease as a result of global warming. Therefore,
an expected effect of climate change on the leaf
area development may have different effects on
different species, depending whether leaf expan-
sion takes place predominantly during the night
or the day in these species. Preliminary data
at ICRISAT indicate that groundnut genotypes
vary in leaf area development under different
VPD conditions. The genotype TAG24 showed
almost no decrease in leaf area at moderate VPD,
whereas genotype ICGV86031 showed a signif-
icant decrease in leaf area. On the one hand, a
decrease in leaf area will limit productivity and
will limit carbon fixation, while a smaller canopy
will limit water extraction from the soil profile,
which should be beneficial for crops growing on
stored soil moisture.

Length of the growing period (LGP)

This parameter is defined as the number of days
during a cropping cycle when there is sufficient
water in the soil profile to sustain growth. With
the increase in temperature, the evaporative de-
mand is likely to increase, although because of
the influence of the increase in temperature on
leaf area and growth, the increase may not be as
great as expected from the changes in VPD. Sim-
ulations and modeling indicate that the LGP will
likely be shortened under climate change con-
ditions by up to 20% in some African regions
(Thornton et al. 2006), in part because of the de-
lay in reliable opening rains (Tadross et al. 2007).
How the reduction in the cropping cycle will in
part compensate for the reduction in the LGP is
an important question if we are to answer issues

arising from climate change. We will attempt to
do so in the following section, looking it from
the angle of the overall plant water management.

The compensating effect of CO2

High intrinsic WUE, i.e., the ratio of photosyn-
thetic and transpiration rates at the leaf level,
is achieved by having a low CO2 concentra-
tion in the substomatal chamber (Condon et al.
2002). A high mesophyll efficiency would con-
tribute to that by driving the CO2 concentration
down in the substomatal chamber. It can also be
achieved by maintaining a low stomatal conduc-
tance. Increasing CO2 concentrations in the at-
mosphere will reduce stomatal conductance, but
plants should be able to maintain similar CO2

concentrations in the substomatal chamber with
a lower stomatal conductance, which will result
in lower rates of transpiration and this will con-
tribute to water saving. Therefore, we can expect
that the higher CO2 conditions brought about by
climate change will have a beneficial effect on the
overall plant water balance and productivity, as it
has been show previously (Sinclair et al. 1991).
The fact that the stomatal conductance would
be less in a higher CO2 environment would also
relieve plant hydraulics with regards to water
movement. Obviously, the reduced transpiration
and related reduction in leaf cooling will have
to be considered from the angle of possible heat
stress on the leaves.

Matching water uptake to the overall
cropping cycle—plant phenology

The shortening of the cropping period and the
quicker water exploitation from the soil profile
due to higher VPD and the temperature-related
differences in the canopy development will have
antagonistic effects on the overall water balance
of the soil profile. From a water-availability point
of view, the strategy to identify successful geno-
types fitted to the water-limited conditions un-
der the climate change scenario will need to be
based on the following two basic requirements:
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(1) to maximize transpiration and water capture
and (2) to ensure that water is available for key
stages in crop development and in particular in
the postflowering period.

Under drought conditions, the primary factor
contributing to better yield is suitable phenology,
adjusted to the water available from rainfall or
soil moisture to allow the crop to complete its
life cycle (drought escape mechanism) (Serraj
et al. 2004). Several studies indicate that “supe-
rior” root traits contribute to drought tolerance
of genotypes, provided these have a suitable phe-
nology (Blum et al. 1977; Kashiwagi et al. 2006).
Therefore, while measuring the volume of water
taken up by roots is certainly an important fac-
tor, understanding the kinetics of water uptake,
and how these kinetics relate to the phenologi-
cal stage of a plant, are equally important issues.
This view is shared by Boote et al. (1982, cited
in Meisner and Ketring 1992), who argue that
sufficient amounts of water at key times during
the plant cycle is more important than availabil-
ity across the whole cycle. We suggest that these
key stages may be the reproductive stages and the
later stages are the grain filling. Previous work
on roots indicates that root growth can persist
at very different stages and under different con-
ditions, such as drought (Chopart 1983; Hafner
1993; Ketring and Reid 1993). However, a miss-
ing link in these studies is how the reported root
growth relates to differences in water uptake, and
how much the water uptake varies among geno-
types over the growth cycle. Therefore, our work-
ing hypothesis is that differences in root growth
under drought during reproduction and the latest
part of grain filling will result in differences in
water uptake, in turn resulting in differences in
seed number and better grain filling.

One exception to this emphasis on reproduc-
tive growth being critical is the prediction that
climate change will reduce the probability of
rainfall at the beginning of the growing season in
southern Africa, thereby shortening the length of
the growing season (Tadross et al. 2007). If geno-
types of crops that can withstand early drought
could be developed, this would enable them to

be sown on limited rainfall and earlier than wait-
ing for good opening rains. Studies with wheat,
lupins, and faba bean suggest that provided there
is sufficient rain for germination and emergence,
the seedlings can withstand periods of up to a
month without follow-up rainfall. Screening for
differences in seedling survival without water
would be an easy and effective solution for such
a drought/climate change scenario.

Water uptake during reproduction

The reproductive stages of crop plants are
extremely sensitive to any type of stress (Boyer
and Westgate 2004). First, we consider the
reproductive stages as the sequence of events
from the emergence of a flower bud to the
beginning of grain filling. It is important to
understand the kinetics of water supply under
stress during these stages, the existence of any
genotypic difference in the kinetics, and how
such differences relate to yield. Our data (Vadez
et al. 2008) showed that groundnut genotypes
grown in 1.2 m and 16 cm diameter PVC
cylinders and exposed to water stress during
flowering had very distinct patterns of water
use. Genotypes TMV2 and ICGS 44 maximized
transpiration during the first 10 days following
withdrawal of irrigation, but ran short of water
during later stages. By contrast, genotypes TAG
24 and ICGV 86031 limited their transpiration
soon after withdrawing irrigation, but were able
to extract water for a longer period of time.
We found that genotypes TAG 24 and ICGV
86031 had higher abscisic acid (ABA) content
in the leaves under stress conditions than under
well-watered conditions, whereas TMV2 and
ICGS 44 had similar ABA levels under both
treatments (Fig. 5.2.2). Genotypes TAG 24 and
ICGV 86031 had higher ABA content under
stress conditions than TMV2 and ICGS 44 under
stress conditions. We did not test whether these
differences in kinetics had any bearing on the rel-
ative yield. However, the data clearly suggested
that genotypes differed in their kinetics of water
uptake under stress. What consequences this
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Fig. 5.2.2. ABA content (ng g−1 fresh weight) in the leaves of four groundnut genotypes grown in 16 cm PVC
tubes and either grown under fully irrigated conditions (control) or under water stress conditions (stress), which
was imposed by withholding irrigation from 40 days after sowing. Leaf tissues were sampled at 24 days after
withdrawing irrigation.

had on reproduction still needs to be elucidated.
The data also suggest that ABA is likely to play
a role in the kinetics of water uptake.

Water uptake and grain filling

Differences in water uptake during grain fill-
ing will also affect photosynthesis and conse-
quently the supply of carbohydrates to the ma-
turing grains. For instance, a good relationship
between RLD in the deep soil layers and the
harvest index (indicative of grain filling) was
observed in chickpea, especially under severe
drought conditions (Kashiwagi et al. 2006). A
similar phenomenon may also prevail in sorghum
where the stay-green phenotype is associated
with better grain filling, and where one hypoth-
esis is that the maintenance of physiologically
active and green leaves under terminal moisture
stress, along with a minimum water uptake, sus-
tains grain filling under terminal drought. This

is in agreement with the observed deeper root-
ing of stay-green genotypes under water-stressed
conditions (Vadez et al. 2005, 2007a). The water
needed to sustain grain filling may be relatively
small and due to small differences in root devel-
opment (depth, RLD). Such differences would
be difficult to capture by current measurements
of root growth (biomass, RLD, root length), but
could be measured by an assessment of water
uptake, which would “integrate” the benefit of
slight RLD differences over time.

The effect of high temperature on
pod setting

Climate change is expected to raise the frequency
of extremes of cold and heat in different parts of
the world (Christensen et al. 2007; Hennessey
et al. 2008). Yet, heat waves are a common char-
acteristic of the semiarid tropics and developing
cultivars to withstand supraoptimal temperatures
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is important. It is well known that plant’s repro-
duction is sensitive to heat stress (Prasad et al.
2000, 2001, 2002, 2003, 2006a, 2006b). There-
fore, it will be important to identify genotypes
that are capable of setting seeds at supraopti-
mal temperatures. In doing so, care should be
taken with the experimental approach as sim-
ply delaying the date of planting to ensure that
reproductive development occurs at high tem-
peratures will also affect the radiation received
by the crop. To reliably screen for the ability to
set seed at high temperatures, controlled envi-
ronment conditions will be required.

Crop failure

One of the consequences of increasing temper-
atures and increasing frequency of drought is
the increase in crop failure. Modeling suggests
that where crop production in currently marginal
climate change will result in a greater number
of years when crops fail (Thornton et al. 2006).
While one or two years of crop failure may be
manageable in the developed world, for subsis-
tence farmers, it can result in abandonment of the
farm. The switch to livestock production and re-
liance on perennial grasses and shrubs for fodder
may be required for survival in areas marginal for
cropping.

Conclusion

As can be seen, climate change will induce a
number of changes that will affect the evapo-
rative environment in which plant leaves will
evolve. A better understanding of the process by
which plants control their water loss is needed,
in particular to achieve a tighter control. A
better understanding of the hydraulic relations
along the soil–plant–atmosphere continuum is
required. Regarding the role of roots, it will be-
come increasingly important to address rooting
traits in a more dynamic manner, in particular
looking in a comprehensive manner at how a
particular pattern of water uptake will match the
control of water loss by the leaves. Since water

productivity will decrease as the climate changes
due to an increase in the VPD, the challenge
will be to identify germplasm that is capable of
maintaining high water productivity under high
evaporative demand.

Climate change will also affect the overall pat-
tern of the cropping cycle. Breeding for medium
duration crops will likely be increasingly impor-
tant and this should largely mitigate the negative
effects of climate change on yield. With increas-
ing likelihood of drought, a key will be to un-
derstand the dynamics of water uptake and how
water taken up at key developmental stages af-
fects the yield under stress.
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Chapter 6

Plant Responses to Increased Carbon Dioxide
S. Seneweera and R.M. Norton

Introduction

Carbon dioxide (CO2) input to the atmosphere
from burning fossil fuels and other anthro-
pogenic activities has seen concentrations in-
crease from less than 300 μmol/mol before
the industrial revolution to 387 μmol/mol in
2009, increasing at 1.9 μmol/mol per year since
2000 (Forster et al. 2007). The increase in
atmospheric greenhouse gases CO2, methane,
nitrous oxide, and halocarbons are likely to
have increased radiative forcing by 9% between
1998 and 2007, leading to a warming of the at-
mosphere (Forster et al. 2007).

The IPCC 2007 emissions scenario A1B in-
dicates that atmospheric carbon dioxide con-
centration ([CO2]) will reach 550 μmol/mol by
2050 (Carter et al. 2007). The climatic pertur-
bations that result from a changed atmosphere
are expected to have strong regional effects, but
generally it is likely that there will be warmer
temperatures and more frequent droughts partic-
ularly at the mid-latitudes (Carter et al. 2007).
For example, in southern Australia, rainfall will
decline by 50–100 mm and annual mean surface
temperatures will rise by 1–2 ◦C by 2050 (Moise
and Hudson 2008).

An understanding of the impact of climate
on future crop production requires an apprecia-

tion of the general responses of a range of crop
types to elevated [CO2] (e[CO2]) and the ways
in which those effects interact with temperature
and water supply. The literature on e[CO2] re-
sponse is large, for example, by 2006, 87 reviews
and conceptual papers were reported in Körner
(2006) and many more have been published since
then. So, the objective of this chapter is to present
an overview of the responses to e[CO2] and the
underlying causes of those responses.

Methods to investigate crop
responses to CO2

The effects of higher [CO2] on plant growth and
ecosystem function have been investigated in a
number of ways. Early studies were done in con-
trolled environments, laboratory glasshouses,
and enclosed chambers, and later in open topped
chambers (OTC) and free air carbon dioxide en-
richment (FACE) systems. Amthor (2001) com-
pared the response of wheat grown for its whole
life cycle under these systems and found rea-
sonable agreement to responses in controlled
environments and in OTC (e.g., Amthor 1995;
Drake et al. 1997; Wand et al. 1999). Enclosure
studies can cause artifacts in the plants studied
due to root restriction for container-grown plants
(Arp 1991), changed radiation conditions due

Crop Adaptation to Climate Change, First Edition. Edited by Shyam S. Yadav, Robert J. Redden, Jerry L. Hatfield,
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to the enclosure, and other “enclosure effects”
(Ainsworth and Long 2005). It is also important
to grow the target species at e[CO2] for suffi-
ciently long periods to enable the plants to ac-
climate to altered growth conditions. To address
some of these concerns, the FACE technique was
developed to grow plants in communities in the
field in open atmospheres enriched with CO2 to
investigate how crop (e.g., Kimball et al. 1995;
Miglietta et al. 1997), forest (e.g., Hendrey et al.
1999), and natural plant communities (Hovenden
et al. 2006) will respond to e[CO2].

The FACE rings (often octagons) used vary in
diameter from 1.5 m (Hovenden et al. 2006) to
30 m (Hendrey et al. 1999). Some (e.g., Lewin
et al. 1994) inject premixed air and CO2, while
others inject pure CO2 over the area where the
target plants are grown (e.g., Miglietta et al.
1997; Mollah et al. 2009). Both premixed and
pure CO2 fumigating systems are able to meet
their target [CO2], but the premixed system pro-
vided better temporal and spatial uniformity and
use less CO2 (Lewin et al. 2009).

While all e[CO2] experimental systems have
artifacts, the FACE system produces an environ-
ment similar to field conditions albeit with quite
high spatial and temporal variation in e[CO2]
in the test areas (Mollah et al. 2009). However,
Long et al. (2006) and Ainsworth et al. (2008b)
proposed that the yield responses reported in
FACE experiments were around half of the re-
sponse reported from enclosure studies. Other
authors (Körner 2006; Tubiello et al. 2007; Ziska
and Bunce 2007; Högy and Fangmeier 2009) ar-
gued that the two methods produced essentially
similar results, while in a direct comparison of
OTC and FACE systems the relative responses
of the aboveground biomass and absolute growth
relative to e[CO2] were nearly identical (Kimball
et al. 1997). Nowak et al. (2004) reviewed the
responses of plants growing in communities un-
der FACE and concluded that the measured and
expected responses were in general agreement.
Ainsworth et al. (2008b) showed 14% yield in-
crease in FACE compared to a 31% increase from
enclosures when [CO2] was raised from ∼373 to

∼570 μmol/mol. While it is unclear if FACE
is underestimating responses or OTC is overes-
timating, the results of any studies need to be
assessed in terms of the experimental manipula-
tion methods used, which may have significant
quantitative differences in response (Ainsworth
et al. 2008b). Even so, the true magnitude of the
positive “fertilization” effect of e[CO2] is still
uncertain.

Overview of plant growth
response to e[CO2]

The primary responses of plants to e[CO2] is
an increase in photosynthetic rate (A) and a re-
duction in stomatal conductance (gs) (e.g., Long
et al. 2004; Gifford 2004; Ainsworth and Rogers
2007). The increase in A occurs because Ribulose
bisphosphate carboxlase/oxygenase (RuBisCO)
is not saturated at ambient [CO2] in C3 plants
(Drake et al. 1997). In the analysis of 12 large-
scale FACE experiments, Ainsworth and Long
(2005) reported that exposure to e[CO2] gave
a 31% increase in light-saturated leaf A and a
28% increase in diurnal photosynthetic carbon
assimilation. Depending on plant types and C
assimilation pathway, the improved photosyn-
thetic efficiency resulted in a change in growth
and yield responses, termed a “fertilization” ef-
fect. The majority of vascular plants use the C3

carbon assimilation pathway, about 2–3% are C4

such as maize (Zea mays), sorghum (Sorghum
bicolor), and sugarcane (Saccharum spp.), while
6–7% use crassulacean acid metabolism (CAM)
(Drennan and Nobel 2000) and these three mech-
anisms respond differently to e[CO2].

The present atmospheric [CO2] sets an up-
per limit of A in C3 plants and presumably, the
lower [CO2] in the past was even more limit-
ing (Drake et al. 1997; Sage and Coleman 2001;
Ainsworth and Rogers 2007). Indeed, the ki-
netic properties of RuBisCO suggest that it oper-
ates best at [CO2] of 200 μmol/mol, which sug-
gests that these were the condition under which
it evolved (Ainsworth et al. 2008c). Increasing
atmospheric [CO2] will undoubtedly increase the
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A in C3 plants (Drake et al. 1997; Makino and
Mae 1999; Farquhar et al. 1980). In contrast, C4

plants are less responsive to e[CO2] as they have
evolved with a mechanism to concentrate CO2 in
the leaf mesophyll (Hatch and Slack 1968; Ziska
and Bunce 1997; Ghannoum 2009). However,
the initial stimulation of C3 photosynthesis is
not always maintained when plants are exposed
to e[CO2] for a longer period, and this adjust-
ment is known as “photosynthetic acclimation”
(Bowes 1991; Moore et al. 1998; Seneweera et al.
2002), which accompanies morphological and
biochemical adjustments at the cellular to whole
plant level (Drake et al. 1997; Makino and Mae
1999; Moore et al. 1999; Stitt 1999; Seneweera
et al. 2002). The short-term response to e[CO2]
can be demonstrated by analysing RuBisCO ki-
netics and gas exchange data and here we address
those changes as well as other long-term adjust-
ments reported.

Growth and morphological changes in
C3 systems

Plant growth, development, and morphological
changes in response to e[CO2] are well docu-
mented in both C3 and C4 species (Ghannoum
et al. 2000; Ainsworth and Long 2005), al-
though there is a great deal of interspecific vari-
ation. Generally, e[CO2] increases the efficiency
of leaf photosynthesis, resulting in taller plants
with thicker stems and more branches and leaves
(Ainsworth and Long 2005) and these plants
are almost always larger (Pritchard et al. 1999).
The increased growth is often not uniform, with
changes in root to shoot ratios, increasing in 60%
of species reviewed and decreasing or unchanged
in the others (Rogers et al. 1997). Pritchard et al.
(1999) indicated that root length, diameter, and
branching patterns all increased in e[CO2] al-
though changes in the nature and distribution
can be a response to root or shoot limitations
operating rather than an intrinsic allometric re-
lationship between top and root growth (Hunt
and Nicholls 1986). Increased root growth could
be a response to the need to acquire more nutri-

ents to match the increased C supplied (Rogers
et al. 1997). The results of any root growth
study would be strongly affected by plant de-
velopment stage and soil conditions as well as
atmospheric [CO2].

Changes occur in the shoot apices and vascu-
lar cambium, giving taller, more branched plants.
Such changes, especially in the number of api-
cal meristems, have a large effect on the estab-
lishment of future sink strength. As well as the
expected difference among species, there are in-
traspecific differences in the responses, with the
more determinate types responding less than less
determinate types in soybean (Ziska and Bunce
2000; Ainsworth et al. 2002) and wheat (Ziska
2008). The reasons for increased shoot, head, or
pod numbers could be improved under e[CO2]
through increased assimilate supply (e.g. Nakano
et al. 1997) although Seneweera et al. (2003)
postulated that in rice, [CO2] may regulate mor-
phology and development via its influence on
changes in plant hormonal balance (e.g., ethylene
biosynthesis). Irrespective of the mechanism, a
yield response to e[CO2] requires a concomitant
increase in sink capacity to match the source
activity.

Leaf morphology shows considerable plas-
ticity and various structural adaptations have
taken place in response to changing environ-
ments (Pritchard et al. 1999), including light
and N supply (Gutiérrez et al. 2009). Ainsworth
and Long (2005) concluded that leaf number in-
creases, but leaf area index did not change in
C3 grasses grown under e[CO2] even though the
rate of leaf expansion may be higher early in leaf
growth (Pritchard et al. 1999; Seneweera and
Conroy 2005). Leaf mass per unit area (i.e., leaf
thickness) often increases due to changes in the
number and size of mesophyll cells per leaf area
(Gutiérrez et al. 2009).

Historical evidence suggests that stomatal
density declines as [CO2] increased (Tricker
et al. 2005) although the literature has exam-
ples where density increases, decreases, or has
not changed (e.g., Ainsworth and Rogers 2007).
In their review of data from FACE experiments,
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Ainsworth and Rogers (2007) reported an av-
erage decline in stomatal density of 5%, which
was not statistically significant. They suggested
that density changes are generally small (±10%)
and that there is little evidence for a significant
decrease in stomatal density, so any changes in
leaf conductance are a consequence of changes
in aperture rather than density.

The effects of e[CO2] on plant development
and structure are many and varied, interacting
with both plant C assimilation and water rela-
tions. Pritchard et al. (1999) concluded that the
most significant direct effects of e[CO2] are an
increase in carbohydrate availability and a re-
duction in water use and these together would
stimulate cell proliferation, and phenological de-
velopment, light, and nutrient availability would
moderate the response.

C3 photosynthesis at e[CO2]

Elevated [CO2] stimulates A in C3 plants because
of the increased [CO2] gradient from the air to
the site of CO2 fixation. Stimulation of A to short-
term [CO2] enrichment is well explained by us-
ing RuBisCO kinetic data (Farquhar et al. 1980;
von Caemmerer 2000). RuBisCO is the key en-
zyme in the photosynthetic carbon reduction cy-
cle (PCR) and it is also active in the Photorespi-
ratory carbon oxidation cycle (PCO) or photores-
piration (Bowes 1991; Lorimer 1981). When
Rubilose 1-5-bisphosphate (RuBP) is carboxy-
lated by RuBisCO, it produces two molecules
of 3-phosphoglyceric acid (PGA). On the other
hand, when RuBP is oxygenated with RuBisCO,
it forms one molecule each of PGA and 2-
phosphoglycolate (PG). The PGA is further pro-
cessed into carbohydrates and is used to regen-
erate RuBP. Oxygenation of RuBP forms PG,
which is a waste product that uses up a con-
siderable amount of light energy derived from
the photosynthetic light reaction. For example,
at present atmospheric [O2] concentration of
21 kPa and 380 μmol CO2 mol−1, the produc-
tion of PG will result in the reduction in potential
photosynthetic capacity by 20–50% depending

on temperature (Sharkey 1985). Doubling the
current atmospheric [CO2] will completely in-
hibit C3 photorespiration, which will lead to an
increase in the photosynthetic efficiency of the
plant (Bowes 1991; Sage and Kubien 2007).

Short-term [CO2] response can be evaluated
by measuring A as intercellular [CO2] (Ci) in-
creases (Farquhar et al. 1980). Three major lim-
itations for C3 photosynthesis have been iden-
tified, giving the shape of the A/Ci curve in
Fig. 6.1, and they are:

1. The limitation of photosynthesis imposed by
RuBisCO referred to as the limitation due to
supply and utilization of CO2.

2. The supply and utilization of light, which lim-
its the rate of electron transport for regenera-
tion of RuBP.

3. The utilization of triose phosphate, which
limits the availability of inorganic phospho-
rus (Pi) in the chloroplast for ATP synthesis
to regenerate RuBP (Farquhar and Sharkey
1982; Sharkey 1985).

The second and third limitations are com-
monly identified under e[CO2] conditions
(Sharkey 1985; Makino and Mae 1999). The sec-
ond limitation can be caused by low photosyn-
thetic photon flux densities or the inability to
convert light energy into chemical energy. The
third limitation, triose phosphate limitation, oc-
curs when there is a mismatch in carbohydrate
synthesis and utilization (Paul and Foyer 2001;
Sharkey 1985).

C4 photosynthesis at e[CO2]

Plants with C4 photosynthesis concentrate CO2

in the mesophyll [CO2] to ∼2000 μmol/mol,
which completely represses the oxygenation re-
action and saturates the carboxylating function
(Hatch and Slack 1968; Poorter and Navas 2003).
Because of this mechanism, A is not expected to
increase under e[CO2] in C4 plants (Fig. 6.1).
However, there are many reports that C4 growth
is accelerated at e[CO2] (Samarakoon and
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Fig. 6.1. Modeled photosynthetic rate as a function of CO2 assimilation
rates against Ci in C3 and C4 plants. The data are adapted from von Caem-
merer (2000) showing the three major limitations to photosynthetic flux in
C3 plants. The C4 line is adapted from Leakey et al. (2009).

Gifford 1996; Seneweera et al. 1998; Ziska et al.
1999; Leakey et al. 2006; Ghannoum 2009) and
it seems that enhanced C4 growth at e[CO2] is
partly mediated through the adjustment in plant
water relations (Seneweera et al. 1998; Ziska
et al. 1999; Ghannoum et al. 2001; Seneweera
et al. 2001; Leakey et al. 2004). The positive
responses of C4 plants to e[CO2] could also
be the result of several other factors possibly
such as CO2 leakiness in the bundle sheath cell,
direct CO2 fixation in the bundle sheath, and
the presence of C3-like photosynthesis during
leaf expansion (Wand et al. 1999). In addition,
diurnal variation in photosynthetic response to
e[CO2] could be affected, although the literature
at present is not conclusive on the relative con-
tributions of these factors to C gain and growth
in C4 plants.

From a meta-analysis of C4 plant gs de-
cline by 30% with e[CO2], which is similar
to the response in C3 plants (Ghannoum et al.
2000; Ainsworth and Rogers 2007). Even though
the mechanisms controlling stomatal aperture at
e[CO2] have not been clearly elucidated, e[CO2]
reduces gs, which in turn reduces the transpi-
ration rate and leads to improved soil water

availability later in plant growth (Seneweera
et al. 1998; Leakey et al. 2004, 2006). Leakey
et al. (2006) reported that A in maize was not
increased under e[CO2] where there was no
soil water deficit during the growing season,
but photosynthesis was greater in a year where
episodic water stress occurred. Their conclusion
was that e[CO2] indirectly enhances C gain dur-
ing drought.

Therefore, the increased growth in C4 plants
under e[CO2] is not a direct photosynthetic re-
sponse, but a consequence of reduced drought
stress as water use is lower, which reserves water
to extend the duration of photosynthesis (Sene-
weera et al. 2002; Leakey et al. 2009).

CAM photosynthesis at e[CO2]

CAM is the modification seen in some vascu-
lar plants such as pineapple (Ananas comosus),
prickly pear (Opuntia stricta), and agave (Agave
salmania). As well, some species show C3-
CAM intermediates, with low water availabil-
ity inducing CAM expression (Lüttge 1996). In
CAM plants, CO2 fixation and CO2 metabolism
are temporally separated. CO2 fixation occurs
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at night and/or the early morning and/or late
afternoon with fixation catalyzed by the cytoso-
lic enzyme phosphoenolpyruvate carboxylase
(PEPCase) to form malate or aspartate, which
is stored in the vacuole. Decarboxylation occurs
during the daytime and releases CO2 from the
malic or aspartic acid, which is ultimately as-
similated into carbohydrates (Winter and Smith
1996). Typically, CAM plants have transpiration
efficiencies three to five times higher than C3 or
C4 plants (Nobel 1996) and often these species
occur in environments characterized by water
shortage (Drennan and Nobel 2000).

Drennan and Nobel (2000) reported that a
doubling of [CO2] increased both daytime and
nighttime CO2 uptake with an average biomass
increase of about 35% for 10 species examined.
Those authors proposed that CO2 fixation by
RuBisCO increased in the late afternoon as well
as nocturnal CO2 fixation, although carboxyla-
tion activities of both RuBisCO and PEPCase de-
crease in response to e[CO2]. Nocturnal malate
levels increase with e[CO2] as do carbohydrate
contents (Drennan and Nobel 2000). The de-
crease in RuBisCO content in CAM species un-
der e[CO2] is compensated by higher enzyme
activation, so that A is maintained. With little
evidence of acclimation to e[CO2], some CAM
plants show higher CO2 assimilation (source ca-
pacity), greater sucrose transport in the phloem,
and stronger sink strength (Drennan and Nobel
2000; Osmond et al. 2008). Because of these
adaptations, a greater understanding of the mech-
anisms controlling C gain in CAM plants could
provide new insights into the mechanisms that
may help for genetic manipulation of C3 species
for C rich atmosphere.

Growth and yield responses to e[CO2]

There have been many reviews and meta-
analyses of [CO2] enrichment studies and in gen-
eral the responses reported show higher growth
and yield under e[CO2] although there are im-
portant interactions with N, water, and temper-
ature. Poorter and Navas (2003) concluded that

fast-growing C3 species are the most responsive
group of plants to e[CO2], although N-fixing di-
cots respond well at low nutrient levels.

Ainsworth and Long (2005) performed a
meta-analysis of data from 40 species across
12 FACE sites and showed that growth and
above-ground biomass generally increased un-
der e[CO2], with an average crop yield increase
of 17%. Figure 6.2 shows the responses of dif-
ferent groups of plants to e[CO2]. Trees showed
the largest response in dry matter accumulation
(28%) although the response in C3 grasses (10%)
(Ainsworth and Long 2005) was substantially
lower than earlier reports (Wand et al. 1999).
The trend of about 15% wheat grain yield in-
crease is lower than other authors (Amthor 2001;
Kimball et al. 2002). For example, wheat yields
increased on an average of 31% when [CO2] was
raised from 350 to 700 μmol/mol (Amthor 2001).
Ainsworth and Long (2005) suggested that the
size of the response is a consequence of the in-
teraction of the photosynthetic response and en-
vironmental conditions. This may be well ex-
plained that smaller responses they saw in FACE
compared to chamber experiments (Ainsworth
et al. 2008b). Similar analyses have proposed
yield increases of 23% for rice (Ainsworth 2008)
and 24% for soybean (Ainsworth et al. 2002)
with e[CO2].

Regulation of photosynthetic
response to e[CO2]

The initial stimulation of photosynthesis often
declines when plants are grown under e[CO2]
for periods of weeks, months, or years (Drake
et al. 1997; Bloom 2006; Ainsworth and Rogers
2007). Acclimation of A to e[CO2] has been doc-
umented in a number of species, and there is
variation among functional groups, species, and
cultivars (Ainsworth and Long 2005; Ainsworth
and Rogers 2007; Prasad et al. 2009).

The short-term photosynthetic data do not al-
ways translate into the sorts of responses seen
over the whole season in C3 plants. That dif-
ference of A acclimation during ontogeny and
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Fig. 6.2. Comparative responses to e[CO2] of different functional groups and ex-
perimental conditions on growth and yield variables. Results from: ©, (Ainsworth
and Long 2005); �, a meta-analysis of tree species (Curtis and Wang 1998); �, a
meta-analysis of C4 grasses (Wand et al. 1999); �, comparative results from a meta-
analysis of 79 crop and wild species (Jablonski et al. 2002). Number of species, FACE
experiments, and individual observations for each response are given in Ainsworth and
Long 2005). (Reproduced from Ainsworth and Long 2005, with permission.)

understanding of the basis of the A acclimation
could help to translate it into a larger whole sea-
son response. In this section, possible underlying
factors that regulate the photosynthetic response
to long-term CO2 enrichment will be discussed.

Photosynthesis and leaf N at e[CO2]

Critical leaf N content is the nutrient concentra-
tion at which 90% of the maximum growth or
biochemical reaction is achieved at a given time
(Reuter and Robinson 1997). Interspecific and
intraspecific differences in critical N concentra-
tions have been identified although in general,
C4 plants have a lower critical N concentration
than C3 plants (Conroy 1992; Aben et al. 1999).
Nitrogen deficiency reduces plant growth and al-

ters the allocation of biomass between the shoot
and root (Makino et al. 1997; Aben et al. 1999).

Under e[CO2], dry mass per unit of leaf N
increases. For example, in rice, the critical N
concentrations were 4.0% at the present atmo-
spheric [CO2], but at doubled ambient [CO2],
the critical level decreased to 2.8% (Aben et al.
1999). Even though concentrations decline (30%
in the above example), the “fertilizer” effect of
e[CO2] can increase the total N demand of the
crops.

Plant photosynthetic capacity is largely influ-
enced by leaf N content, whereas light-saturated
A is linearly correlated with leaf N under a wide
variety of conditions including e[CO2] when A
is measured under the same [CO2] concentra-
tion (Evans 1989b; Makino et al. 1994; Nakano
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et al. 1997; Aben et al. 1999). However, this
relationship differs among plant functional
groups (e.g., Evans 1989b; Sudo et al. 2003).
A large amount of N is allocated to leaves, for
example in rice, about 65–70% of the total N
in the shoot is invested in the leaf blade (Sene-
weera, unpublished) and approximately 80% of
the total leaf N is allocated to the chloroplasts
(Evans 1989a). Most of the N in the chloroplast
is invested in photosynthetic proteins, including
RuBisCO and thylakoid protein (Evans 1989b;
Makino and Osmond 1991).

The most striking feature at e[CO2] is the de-
crease in N allocation to leaf blades (Conroy and
Hocking 1993; Nakano et al. 1997; Ghannoum
2009; Leakey et al. 2009) and this is against
a rise in A, with the consequence that photo-
synthetic N-use efficiency (PNUE) rises under
e[CO2] (Nakano et al. 1997; Aben et al. 1999;
Seneweera et al. 2002; Leakey et al. 2009). For
example, in rice grown under e[CO2], which
showed an increase in A, N uptake per plant
remained the same or increased, N uptake on
an area basis increased by 15%, but the N con-
tent on leaf area basis was reduced by 12% at
the panicle initiation in rice (Kim et al. 2003).
This decrease was found only after panicle initi-
ation and the reason for these differences could
be due to an increase in N demand for larger
panicles in plants grown at e[CO2] (Seneweera
et al. 2002). In contrast, reduced leaf N content
was reported at various stages of plant develop-
ment in wheat (Rogers et al. 1996; Seneweera
and Conroy 2005) and during early growth of
soybean (Rogers et al. 2006).

The decline in leaf N could be a consequence
of reduced supply or transport capacity due to
faster growth (Stitt and Krapp 1999), sink lim-
itation due to a finite N supply (Rogers et al.
1996; Long et al. 2004), restricted root volumes
(Stitt and Krapp 1999; Long et al. 2004), and/or
reduced soil N supply due to progressive N lim-
itation (Luo et al. 2004).

One of the common explanations for reduc-
tion in leaf N content at e[CO2] is the dilution
of N due to excess carbohydrate accumulation

(Conroy 1992). This mechanism does not explain
low leaf N in wheat because concentrations were
reduced by e[CO2] irrespective of whether N was
expressed on a total dry mass or total structural
dry mass, or leaf area basis (Rogers et al. 1996).
In addition, there was no change in the N concen-
tration of leaf sheaths at e[CO2] despite the fact
that a large amount of starch accumulated (Se-
neweera et al. 1994; Aben et al. 1999; Zhu et al.
2009). This carbohydrate feedback is proposed
to cause a suppression of genes involved in pho-
tosynthesis, including RuBisCO (Jang and Sheen
1994; Gesch et al. 1998; Moore et al. 1999) be-
cause 25% leaf N contributes to RuBisCO in
C3 plants. However, an inverse relationship be-
tween photosynthesis and soluble sugar content
would be expected, but is not always been re-
ported (Nakano et al. 2000; McCormick et al.
2006).

Reduced transpiration could contribute to
lower N concentration at e[CO2] because lower
gs reduces the transpiration flow, thereby lower-
ing the N uptake (McDonald et al. 2002). How-
ever, nutrients other than N seem to be little
changed in plants grown under e[CO2] and have
similar mineral contents to those grown in ambi-
ent [CO2], e.g., berseem clover leaves (Pal et al.
2003), potato tubers (Pikki et al. 2007), wheat
grain (Högy et al. 2009), wheat, and barley grains
(Erbs et al. 2010). It is likely that if transpiration
is the limiting factor for nutrient uptake, then the
uptake of other nutrients, such as K, would also
be lower, but the examples above do not clearly
show that decline.

Taub et al. (2008) concluded that the best sup-
ported of these theories for declining leaf N was
a decrease in transpiration drive mass flow of
N and a lower N demand due to improved effi-
ciency, although they also indicated that root ar-
chitecture, higher N loss through volatilization,
and root exudates could also contribute. So, no
single clear mechanism is entirely supported by
the present evidence.

PCR and NO3
− photoassimilatory cycles

compete for electrons from light reaction of pho-
tosynthesis (Smart et al. 1998; Bloom et al.
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2002) with CO2 assimilation favored. Under
e[CO2], electron partitioning toward PCR and
away from the NO3

− photoassimilatory cycle
could result in a slower N influx and then pos-
sibly a reduction in the synthesis of protein.
Under e[CO2], the growth response is higher
where NH4+ is the N source (Geiger et al.
1999), free NO3

− accumulation has been re-
ported (Hocking and Meyer 1991; Smart et al.
1998), and nitrate reductase (NR) activity is
reduced in the leaf but not in other tissues
(Bauer and Berntson 2001; Bloom et al. 2002).
These observations support the hypothesis that
changes in the photosynthetic electron flow be-
tween PCR and NO3

− photoreduction is an-
other possible cause of the decrease in leaf N
content and reduced protein synthesis including
RuBisCO, which could lead to photosynthetic
acclimation to e[CO2]. As with reduction in plant
NO3

− photoassimilation at e[CO2] (Bloom et al.
2010), crops will become depleted of all or-
ganic N compounds, including protein, leading
to lower protein quality and quantity in food.
Management of NO3

− and NH4
+ are suggested

to be the best alternative to overcome this issue,
but it will require sophisticated technology to
deliver appropriate fertilizer products to crops in
the preferred form. An improved understanding
of plant NH4

+ and NO3
− assimilation is critical

to overcome the grain quality changes suggested
under future climate.

Effect of e[CO2] on RuBisCO content

RuBisCO is the rate-limiting enzyme in photo-
synthesis and constitutes about 56% of all solu-
ble protein and 26% of total leaf N in C3 plants
(Mae et al. 1983; Evans 1989b; Makino and
Osmond 1991). The RuBisCO enzyme has a
heteromeric structure of eight large and eight
small subunits of polypeptides, resulting in a na-
tive molecular mass of 520 kDa (Lorimer 1981).
The amount of RuBisCO in the leaves is the
result of the balance between its synthesis and
degradation (Mae et al. 1983). RuBisCO syn-
thesis is controlled by transcriptional, posttran-

scriptional, and translational processes (Moore
et al. 1999; Stitt and Krapp 1999). It is rapidly
synthesized during leaf expansion followed by a
gradual degradation as leaf ontogeny progresses
(Suzuki et al. 2001).

Environmental factors such as light intensity,
soil nitrogen, atmospheric [CO2], and [O3] all
influence RuBisCO synthesis and degradation.
It is possible that the change in leaf N status
at e[CO2] is strongly related to the decline in
RuBisCO content and A acclimation to e[CO2].
Makino et al. (2000) found that 30% of RuBisCO
is lost before RuBisCO limits photosynthesis at
e[CO2].

Suppression of RuBisCO synthesis occurs at
e[CO2] when there is an imbalance between sup-
ply and utilization of carbohydrates (Moore et al.
1998; Moore et al. 1999). In the case of cereals,
about 80–90% of RuBisCO is synthesized just
prior to the full expansion of leaf blades (Suzuki
et al. 2001; Feller et al. 2008). Similarly, rbcS
and rbcL mRNA increases during leaf expansion
and reach maxima a few days before full expan-
sion; after full expansion, very little RuBisCO is
synthesized (Fig. 6.3; Table 6.1). Our research
findings clearly demonstrate that RuBisCO
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Fig. 6.3. Changes in the amount of RuBisCO content in
the flag leaf blades of rice from emergence to senescence.
Each data point is the mean of four replicates. (Seneweera,
unpublished.)
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Table 6.1. Leaf photosynthesis (measured at 590 μmol m−2 s−1), RuBisCO, and N concentration
in flag leaf blade. Measurements were made 76–80 days after transplanting.

Growth [CO2] Flag leaf

Photosynthesis (at 590 μmol m−2 s−1) Ambient (FACE) 29.09 (20.43∗∗∗)
RuBisco (g m−2) Ambient (FACE) 1.79 (1.25∗∗∗)
N (g m−2) Ambient (FACE) 1.73 (1.44∗∗∗)

Source: Data adopted from Seneweera et al. 2002.
Values are the mean of four replicates. The significant differences between CO2 treatments are
shown and they are ∗∗∗ p ≤ 0.001

synthesis is suppressed during leaf expansion
while RuBisCO degradation accelerated during
leaf senescence at e[CO2] (Fig. 6.3). However,
repression of photosynthetic genes at e[CO2] is
apparent only in senescing leaves and no rela-
tionship was found between gene transcript and
soluble sugar (Ludewig and Sonnewald 2000).

In monocots, RuBisCO degradation is always
predominant after full expansion of the leaf blade
and leads to a rapid decline in RuBisCO content.
RuBisCO degradation is accelerated at e[CO2]
during leaf senescence in flag leaf blade of the
rice (Fig. 6.3). This could be an adaptive salvage
mechanism in terms of nutrient remobilization
for sink development as RuBisCO represents a
significant N store as well as its metabolic role.
However, the mechanism by which e[CO2] ac-
celerates RuBisCO degradation is not well un-
derstood.

At e[CO2], the activity of antioxidative de-
fense enzymes like superoxide dismutase, per-
oxidase, catalase, ascorbate peroxidase, and glu-
tathione peroxidase is lower (Schwanz et al.
1996; Pritchard et al. 2000; Vurro et al. 2009).
These enzymes are known to detoxify highly re-
active oxygen species, possibly decreasing the
enzyme activities leading to increases in the re-
active oxygen concentration in the chloroplast,
which could contribute to RuBisCO degradation
at e[CO2].

Effect of e[CO2] on RuBisCO activity

As RuBisCO is the primary enzyme involved in
funneling CO2 into the PCR, understanding its
regulation is important in developing strategies

to adapt crops to growing in e[CO2] environ-
ments. RuBisCO has an extremely low catalytic
capacity compared to other enzymes and its in
vivo activity is regulated through a range of in-
teractive mechanisms (Stitt and Schulze 1994).

RuBisCO activity is regulated through a re-
versible carbamylation of a lycine residue of the
enzyme and binding of Mg2+ (Lorimer 1981;
Cleland et al. 1998). RuBisCO activation de-
pends on the presence of the catalytic chaper-
one and RuBisCO activase, which promotes the
ATP-dependent dissociation of inhibitory sugar
phosphates, thereby promoting the carbamyla-
tion reaction (Lorimer 1981). However, the role
of ATP-dependent RuBisCO activase on car-
bomylation reaction is not well understood. Fur-
ther, high concentrations of a RuBisCO inhibitor,
2-carboxyarabintol-1-phosphate, have been re-
ported in plants grown at e[CO2] (Allen at al.
2000; Hrstka et al. 2007). In low light, RuBisCO
is deactivated, and with increasing irradiance, the
activation state of RuBisCO increases and it is
fully activated under e[CO2] when light levels
are over 1000 μmol m−2 s−1 (Bowes et al. 1991;
Hrstka et al. 2007). However, when RuBisCO
activity is estimated from in vivo measurements
and compared with actual A at 1000 μmol CO2

mol−1, enzyme activity is 1.5- to 2.0-fold greater,
suggesting that the efficiency of CO2 saturated
photosynthesis is only 50–70% of potential A
(Makino et al. 2000).

Deactivation of RuBisCO has been reported
when plants are exposed to e[CO2] for ex-
tended periods (Sage et al. 1988; Theobald
et al. 1998). It has been suggested that a reduc-
tion in RuBisCO content at e[CO2] is always
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Fig. 6.4. Mean response of maximum carboxylation rate (Vc,max), maxi-
mum rate of electron transport (Jmax), ratio of Vc,max : Jmax, RuBisCo content
(mass/unit area), nitrogen content reported on both area and mass basis, chloro-
phyll content reported on both area and mass basis, sugar and starch contents
reported on area basis, and ±95% CI. Number of species, FACE experiments,
and individual observations for each response are given in Ainsworth and Long
(2005). (Reproduced with permission).

associated with an increase in RuBisCO activ-
ity (Fig 6.4; Cheng and Fuchigama 2000). This
hypothesis was supported by antisense rice with
40% wild type RuBisCO, which when grown
under e[CO2], achieved a 100% enzyme activa-
tion, suggesting that deactivation of this enzyme
is an optimizing response to e[CO2]. Activation
and deactivation of the enzyme during ontogeny
has also been reported (Seneweera et al. 2002).
It has been suggested that the deactivation or
activation of RuBisCO under e[CO2] is a sec-
ondary response to maintain the balance between
RuBisCO and other processes that limit photo-
synthesis (Seneweera et al. 2002).

Source and sink balance

While the capacity for C acquisition and uti-
lization is a key to understanding how plants
respond to e[CO2] (Paul and Foyer 2001), hav-
ing appropriate sinks for the added C is equally
important in achieving that potential plant pro-
duction. Grain yield may be limited by the rate

of supply (source) of photosynthate, the move-
ment from source to sink and/or the sink activ-
ity, and the present understanding is that sink
activity is the main limit on grain filling in
cereals (Fischer 2007). Under e[CO2], species
with the highest biomass growth response tend
to have the largest sinks (Poorters and Navas
2003).

If the assimilated C is not being utilized, there
would be an accumulation of assimilates in the
leaves, resulting in the end-product inhibition
of photosynthesis (Neales and Incoll 1968; Paul
and Foyer 2001). To overcome this constraint, a
higher metabolic or storage capacity is required
to match high A at e[CO2]. Soluble carbohydrate
and starch content increased by 52% and 160%
on an average at e[CO2], across 32 experiments
(Long et al. 1992). The extent to which starch
and soluble sugars accumulate at e[CO2] varies
among species. For example, cotton preferen-
tially accumulates starch, while fructans and su-
crose are mainly accumulated by wheat and rice,
respectively.
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Variation in carbohydrate concentration in re-
sponse to e[CO2] could be because carbohydrate
synthesis is far in excess of that required for
growth and utilization. Accumulation of sugars
and starch in leaves and stems causes feedback
inhibition of photosynthesis at e[CO2]. Improve-
ment in biochemical efficiency of C utilization,
so reducing this inhibition, is a key target for
crop improvement at e[CO2].

Two reports (Ziska et al. 2004; Ziska 2008)
present comparative responses to e[CO2] among
early and late 20th century wheat cultivars. [CO2]
had a significant effect on all vegetative char-
acteristics among cultivars, including increas-
ing tiller number. Under e[CO2], tiller forma-
tion was greater for earlier released cultivars
than for later ones, so that the relative yield
increases were greater for the earlier released
cultivars. Ziska (2008) concludes that yield re-
sponse to e[CO2] is still sink limited and that ad-
dressing vegetative growth responses and the de-
velopment of reproductive sink capacity among
cultivars may offer significant opportunities to
develop cultivars more responsive to e[CO2].
This responsiveness to e[CO2] could be related to
“indeterminacy,” which is the ability to set added
heads/seed sites in wheat (Ziska 2008) and soy-
bean (Ziska and Bunce 2000). Ainsworth et al.
(2004) compared soybean isolines differing in
determinacy and found that the less determinate
types did respond more to e[CO2] although ge-
netic differences in the amount of determinacy
affected the response.

Responses of N fixers to e[CO2]

Given the importance of N in determining the
likely response of plants to e[CO2], legumes
should be more responsive than nonlegumes as
their N supply is enhanced because they ex-
change C for N with symbiotic partners. In crop
systems, legumes tend to be more responsive
than non-N fixers (Ainsworth and Long 2005).
The photosynthetic stimulation of N-fixing soy-
beans at e[CO2] was three times the stimula-
tion of nonnodulated cultivars (Ainsworth et al.

2002). These changes are in accord with the gen-
eral view that e[CO2] leads to lower leaf N con-
tents in N-limited plants, but not necessarily in
well-fertilized or well-nodulated legumes.

The responses of legumes to e[CO2] do vary
among species (Lee et al. 2003; West et al. 2005)
and may reflect different levels of determinancy,
or the impact of nutrient limitations other than N
as growth is stimulated. Phosphorus and molyb-
denum have been implicated in particular situa-
tions as limiting e[CO2] responses although this
could be considered a general limitation that is
made worse when C and N supplies increase
(Rogers et al. 2009).

Effect of e[CO2] on product quality

In C3 plants, the decline in plant N concentra-
tion associated with higher [CO2] is largely the
result of more carbohydrate, less RuBisCO (al-
beit with higher activity), and lower N uptake.
Most of the N that ends up in grain as protein
is remobilzed from vegetative organs. As a con-
sequence, grain protein concentration (GPC) is
generally decreased under e[CO2] (Kimball et al.
2002; Högy and Fangmeier 2009). The responses
of GPC to e[CO2] reported in the literature are
variable and are affected by N supply and en-
vironmental factors such as water supply and
temperature, as well as rooting volume restric-
tions (Högy and Fangmeier 2009). Lower prod-
uct quality under e[CO2] has also been reported
for forage species (Milchunas et al. 2005), pota-
toes (Högy and Fangmeier 2009), and peanut
(Burkey et al. 2007), and changed fatty acid com-
position in soybean (Heagle et al. 1998).

Erbs et al. (2010) showed significant GPC de-
clines in wheat and barley under e[CO2] as well
as lower grain S, Zn, and Ca concentrations.
Wheat GPC decreased by 7.4% under e[CO2]
and amino acid composition of the protein also
altered, which could also have affected flour rhe-
ological properties (Högy et al. 2009). These data
indicate that cereals grown under e[CO2], espe-
cially where N is limited, will have lower grain
quality.
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Interactions of e[CO2] with
climate factors

In future agricultural systems with e[CO2], it is
expected that the climate will also be relatively
dryer and warmer, especially at the mid-latitudes
(Moise and Hudson 2008). While the general re-
sponse to e[CO2] indicate improved water-use
efficiency as more C is exchanged for less or the
same amount of water, the interaction with these
other climatic factors is very important to assess
climate change impacts. Asseng et al. (2004) in-
vestigated the trade-off between the CO2 fertil-
ization effect against reduced water supply and
higher temperatures in a cropping systems mod-
eling study. They showed that e[CO2] increased
yield as long as N was not limiting growth. In-
creased temperature and reduced water supply
reduced yields and the yield response to N supply
under ambient and e[CO2]. Linking ecosystem
scale modeling and FACE experimentation be-
comes more important as leaf and plant response
models need to be able to realistically upscale an
e[CO2] response to crop and ecosystem levels,
and need to include temperature and water in-
teractions to account for the other environmental
changes expected.

Interaction with temperature

Photosynthesis, photorespiration, respiration,
and transpiration are all directly or indirectly
regulated by temperature (Morison and Lawlor
1999; Sage and Kubien 2007). In C3 plants,
the optimum temperature for growth increases
under e[CO2] (McMurtrie et al. 1992). This re-
sponse to temperature and e[CO2] is largely me-
diated through changes in the kinetic proper-
ties of RuBisCO (von Caemmerer and Farquhar
1981; Sage and Kubien 2007). At current at-
mospheric [CO2], the specificity of RuBisCO
for CO2 is reduced over O2, which leads to in-
creases in photorespiration at higher tempera-
tures (Bowes 1991). Suppression of photores-
piration at e[CO2] is widely reported and this
could partly contribute to increases in the opti-

mum temperatures for C3 photosynthesis (Bowes
1991; Sage and Kubien 2007). Accelerated plant
development at e[CO2] is well documented and
this response can increase further at higher tem-
perature (Jitla et al. 1997; Ghannoum et al. 2010).

Despite the significance of the interaction be-
tween long-term CO2 enrichment and high tem-
perature on plant growth and photosynthesis, it
has been scarcely investigated mainly because
of the difficulty of raising temperatures without
artifacts, such as changed vapor pressure deficit.

Interaction with water supply

The growth response to e[CO2] is usually main-
tained or even increased under mild water stress
(Samarakoon and Gifford 1996; Seneweera et al.
2001), but under severe drought, the response is
much smaller (Seneweera et al. 2001). In gen-
eral, relative water content and leaf water po-
tential decrease under water-limited conditions,
which is linked to a reduction in photosynthetic
capacity (Lawlor and Cornic 2002). The reduc-
tion in gs and lower transpiration rates are well
documented at e[CO2], reserving water for pho-
tosynthesis and growth (Ghannoum et al. 2001;
Seneweera et al. 2001).

Other interactions

Körner (2006) suggests that there is a consen-
sus in the literature that the nutrient cycle sets
the ultimate limit to a carbon-driven, long-term
stimulation of plant production and an impor-
tant aspect of this is the demand and supply of
N through the soil and plant system. Luo et al.
(2004) provide evidence of progressive N limi-
tation in a range of ecosystems, where mineral N
declines over time at e[CO2], if there is no new N
input or decreases in N losses. The mechanisms
leading to N limitation are complex but residues
with higher C:N ratios, increased rhizodeposi-
tion stimulating mineralization of N from recal-
citrant soil organic matter pools (de Graaf et al.
2009) or changes in microbial populations could
all contribute. Even though PNUE increases
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under e[CO2], further investigations on N dy-
namics are warranted in both natural and man-
aged ecosystems.

As well as [CO2] rising, ozone (O3) is also ris-
ing, particularly in industrialized countries. The
pollutant O3 reduces both plant growth and yield
for a range of species (Morgan et al. 2003), and
this suppression could counteract the stimulation
of the higher [CO2]. Pikki et al. (2008) demon-
strated that O3 and CO2 affected spring wheat
grain yield but in different directions and by dif-
ferent means. O3 decreased grain size, while CO2

increased grain number per unit ground area.
Those authors concluded that because they act in
different ways, the negative effects of O3 would
not necessarily be balanced by e[CO2].

At an ecosystem level, e[CO2] is likely to
cause changes in plant diseases (Chakraborty
et al. 2008; Lake and Wade 2009), tolerance to
insect herbivory by pests (Lau and Tiffin 2009),
changes in defense signaling (Zavala et al. 2008),
and plant–plant competitiveness (Brooker 2006).
These interactions will lead to dynamic changes
in both natural and managed ecosystems and
will require interdisciplinary approaches to man-
aging these systems and implementing adaptive
strategies particularly to ensure food and ecosys-
tem services security in the future.

Summary and future directions

There is now adequate evidence that the CO2

fertilization effect is occurring due to improved
photosynthetic efficiency and will continue for
C3 plants at least until the [CO2] reaches
750 μmol/mol (Fig. 6.1). C4 plants are less likely
to respond, but in C3 plant, radiation, water and
N use efficiencies all are expected to increase
with the outcome as increased growth and yield,
and ultimately food security. The final outcome
will be moderated by water, temperature, and
N supply as well as O3 and various ecosys-
tem level impacts that are now starting to be
understood.

It is apparent that current breeding strategies
are not necessarily selecting genotypes that are

responsive to e[CO2] (Ziska et al. 2004), so a
fresh approach will be needed using the rapidly
advancing capabilities in functional genomics,
genetic transformation, and synthetic biology,
targeting traits that will provide cultivars able
to exploit what was—in evolutionary terms—
scarce atmospheric carbon. Ainsworth et al.
(2008c) and Sun et al. (2009) identified target
traits and genes that show promise for improv-
ing photosynthesis. Therefore, the development
of crop plants with high photosynthetic capac-
ity low photorespiration and less sink limitation
ideotype is proposed. Strategic traits identified
by Ainsworth et al. (2008c) include reengineer-
ing the catalytic properties of RuBisCO and im-
proving the rate at which RuBP is regenerated in
the Calvin cycle. They also proposed reducing
the sugar feedback inhibition by increasing sink
capacity particularly through increasing biomass
production, the number of reproductive sinks and
therefore seed/grain yield can be increased. Ex-
ploiting the improved RuBisCO activity already
seen at e[CO2] could release N that can be de-
ployed elsewhere in the plant such as in grain
protein.

The challenge to develop new cultivars will
require a revised strategy evaluating hundreds or
thousands of genotypes rather than the current
4 or 5. This evaluation should consider these
responses across a broad range of environmen-
tal conditions, in experiments designed to test
interactions between e[CO2] and other factors
such as temperature, water, and O3. Ainsworth
et al. (2008a) proposed a new generation of large
FACE experiments that would contribute to the
challenge of understanding, and then adapting to
the challenges of a carbon-rich future.
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Chapter 7

Genetics Options for Improving the
Productivity of Wheat in Water-Limited and
Temperature-Stressed Environments
R.M. Trethowan and T. Mahmood

Introduction

Predicted climate change will reduce the capac-
ity of agricultural systems to maintain and in-
crease food production. However, there will be
both limitations and opportunities for agricul-
ture in this changing scenario. While crop pro-
duction in some environments will decrease due
to increased temperature, water shortages, and
greater climate variability, other regions, par-
ticularly those at higher latitudes, will benefit
from the shift in temperature and increased lev-
els of CO2. However, when combined with water
stress, it is more difficult to predict plant response
as elevated CO2 both increases water use by in-
creasing leaf area and reduces water use by re-
ducing stomatal conductance (Cure and Acock
1986). Nevertheless, the productivity of food-
producing regions closer to the equator, where
the bulk of the world’s poorer population live,
will need to be maintained or stabilized in a
changing climate to avoid significant unrest and
uncontrolled migration to less affected areas.

Wheat and rice are the primary foodstuffs of
the world, providing the major share of calories

to vast numbers of poor people (Roberts and
Schlenker 2009). Improving the stress tolerance
of these vital crop species, in conjunction with
improved agronomic practices and enabling gov-
ernment policies, will reduce the impact of cli-
mate change. This chapter will focus on wheat,
a crop grown on more than 200 m ha world-
wide, producing in excess of 600 m tones annu-
ally (USDA 2010), and a staple food for 35%
of the world’s population (Shao et al. 2006).
Wheat is particularly important in a changing
climate because it already has a broad adap-
tive range and can be found from the equator
to 60◦N and from sea level to more than 3000 m
in altitude (Slafer and Satorre 1999). The genetic
diversity available in farmers’ fields, in centers
of origin and diversity, in plant breeding pro-
grams, and in gene banks is examined in this
chapter with particular reference to wheat. The
extent of our knowledge of the genetic control
of moisture and temperature stress tolerance and
strategies to increase rates of genetic gain for
yield in a more hostile cropping environment are
discussed.

Crop Adaptation to Climate Change, First Edition. Edited by Shyam S. Yadav, Robert J. Redden, Jerry L. Hatfield,
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Traits that influence plant
response to drought and high
temperature

Crop establishment and early growth

Vigorous early crop growth tends to reduce
evaporative loss of water from the soil surface
and suppresses weeds, thus reducing compe-
tition for water. Plants that rapidly cover the
ground tend to have thinner, wider leaves with
lower specific leaf weight and a more prostrate
growth habit (Richards 1996; Richards et al.
2001, 2002). Richards and Lukacs (2002) also
suggested that larger seed and embryos con-
tribute to improved early vigor. Vigor is likely
to be useful in environments subject to terminal
stress as early biomass coverage reduces water
loss and promotes biomass production (Reynolds
et al. 2007a). However, in environments where
crops are grown on stored soil moisture, early
biomass development could be a disadvantage.
In these environments, longer coleoptiles will
tend to offer an advantage as seeds could be
sown deeper, thus taking advantage of moisture
deeper in the soil profile (Trethowan et al. 2005).
When grown under combined drought and high
temperature stress, plant growth and leaf area
of wheat is reduced, thus reducing transpira-
tion and soil water loss (Machado and Paulsen
2001). Clearly, increasing the temperature toler-
ance of wheat would also improve its water-use
efficiency.

Root growth and water uptake

Plant breeders have made significant progress
in improving above ground traits in most crops,
with largely indirect progress on below ground
traits. Nevertheless, a more water-efficient root
system will improve grain yield and productivity
of crop species such as wheat, although a more
efficient root system is not necessarily larger or
more extensive. Reynolds et al. (2007b) found
that the yield advantage of synthetic-derived
wheat over their adapted parents was due to

greater investment in root biomass at depth, not
in overall increase in total root biomass. Roots
are difficult to measure, and indirect assessments
are necessary if genetic progress in root archi-
tecture and physiology are to be realized. Traits
linked to water status or temperature tolerance
can be useful indicators of root characteristics,
and these include measures of relative leaf water
content, stomatal conductance, and canopy tem-
perature (CT) (Reynolds et al. 2005; Reynolds
et al. 2007b). Of these traits, CT is the most eas-
ily measured and displays an association with
root length density and grain yield under stress
(Reynolds and Trethowan 2007). Carbon isotope
discrimination (CID) of plant tissue can also be
used to estimate plant response to stress, and
those with better access to water will show higher
CID (Sayre et al. 1995; Monneveux et al. 2005).
CID was used to indirectly estimate the yield
of wheat in Australia, culminating in the release
of two wheat cultivars with improved water-use
efficiency (Rebetzke et al. 2002).

Osmotic adjustment under drought stress may
also improve plant response to stress, although
this tends to promote survival rather than pro-
ductivity (Serraj and Sinclair 2002). There is ge-
netic variation for osmotic adjustment in wheat,
and characters such as continued leaf elongation
under stress (Turner 1986), delayed leaf senes-
cence (Hsiao 1973), maintenance of root devel-
opment, stabilization of soil moisture extraction,
and adjustments to stomatal and photosynthetic
processes are linked to improved osmotic adjust-
ment (Reynolds et al. 2007a). Evidence suggests
that osmotic adjustment is controlled by a single
gene in wheat (Morgan 1991, 2000; Morgan and
Tan 1996), and the character can be measured
under controlled conditions in the greenhouse
and used to select for improved grain yield un-
der drought stress in the field (Moinuddin et al.
2005).

Roots tend to be more sensitive to higher tem-
perature than above ground biomass (Porter and
Gawith 1999), and this increased sensitivity is
linked to fluctuations in diurnal temperature (Petr
1991). Temperature in excess of 35◦C will reduce
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terminal root growth, thus increasing senescence
(Wardlaw and Moncur 1995).

Phenology

One of the primary causes of poor water-use ef-
ficiency is inappropriate crop phenology. Yield
and adaptation will improve if phenological de-
velopment matches the most probable avail-
able moisture distribution in the crop season. In
the simplest sense, early flowering will avoid
drought and temperature stress in environments
where terminal stress is likely to occur. The
genes controlling photoperiod and vernaliza-
tion response in wheat are well understood, and
molecular markers are available for most genes
of major effect (Yan 2009). These genes can
be manipulated to better target crop genotypes
to farming systems and regions, thus improv-
ing water-use efficiency and regional yield and
productivity.

Partitioning of photosynthetic
assimilates

High preanthesis biomass may be a disadvan-
tage under severe stress if water becomes lim-
iting during the grain-filling period. However,
fructans stored in stems prior to heading can
contribute to grain filling and yield and can
be particularly useful when photosynthetic ca-
pacity is reduced by postanthesis stress (Blum
et al. 1983; Blum 1998). In a study of solid
and nonsolid stem wheat lines derived from the
same cross, Saint Pierre et al. (2010a) found that
materials with solid stem had higher levels of
water-soluble stem carbohydrates and that these
materials were higher yielding under drought
stress. Other traits that may contribute to in-
creased fructan storage include long and thick
stem internodes (Reynolds et al. 2007b). The in-
heritance of water-soluble stem carbohydrates is
complex and many minor quantitative trait loci
(QTL) contribute to the expression of the trait,
nevertheless heritability is high, particularly un-
der terminal drought stress, indicating that phe-

notypic selection should be effective (Rebetzke
et al. 2007b).

Spike photosynthesis can also be an impor-
tant contributor to grain fill, particularly under
drought stress, as spikes (including awns) have
a higher water-use efficiency than leaves as they
can refix respiratory carbon (Bort et al. 1994;
Bort et al. 1996). While gas-exchange is difficult
to measure on spikes, chlorophyll fluorescence
could be used as a more rapid measure to aid
selection in plant breeding programs (Reynolds
et al. 2007b).

Plant height, harvest index, and other
morphological traits

Many consider taller plants to be more toler-
ant to severe drought stress than shorter plants.
This likely arises from the comparison of tall
landrace cultivars, still grown in more marginal
environments, with modern semidwarf cultivars
tested in the same regions. Nevertheless, bet-
ter relative partitioning of assimilates to spike
and grain growth could be expected to re-
sult in higher harvest index, thus improving
yield under drought as water is saved by not
generating the additional biomass (Reynolds
and Trethowan 2007). Mathews et al. (2007)
tested a range of isogenic pairs of wheat cul-
tivars across a range of water-limited environ-
ments globally and concluded that in almost
all instances, the shorter lines out performed
their taller counterparts. Under high temperature
stress, we would expect to see a reduction in har-
vest index among less-tolerant materials as spike
initiation and development is retarded (Balla
and Veisz 2008).

There is evidence that a range of different
leaf morphologies can influence plant response
to drought and high temperature. Leaf glau-
cousness (Richards et al. 1986), rolling (Ayeneh
et al. 2002), pubescence, and erect habit (Innes
and Blackwell 1983) can reduce radiation load
on the leaf surface, thus reducing transpiration.
These traits show a largely facultative response
to drought and therefore would not be associated
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with reduced radiation-use efficiency under fa-
vorable conditions (Reynolds et al. 2007b).

Antioxidants and ABA

It is likely that there is a link between plant
adaptation to high temperature and drought as a
degree of thermal and radiation tolerance would
be an advantage in high-radiation environments,
typical of many dry areas (Reynolds et al.
2007b). Reduced stomatal conductance is likely
to increase leaf radiation load beyond that
required to fix carbon, thereby increasing the
accumulation of active oxygen species. The
xanthophylls cycle, for example, can dissipate
up to 75% of absorbed light energy (Niyogi
1999). Barley landraces can adapt to stress
by rapid xanthophyll cycling and reduced
leaf chlorophyll, mechanisms that increase
photo-protection (Tardy et al. 1998; Havaux and
Tardy 1999). However, adaptive chlorophyll
loss is likely to be a yield disadvantage under
more productive conditions.

Abscisic acid (ABA) is a growth regulator
synthesized in response to stress. Increased ABA
tends to reduce seed-set (Morgan 1980; Westgate
et al. 1996), leaf transpiration rate, cell expan-
sion, and cell division, and increases partition-
ing of assimilates to root growth (Turner 1986).
These responses are highly conservative and
likely to be a disadvantage under more produc-
tive conditions. Selection for high ABA has not
resulted in improved productivity under stress
(Loss and Siddique 1994).

Sources of genetic variation for
drought and heat tolerance

The yield of wheat has increased globally by
some 1% per annum over the past 50 years
(Trethowan et al. 2001). Nevertheless, rates of
genetic gain in recent years have reached a
plateau (Lobell et al. 2005; Chatrath et al. 2007),
indicating a possible exhaustion of genetic diver-
sity for yield. To improve yield potential further,
it will be necessary to radically alter crop archi-
tecture and/or physiology. However, increasing

yield potential under highly productive condi-
tions is unlikely to increase regional and global
food production. Grain crops such as wheat are
rarely grown under optimal conditions. Improv-
ing the stress tolerance of crops will likely in-
crease total production, particularly as climate
change or increased climate variability is likely
to increase the intensity and occurrence of stress.
Identification of sources of genetic diversity for
stress tolerance is critical if better adapted wheat
cultivars are to be developed.

Diversity for plant response to drought
and high temperature in the primary
wheat gene pool

Plant breeders have steadily exploited genetic di-
versity for stress tolerance over the past 50 years
and considerable progress in yield and adaptation
has been made (Trethowan et al. 2007). Never-
theless, rates of progress are significantly lower
than that of other more simply inherited traits. A
significant component of improved yield poten-
tial is maintenance of disease resistance (Sayre
et al. 1998). Disease resistance is simply inher-
ited and easily assessed both in the field and
under controlled conditions. This ease of assess-
ment and relative simplicity of inheritance has
driven the development of molecular markers for
disease resistance in wheat. Molecular markers
have allowed the plant breeder to pyramid dis-
ease genes both in the presence and absence of
the disease (William et al. 2007). In contrast, the
complexity of inheritance and response to envi-
ronment has hampered attempts at establishing
accurate phenotypes for the abiotic stresses.

Variability in the environment can be con-
trolled using growth chambers; however, these
responses are rarely transferable to the field. If
plant breeders are to increase rates of genetic
progress for yield under stress, it will be impor-
tant to base screening in the field. Field-based
managed stress environments have been used at
the International Maize and Wheat Improvement
Centre (CIMMYT) to improve the stress toler-
ance of wheat (Trethowan et al. 2001; Trethowan
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et al. 2005). Trials are sown in an arid, irri-
gated environment in northwestern Mexico near
Ciudad Obregon (latitude 27◦N, 60 m above
sea level) and limited irrigation used to gen-
erate repeatable drought stress regimes. These
stress regimes represent the dominant stress pat-
terns found in the environments targeted by the
CIMMYT wheat-breeding program. Delayed
planting dates are used to generate terminal heat
stress, and combinations of delayed sowing and
restricted irrigation simulate both stresses. A
combination of gravity, drip, and overhead irriga-
tion is used by CIMMYT wheat breeders to cre-
ate the targeted stress patterns. Materials selected
in this way are distributed to many environments
around the world in the Semi-Arid Wheat Yield
Trial (SAWYT) and the data generated collated
and analyzed by CIMMYT. Historically, the ma-
terials were tested using one dominant postan-
thesis stress regime; however, the lines selected
in this way tended to be well adapted in a subset
of global environments only (Trethowan et al.
2001). Nevertheless, rates of genetic gain over a
19-year period were found to be 4% per annum in
low-yielding environments and less than 1% un-
der more productive conditions (Trethowan et al.
2002). The results indicated that global rates of
genetic gain could be increased by increasing the
relevance of materials in regions where CIM-
MYT germplasm performed poorly. Similarly,
an analysis of CIMMYT’s High Temperature
Wheat Yield Trial showed that screening materi-
als under terminal heat stress at Ciudad Obregon
in northwestern Mexico, did identify materials
relevant to a wide range of environments glob-
ally (Lillemo et al. 2005).

Several families of germplasm with superior
performance under drought and heat stress were
identified. These include lines derived from the
parent “Baviacora” for drought response and
“Kauz” for performance under high terminal
temperatures. Wherever possible, breeders have
attempted to use adapted materials in crosses
as reduced linkage drag is expected. However,
landrace or traditional cultivars have also been
used to extend the genetic diversity for stress

response. Recent work at CIMMYT identified
Mexican landraces with superior water extrac-
tion from depth and high levels of stem solu-
ble stem carbohydrates, particularly at or before
flowering (Reynolds et al. 2007b). These materi-
als were crossed to adapted materials, and lines
with superior stress response in good agronomic
backgrounds have been derived (Reynolds, per-
sonal communication).

Clearly, there is significant variation for
drought and heat response in the primary wheat
gene pool, and there is scope to improve plant
response further. Progress is to some extent lim-
ited by phenotyping and breeding strategy. Nev-
ertheless, the additive nature of drought and heat
stress tolerance will require new sources of alle-
les if rates of genetic gain are to be lifted beyond
the current rate of 1% per annum.

Diversity for plant response to drought
and high temperature in the secondary
wheat gene pool

Synthetic hexaploid wheat, produced by cross-
ing tetraploid wheat, both modern and ances-
tral, with Aegilops tauschii, the donor of the
D-genome of hexaploid wheat, offers exciting
new variation for stress tolerance. Primary syn-
thetic wheat was first reported by McFadden and
Sears in 1946. Over the past 20-years, many new
primary synthetics have been made at CIMMYT
and other organizations (van Ginkel and Ogbon-
naya 2007). These primaries have largely been
based on modern cultivated durum wheat al-
though tetraploid emmer wheat has also been
used to expand the genetic base of the A and B
genomes (Lage et al. 2004). The primary synthet-
ics, particularly those based on emmer wheat,
have poor agronomic type and are difficult to
thresh, which complicates their evaluation for
stress tolerance. Morphological, phenological,
and disease data are more easily assessed and
make up most of the available phenotypic infor-
mation. Nevertheless, some evidence suggests
that the primary synthetics do express a degree of
drought and heat tolerance under field conditions
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(Villareal et al. 1998; Villareal and Mujeeb-Kazi
1999).

The primary synthetics are a potential source
of new, largely additive, genetic variation for re-
sponse to limited moisture. In crosses between
primary synthetics and adapted wheat cultivars,
plant breeders at CIMMYT observed an im-
proved response to drought among the derived
progeny (Trethowan et al. 2000, 2003, 2007).
These responses were initially observed in north-
western Mexico in the Sonoran desert under lim-
ited irrigation and then internationally once the
selected progeny were distributed in CIMMYT’s
SAWYT (Lage and Trethowan 2008). The syn-
thetic derivatives developed in Mexico were also
evaluated in Australia and many of the mate-
rials identified as superior under limited mois-
ture in Mexico also performed well compared to
their recurrent parents and locally developed cul-
tivars under Australian conditions (Ogbonnaya
et al. 2007; Dreccer et al. 2007). In a differ-
ent comparison, Gororo et al. (2002) tested syn-
thetic hexaploid derivatives developed from pri-
mary synthetics produced in Australia in both
Australia and Mexico and found that the de-
rived lines exceeded the check for yield in 38
of 42 multienvironment comparisons across both
countries.

The physiological basis of improved adapta-
tion to limited moisture of synthetic-derived ma-
terial is unclear although preliminary evidence
indicates that greater investment in root biomass
deeper in the soil profile by synthetic-derived
materials is an advantage in Mexico (Reynolds
et al. 2007b). In this study, the greater investment
in deeper roots led to a lower root : shoot ratio un-
der drought stress. Synthetic derivatives are also
able to maintain seed weight under drought and
high-temperature stress (Trethowan et al. 2005).

While the primary synthetics carry useful
variation for stress adaptation, there is also con-
siderable linkage drag associated with poor agro-
nomic type and quality. Empirical selection for
yield under stress has captured only a small
proportion of the primary synthetic genome
in the agronomically superior, drought-adapted

progeny, as evidenced by microsatellite analysis
(Zhang et al. 2005) and coefficients of parentage
of more recently derived materials (Lage and
Trethowan 2008).

Significant variation for response to high-
temperature stress has been observed among the
ancestral species of wheat, including A. tauschi
(Zaharieva et al. 2001). This tolerance is often
expressed in the primary synthetics, although
expression can be linked to poor yield under
optimal growing conditions. Yang et al. (2002)
found that yield in primary synthetics was supe-
rior to adapted cultivars in the temperature range
25◦C/30◦C but inferior at optimal temperature.
This lack of response at lower temperature most
likely reflects linkage drag associated with the
primary background; when the stress is removed,
the “yield engine” is exposed. Nevertheless, ev-
idence suggests that stress tolerance and high
yield potential are not intrinsically negatively
linked. Breeding can remove this yield crossover
effect under more productive conditions. Lage
and Trethowan (2008) demonstrated this with the
synthetic derivative “Vorobey” (Fig. 7.1). This
was compared to the best locally adapted culti-
vars in environments where yield ranged from 1
to 8 tons. In almost all instances, Vorobey yielded
more than the locally adapted materials.

Reynolds et al. (1994) found that stay-green
or green leaf duration was linked to high tem-
perature tolerance. In a later study, Reynolds
et al. (2007) reported that the yield of synthetic-
derived materials in late sown, irrigated yield
trials in the Sonoran desert was 30% higher than
the adapted check cultivars at temperatures in
excess of 35◦C during anthesis and grain filling.

While the synthetic wheats do provide use-
ful variation for cold tolerance in the vegetative
phase (Limin and Fowler 1982, 1993), the evi-
dence of frost tolerance during reproductive de-
velopment is inconclusive. Maes et al. (2001)
found that floret death was delayed in some pri-
mary synthetics under freezing temperatures by
up to 4 minutes. While statistically significant,
the value of this trait under frost in the field is
unclear.
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Fig. 7.1. The yield of the synthetic derivative “Vorobey” compared to the highest
yielding line, highest yielding local check cultivar, and lowest yielding line in the
SemiArid Wheat Yield Trial (SAWYT) at 45 locations. (Reproduced from Lage and
Trethowan 2007.)

Diversity for plant response to drought
and high temperature in the tertiary
wheat gene pool

The tertiary gene pool is a last resort for plant
breeders searching for genetic variation for traits
of economic importance, as this diversity is dif-
ficult to introgress into adapted materials. While
synthetic wheat combines materials representing
one or more of the hexaploid wheat genome, ter-
tiary genomes are nonhomologous with wheat,
complicating gene transfer. Nevertheless, cy-
togeneticists have made considerable progress
in transferring alien segments, generally target-
ing disease resistance, particularly rust genes in
wheat (Tomar and Menon 2001; Zhang and Ren
2001; Aghaee-Sarbarzeh et al. 2002; Mago et al.
2005). The identification of the ph mutants in
wheat (Sears 1976) promoted homologous pair-
ing and made the development of addition and
substitution lines possible, which in turn revo-
lutionized the transfer of chromosome segments
from alien species.

The 1BL.1RS translocation in wheat is one
of the better known alien translocations to im-
pact wheat breeding for both biotic and abiotic
stresses. The translocation was found in the win-
ter wheat cultivar Kavkaz and later transferred to
spring wheat by CIMMYT breeders, eventually
giving rise to the Veery wheats (Rajaram et al.

1990). Apart from carrying genes for disease re-
sistance, the segment was also linked with high
yield in many environments, even in the absence
of disease (Trethowan et al. 2007). This superior-
ity is likely linked to a more vigorous root growth
conferred by the translocated segment (Ehdaie
et al. 2003; Waines and Ehdaie 2007). Unfortu-
nately, lines carrying the 1BL.1RS translocation
express inferior industrial quality in some back-
grounds, which has limited the deployment of
these materials in some environments (Amiour
et al. 2002). Other rye translocations such as
1AL.1RS, 2BS.2RL, and 6BS.6RL have been re-
ported and are linked in some cases to improve-
ments in disease resistance (Rabinovich 1998).
However, none of these have expressed agro-
nomic performance equivalent to 1BL.1RS.

Alien species found in harsh environments
can also provide useful sources of stress tol-
erance. Aegilops geniculata has been shown to
express relatively low CID, a trait indicative of
high transpiration efficiency and therefore toler-
ance to drought (Zaharieva et al. 2001), which
could be a source of useful variation if trans-
ferred to adapted wheat. A translocated seg-
ment of Agropyron elongatum carrying the leaf
rust resistance gene Lr-19 has been observed
to increase yield potential in some environ-
ments and in some backgrounds by improving
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radiation-use efficiency and grain number
(Reynolds et al. 2001), although the evidence
under stress is less conclusive (Monneveux et al.
2003).

Unfortunately, there are relatively few exam-
ples of successful alien gene transfer into adapted
wheat that improve adaptation to abiotic stresses.
The complex inheritance of abiotic stress toler-
ance, meiotic instability, and linked deleterious
effects limit the widespread application of the
tertiary gene pool in applied wheat breeding.

Diversity for plant response to drought
and high temperature through
transgenesis

The transfer of genes beyond the tertiary gene
pool through genetic engineering is another tool
available to the plant breeder to increase genetic
diversity for stress tolerance. However, the ex-
pression of drought tolerance in transgenic wheat
produced at CIMMYT based on the Dreb1A
transcription factor from Arabidopsis thaliana
was not transferable from the greenhouse to the
field (Pellegrineschi et al. 2004; Saint Pierre
et al. 2010b). Nevertheless, improved response to
drought has been noted in other transgenic crops
such as soybean. Ronde et al. (2004) compared
transgenics based on the pyrroline-5-carboxylate
reductase gene (P5CR) with their controls and
found that transformed plants had higher free
proline and higher relative water content un-
der drought. Proline has been linked with plant
response to drought and can be accumulated
in various plant structures, including leaf tis-
sue, meristems, and root apical regions (Rhodes
et al. 1999). Proline may contribute to osmotic
adjustment by protecting proteins and cellular
membranes in plants under stress. Wang et al.
(2006) also reported a twofold increase in pro-
line of transgenic wheat plants transformed us-
ing the Dreb transcriptional factor; however, the
drought response was not confirmed under field
conditions.

Perhaps, the most promising recent story is
drought-tolerant transgenic maize. Monstanto

and BASF have discovered a gene from the bac-
teria Bacillus subtilise that improves drought tol-
erance in maize (BASF 2009). Moves are under-
way to test and ultimately release this cultivar in
sub-Saharan Africa. While little published evi-
dence is available on the performance of trans-
genic crops under drought, these new improved
materials are potentially an exciting new source
of variation for plant breeders, particularly as
perfect molecular markers exist for the trans-
genes making their introgression into wider ge-
netic backgrounds possible through conventional
marker-assisted selection.

Combining genetic variation for
drought and heat tolerance in
applied wheat breeding

The plant breeding process can be divided into a
series of steps, spanning the identification of par-
ents through to the release of improved cultivars
to farmers. Breeding strategies for transferring
genetic diversity for stress tolerance into wheat
are outlined.

Crossing strategies

The importance of choosing parents for crossing
that maximize the probability of achieving the
desired phenotype can never be under underes-
timated. If this is not done efficiently, all subse-
quent investment in the resulting populations is
largely wasted. Selection for drought or heat tol-
erance is normally conducted within the frame
work, a breeding program that targets a range
of other economically important traits such as
disease resistance and end-use market quality.
Given the vagaries of environment and the influ-
ence of environment on the expression of stress
tolerance, it is important that prospective parents
are tested widely for stress response in the target
environment.

The cost and accuracy of genotyping technol-
ogy has improved significantly in recent years.
In addition to background genotype, the number
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of simply inherited traits with linked or
perfect markers has increased and the breeder
will have layers of information available on
parental materials. Advances in genotyping has
also provided a platform for association genetics
studies within whole breeding programs; most
mature programs will have access to historical
performance data and residue seed, at least, of
the parents and selected progeny.

One such example comes from the CIM-
MYT wheat breeding program (Crossa et al.
2007). Lines entering CIMMYT’s international
trial network were maintained in a gene bank and
were therefore available for genotyping. Breed-
ers were able to associate genotype with yield
performance across a 25-year period. The analy-
sis identified genomic regions associated with
superior yield in many environments globally
(Table 7.1). The chromosome regions in high-
light in Table 7.1 indicate significant DArT mark-
ers that are not linked to genes of major effect
such as vernalization, photoperiod response, or
major disease-resistance genes. These regions
and their associated markers can be combined
in crossing to improve yield response.

It is also wise to determine the physiolog-
ical response of parents to drought and heat.
These data complement the molecular charac-
terization of materials and allow the breeder
to combine complementary physiological char-
acters in crosses. This was the approach used
by Reynolds and Trethowan (2007) to improve
drought stress tolerance. The yield performance
of the derived lines exceeded that of conventional
crosses made among the best drought-tolerant or
water-use-efficient genotypes based on yield un-
der stress alone (Manes Y, personal communi-
cation). However, while the grain yield of these
materials has improved, it is yet to be confirmed
that different physiological traits have been pyra-
mided and are responsible for the enhanced re-
sponse. Within the primary gene pool, simple bi-
parental crosses are often sufficient to combine
useful variation. However, a degree of backcross-
ing is essential when combining variability from
the secondary and tertiary pools.

Selection strategies

The probability of obtaining the desired stress
tolerance phenotype from crosses combining tar-
get traits is dependent upon the chosen selection
strategy. Practicality will limit population size
in the early generations; however, the breeder
should strive to maximize the number of plants
screened in each cross. For example, materials
have historically been selected for water-use ef-
ficiency at CIMMYT using two alternating stress
patterns during the segregating phase, contin-
uous drought stress, and no stress. The F2 is
screened under well-watered conditions as effec-
tive screening for simply inherited but vital char-
acters such as disease resistance, plant height,
and flowering time is best conducted without
drought stress. Materials are screened for the
first time under drought stress at the F3. Typ-
ically up to 3000 plants are grown at F2, of
which 200–300 may be selected and bulked on
the basis of disease resistance and other sim-
ply inherited characters. Around 1500 plants are
then sown in F3 under stress and around 10% of
these materials selected on the basis of spike size,
seed size, and tiller number. Terminal heat stress
is generated by late planting. The nurseries are
well-watered to avoid the confounding effects of
drought stress and large F3 populations are sown
and stem rust susceptible plants removed, as this
disease is prevalent in the Yaqui Valley at high
temperature. The remaining plants are bulk har-
vested and the seed separated for seed size and
density on a gravity table. The selected portion
of seed is then resown under heat stress in the
field for further selection.

If molecular markers for known genes are
available, they should be used to increase the
frequency of desired alleles in the segregating
phase. Allele enrichment in the earliest seg-
regating generations using markers for known
genes will greatly increase the frequency of
target genes in the population (Bonnett et al.
2005). However, QTL of significant effect with
associated flanking markers tend to be rare in
wheat. Most QTL for stress tolerance have been
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identified in biparental populations and tend to
be background specific or environment specific
in their effect. These QTL generally represent
only a small portion of the total expression of
the trait.

An alternative is to identify QTL within each
population specific to that population. These can
then be combined in a marker-assisted recur-
rent selection scheme (MARS) (Bernardo and
Charcosset 2006). MARS schemes have gener-
ally been used in open-pollinated crops such as
maize (Eathington et al. 2007), but there is no
reason, apart from limitations with crossing, that
this will not be equally effective in wheat. Fig-
ure 7.2 outlines a possible MARS scheme for
wheat. In a MARS scheme, the parents and in-
termediate generations are genotyped (generally
F3 or F4). It is also important to select adapted
parents that do not differ greatly in flowering
date and plant height, as phenotypic assessment
of stress tolerance is a key component of the
scheme, and differences in phenology will con-
found determination of the stress response. In
Fig. 7.2, 300 F2-derived F3 progeny are geno-
typed and the F4 tested in multiple environ-
ments for response to stress. The significance of
each marker-allele is then calculated, thus pro-
viding an estimated breeding value. The selected
progeny, based on phenotypic response, are re-
combined in crosses on the basis of the signifi-
cance of each marker-allele. In this way, the sig-
nificant markers for stress response are combined
within each population. Another variant on this
strategy is genome-wide selection. In this case,
all breeding values, not just the significant gene
effects, are used to drive crossing and recombi-
nation (Bernardo and Yu 2007). Nevertheless, as
with all selection schemes, the determination of
the stress phenotype is the rate-limiting step. Ef-
fective selection for stress tolerance (and hence
the accuracy of each gene effect estimation) de-
pends on the prevailing conditions in the year
of selection. The heritability of selection is often
low in most stressed environments as year effects
are large (Ribaut et al. 1996; Ahmed and Bajelan
2008).

It is often better to select materials using
managed stress conditions that most closely
mimic the most probably environment type for
the target region. This has been the philoso-
phy at CIMMYT, and wheat materials are se-
lected using limited irrigation and delayed plant-
ing dates to generate dominant drought and heat
stress patterns, respectively, that are typical of
the wider target environments (Trethowan et al.
2005).

While it is generally time consuming to mea-
sure physiological traits, the application of phys-
iological tools are not necessarily limited to
screening small numbers of parents. Some traits,
such as canopy temperature depression (CTD),
are easy to measure using an infrared thermome-
ter and are highly correlated with stress response
(Reynolds et al. 2007). CTD has been success-
fully used in the F4 generation to favorably skew
gene frequency, resulting in a higher propor-
tion of drought-adapted materials with cooler
canopies (Trethowan and Turner 2009). How-
ever, Saint Pierre et al. (2010b) studied gene ac-
tion for CTD across diverse environments and
concluded that selection should be delayed un-
til higher levels of homozygosity are reached
because of significant dominance and epistatic
effects. These authors also confirmed the signif-
icant relationship between yield under drought
and heat stress and CTD.

Although the inheritance of osmotic adjust-
ment is simple (Morgan and Tan 1996; Morgan
2000) and the relationship between greenhouse
and field response relatively robust (Moinuddin
et al. 2005), it is difficult to use this charac-
ter for selection of large numbers of lines be-
cause of the difficulty and time required to as-
sess the character. However, selection would be
facilitated by the identification of robust molec-
ular markers linked to the trait. Similarly, water-
soluble stem carbohydrate is an excellent candi-
date for marker-assisted selection and is linked
to improved performance under stress in some
environments. However, phenotypic screening
should be conducted on early sown materials
grown without drought stress as these conditions
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Fig. 7.2. An example of a marker-assisted recurrent selection scheme to improve the stress adaptation of wheat. (Courtesy
of Xavier Delannay.)

have the highest heritability of expression of the
trait (Dreccer et al. 2009).

Double haploids produced using the maize-
wheat system or microspore culture provides a
useful additional tool for the rapid production of
homozygous lines (Kisana et al. 2006). Double
haploids are often used to develop random pop-

ulations from F1 progeny for genetic mapping
studies. However, if applied on F2 or BC1F1
progeny following screening for highly herita-
ble traits, using either traditional techniques or
molecular markers, they can speed up the breed-
ing process considerably. Nevertheless, the ap-
plication of double haploids is limited by their
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expense and the genetic complexity of stress tol-
erance, which requires large numbers of progeny
to be screened.

Confirmation of stress response in
fixed line progeny

The expression of stress response in fixed line
progeny from any selection scheme must be con-
firmed as the stress phenotype up until this point
has been determined in relatively few environ-
ments on small seed quantities of large numbers
of individual lines. In some programs such as
the wheat breeding program at CIMMYT, new
fixed line progenies are tested under managed
stress conditions in the field (Trethowan et al.
2005). Over the past decade, four basic stress
patterns were generated in the field using lim-
ited irrigation at an arid location in northwestern
Mexico; these patterns were continuous drought
stress, preanthesis stress, postanthesis stress, and
no drought stress. Irrigation was controlled using
a combination of drip and gravity-fed irrigation.
In the Sonoran desert, most of the annual precipi-
tation falls during the summer, and in most years,
there is on average 100 mm of available water in
the soil profile at planting. The continuous stress
regime was generated by planting into dry soil
followed by the application of up to 60 mm of
water in three separate irrigations. These irriga-
tions were generally applied at planting, jointing,
and mid-boot stage but were varied depending
on unseasonal rainfall. The aim was to produce
a constant but not lethal stress throughout the
growth phase; an average yield of 1–1.5 t/ha
was targeted. The preanthesis stress regime
was identical to the continuous stress pat-
tern until flowering after which the stress
was relieved by two additional irrigations of
40 mm each; one applied at flowering, the other
mid-grainfill. The targeted average yield was 2
t/ha. The postanthesis stress was generated by
applying 90 mm of water during the preanthe-
sis phase in three separate irrigations: one after
sowing, one at jointing, and the final irrigation in
mid-boot. No irrigation was applied after mid-

boot and 2 t/ha average yield was targeted. The
optimal treatment was managed by applying up
to 6 irrigations of 40 mm each throughout the
growth cycle to avoid drought stress. Yield of
6 t/ha or greater was targeted. However, not all
materials are tested under all regimes. Optimal
and continuous stress patterns have been used to
screen preliminary materials and the full range of
stress patterns applied to only the most advanced
materials. The intensity of selection is relatively
high under drought stress with 10–20% of mate-
rials selected from preliminary yield testing.

Following evaluation under managed stresses
in northwestern Mexico over a 3-year period,
with the range of stresses increasing as the num-
ber of selected lines decreases, the materials are
sent globally in coordinated yield trials for exten-
sive testing in the target environments. Materials
developed and deployed in this way have adapted
well to a wide range of growing conditions in
the wheat-growing areas of the developing world
(Trethowan et al. 2001, 2003).

Screening for high-temperature stress toler-
ance at CIMMYT is managed by late planting.
Wheat is normally sown in November in the
Yaqui Valley and flowers during February while
temperatures are still cool. Average maximum
and minimum temperatures for the critical Jan-
uary to April growth period (representing spike
initiation to physiological maturity) are 26.5◦C
and 12.5◦C, respectively. However, when plant-
ing is delayed until January, spike initiation takes
place in late February/early March and physio-
logical maturity in May. The respective average
maximum and minimum temperatures for the
same growth period become 29.0◦C and 15◦C.

In other wheat breeding programs, such as
those in Australia, fixed lines are tested widely
in multienvironment trials across the target en-
vironment over a number of years to reduce the
impact of large genotype × location × year in-
teractions (Chapman et al. 2000). Genotypes are
selected for release on the basis of their high
and stable yield performance over time. In many
developing countries, lines are generally tested
in multienvironment yield trials on a network



P1: SFK/UKS P2: SFK Color: 1C

BLBS082-07 BLBS082-Yadav July 13, 2011 7:14 Trim: 246mm X 189mm

232 CROP ADAPTATION TO CLIMATE CHANGE

of government research stations for economic
and logistical reasons, which do not necessar-
ily represent on-farm conditions (Ceccarelli and
Grando 2007). For this reason, some have advo-
cated farmer participatory varietal selection as
one avenue to ensure the relevance of released
cultivars to farmers (Witcombe et al. 1996). In
this instance, fixed lines with disease resistance
and market quality and tested in a series of on-
farm demonstrations and farmer feedback used
to identify lines for release.

Managing plant breeding
information to make better
decisions: The importance
of informatics

In recent years, the volume of information avail-
able to the wheat breeder has increased exponen-
tially with advances in genotyping technology.
Many plant breeders use dedicated software, of-
ten developed in house, to manage the day-to-day
operations of their breeding programs. These op-
erations include updating pedigrees, producing
field books, and storing linked phenotypic and
molecular data. However, few plant breeders in
the public sector make efficient use of the four
tiers of available data representing pedigree, phe-
notype, background genotype, and foreground
genotype. In addition, increasing operating costs,
more challenging research objectives, and con-
cerns over intellectual property and the proper
documentation of germplasm flow have made
data management an imperative. The Interna-
tional Crop Information System (ICIS) is a pub-
licly available integrated database that houses
the four tiers of plant breeding data (DeLacy
et al. 2009). However, ICIS is an evolving sys-
tem and many of the tools required to interrogate
the warehoused data are still in development. In-
creasing rates of genetic gain under stress is more
than ever dependent upon the efficient access and
use of available information.

Commercial companies have invested signif-
icant sums in informatics to support their crop
breeding effort. One of the best examples is

maize breeding at Monstanto. Monsanto made
a decision to centralize its database system using
purpose built software (Eathington et al. 2007).
This system required uniform nomenclature, trait
definitions, and rating scales to be adopted across
their global maize breeding effort. All pedigree,
phenotypic, and genotypic data are now managed
in this way. Monstanto breeders have access to
predictive tools base on gene effects estimated
across the database to improve their rates of ge-
netic advance. Plant breeder access to equivalent
informatics support for wheat and rice; key crops
for global food security and largely bred in the
public sector, is essential if rates of genetic gain
are to keep pace with those in commercial sector
maize.

Integrating genetic improvement
and conservation agriculture to
increase productivity under stress

While genetic improvement of stress tolerance
is an important avenue to improve yield and
productivity in an increasingly hostile produc-
tion environment, the new materials must be de-
veloped within the framework of a water and
resource conserving agricultural system. Ensur-
ing that newly developed lines are well adapted
to conservation agricultural practices is a plant
breeding objective. Already there is evidence that
genotype × farming system interactions exist for
wheat for yield and product quality (Gutierrez
2006); these interactions can be exploited to de-
velop more relevant crop cultivars. However, the
evidence of genotype × tillage interactions has
historically been inconclusive, largely because
small numbers of genotypes have been tested
and most of the materials evaluated were devel-
oped under conventional tillage (Trethowan et al.
2010).

To effectively breed for adaptation to conser-
vation agriculture, the plant breeder must first
evaluate potential parents under both tilled and
untilled regimes to classify genotype responses.
Segregating populations should also be selected
under locally adopted conservation agricultural
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techniques. Trethowan et al. (2010) reported that
selection of segregating materials from the same
cross under zero-tillage produced lines that per-
formed well under both zero-tillage and conven-
tionally tilled systems.

However, if the response can be broken
down into discrete traits with higher heritabil-
ity, then genetic progress can be significantly
advanced. Earlier work has identified coleop-
tile length (Rebetzke et al. 2007a; Trethowan
et al. 2001), coleoptile thickness (Rebetzke et al.
2004), emergence from depth (Trethowan et al.
2005), seedling vigor (Liang and Richards 1999),
rate of stubble decomposition (Joshi et al. 2007),
root depth (Reynolds and Trethowan 2007), al-
lelopathy (Bertholdsson 2005), N-use efficiency
(van Ginkel et al. 2001), disease resistance
(Trethowan et al. 2005), and seedling temper-
ature tolerance (Boubaker and Yamada 1991) as
having some influence on plant response to un-
tilled soil. Genetic variation for all these charac-
ters can be found in both the primary and sec-
ondary wheat gene pools, hence progress in im-
proving should not be onerous.

Conclusion

There is sufficient variation in the primary, sec-
ondary, and tertiary wheat gene pools to sig-
nificantly improve the response of wheat to
an increasingly variable climate, including ex-
tended periods of in-season drought and increas-
ing temperature. The complexity of inheritance
of stress tolerance, difficulty in determining ac-
curate stress phenotypes, and the limitations of
traditional wheat breeding strategies are major
impediments to progress. In the short term, the
rate of genetic gain for yield is likely to remain
flat, as evidence by a recent lack of progress
globally in wheat (Lobell et al. 2005; Chatrath
et al. 2007). To some extent, we have exhausted
genetic variation for yield potential within the
primary wheat gene pool and must look to the
secondary and tertiary gene pools for new ge-
netic diversity. In the short to medium term, a
concerted effort to improve the stress tolerance

of wheat will likely pay greater dividends region-
ally, thus improving food security globally. Evi-
dence from the secondary wheat gene pool, par-
ticularly synthetic wheat and other amphiploids,
offers real potential to increase overall stress tol-
erance and hence productivity and yield stability
in highly variable environments. Managing the
exponential increase of molecular information
and marrying phenotype and genotype in effi-
cient cross-predictive software will also be an
important contributor to improvement of overall
rates of genetic gain.

In the longer term, the prognosis for increas-
ing yield under stress is good. New transgenes
that improve plant response to drought and heat
are likely to extend the genetic variation available
to plant breeders. Nevertheless, wheat is a com-
plex hexaploid and genes tend to be located in
gene-rich regions along the chromosome, inter-
spersed with gene-poor regions. Rates of recom-
bination also tend to be higher at distal ends of the
chromosome and lower closer to the centromere.
Clearly, increased recombination in wheat would
potentially unlock considerable genetic diversity
residing in the primary gene pool (Akhunov et al.
2003).
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Chapter 8

Genetic Adjustment to Changing
Climates: Pea
Clarice J. Coyne, Rebecca J. McGee, Robert J. Redden, Mike J. Ambrose, Bonnie J.
Furman, and Carol A. Miles

Introduction

Peas (Pisum sativum L.) are herbaceous annu-
als. Peas are adapted to cool, semiarid to subhu-
mid growing conditions, and although they are
widely grown throughout the world, they per-
form best in the cool, relatively dry areas of the
mid-latitudes (areas between approximately 30◦

and 60◦ north or south of the equator).
In mid-high latitudes, peas are typically

planted early in the spring as they do not tol-
erate hot weather or drought stress during flow-
ering. Germination and seedling establishment
can occur at soil temperatures as low as 4.5◦C. At
temperatures greater than 30◦C, the germination
percent decreases (Olivier and Annandale 1997).
Vegetative growth is maximized when daytime
highs are 13–23◦C. Haldimann and Feller (2005)
found that net photosynthesis in peas decreased
with increasing leaf temperature and was more
than 80% reduced at 45◦C. Daytime tempera-
tures in excess of 27◦C during flowering may
cause flowers to abort, resulting in reduced
yield (Miller et al. 2002). These temperature
effects generally restrict pea production to the

mid-latitudes and to high elevations in regions
closer to the equator.

Peas are adapted to many soil types as long
as the soils are well drained. They do best in
silt loams, sandy loams, or clay loams. Although
peas are tolerant of cool soil temperatures, they
are sensitive to flooded or excessively wet soils. It
is generally recommended to inoculate pea seeds
with an appropriate strain of Rhizobium legumi-
nosarium at sowing. While most cultivated soils
may contain indigenous populations of Rhizo-
bium leguminasorum bv. viciae, these strains ap-
pear to be less effective at fixing nitrogen (Vessey
2002). If soil pH is below 5.7, inoculation is rec-
ommended. When pea seed has a good quality
inoculant, there is generally no yield gain from
nitrogen fertilizer; however, peas grown on soils
with less than 22 kg/ha available N may benefit
from 11–49 kg/ha of N applied at seeding. P and
K are required in relatively large amounts and
should be added based on soil test results. Sulfur
is required to ensure adequate N fixation—add
based on soil test results. Lime is frequently
added to fields with soil pH of 5.2 or less. Rec-
ommended cultural practices for specific sites are

Crop Adaptation to Climate Change, First Edition. Edited by Shyam S. Yadav, Robert J. Redden, Jerry L. Hatfield,
Hermann Lotze-Campen and Anthony E. Hall.
c© 2011 John Wiley & Sons, Ltd. Published 2011 by John Wiley & Sons, Ltd.

238



P1: SFK/UKS P2: SFK Color: 1C

BLBS082-08 BLBS082-Yadav July 12, 2011 14:11 Trim: 246mm X 189mm

GENETIC ADJUSTMENT TO CHANGING CLIMATES: PEA 239

presented in various university, government, and
industry crop production manuals (e.g., Oelke
et al. 1991; Siddique and Skyes 1997; Gardner
et al. 2000; McKenzie et al. 2001a, 2001b; Schatz
and Endres 2003; Kee et al. 2004; Miller et al.
2005; McVicar et al. 2007).

The genetics of flowering in peas has been
extensively reviewed (Murfet 1985; Murfet and
Reid 1993; Weller et al. 1997; Weller et al.
2009; Wenden et al. 2009). Flowering time is
determined by a complex response of a spe-
cific genotype to photoperiod and temperature.
The wild-type pea and most commercial culti-
vars are long day plants. There are numerous
mutations and allelic combinations of four ma-
jor flowering loci that result in five maturity
classes: day neutral (sn), early initiating (E, Sn,
lf), late (e, Sn, hr), late high response (e, Sn,
Hr), and very late (Lfd, Sn, Hr). Most autumn-
sown, over-wintering peas in the mid-latitudes
have the dominant allele at the Hr locus. Plants
with Hr dominant allele have delayed floral
initiation and remain vegetative until daylength
exceeds 13.5 hours (Murfet 1973, 1981;
Lejeune-Henaut et al. 1999). Hr has been demon-
strated to colocalize with a quantitative trait
loci (QTL) for frost-tolerance (Lejeune-Henaut
et al. 2008).

Time to maturity varies with cultivar, culti-
var type, and end use. Accumulated Heat Units
(HU) (Barnard 1948) are used to predict the de-
velopment of vegetable peas that are harvested
at a physiologically immature stage for canning
and/or freezing. HU are the sum of daily mean
air temperatures above the plant’s base temper-
ature (4.5◦C for peas). Current vegetable pea
cultivars reach processing maturity (tenderom-
eter values = 110) in 1150–1600 HU (approxi-
mately 45–70 days) (USDA, Risk Management
Agency 2010). Time to maturity of dry edible
peas and wrinkle seeded peas grown for seed is
typically measured in days. Mean days to matu-
rity of the spring-sown USDA pea core collection
ranged from 66 to 102 days in Pullman, Wash-
ington, USA (46o43′′N, 117o11′′W) (McPhee
and Muehlbauer 2001). Mean days to maturity

of autumn-sown peas is typically in excess of
250 days.

Research on climate change
and pea

The literature to date on the potential effects of
climate change specifically on pea production
is limited. However, pea production will be af-
fected, and given the studies summarized here, a
strong agroecosystem approach will be needed as
clearly the parameters of climate change (CO2,
temperature, UV, and water) interact (Caldwell
et al. 2007; Newton et al. 2007). Both the growth
and utilization of pea are extremely plastic and
potentially could play an important role in pro-
viding food and feed in various climate change
scenarios (e.g., Burstin et al. 2007). It is notable
that studies to date are confined to cultivars, and
we lack knowledge on the genetic variation in
Pisum (wild and cultivated) for adaptive traits
for climatic change.

CO2

Elevated CO2 results in faster relative growth
rate (Sicher and Bunce 1997) and earlier
flowering in pea as with most crop species
(Craufurd and Wheeler 2009). Looking at the
effect of ambient and elevated CO2 on biomass
portioning and nutrient uptake of mycorrhizal
and nonmycorrhizal pea, cultivar (cv.) “Solara,”
elevated CO2 and mycorrhizal colonization had
similar positive but independent effects on pea
plant biomass (Gavito et al. 2000). The biomass
response to mycorrhizal inoculation was not sig-
nificantly affected by level of CO2.

Elevated CO2 may increase water-use effi-
ciency (WUE) through greater closure of stom-
ata and associated reduction in transpiration
(Morison 1985).

Temperature

Rising temperatures pose the greatest threat to
production of cool season pea as the tradition-
ally temperate regions shift northward (Olesen
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and Bindi 2002; Battisti and Naylor 2009). For
pea, failed seed-set from heat-stress (Lambert
and Linck 1958) causes the greatest damage to
seed yields (Karr et al. 1959; Guilioni et al. 1997;
Hedhly et al. 2009). Heat stress negatively affects
peas through negative effects on photosynthesis
and other physiological processes, e.g., repro-
duction (Hall et al. 2002; Hamilton et al. 2008).
In pea, there is a strong impact of high tempera-
ture stress on chloroplast biogenesis and import
of plastidic proteins required for the replacement
of impaired proteins (Dutta et al. 2009).

CO2 and temperature

For heat-stressed peas at normal or warmer
growth temperatures, high CO2 may decrease
tolerance of photosynthesis to acute heat stress
(Hamilton et al. 2008; Wang et al. 2008), as well
as exacerbate heat stress through reduced tran-
spiration (Ainsworth et al. 2002). Interactive ef-
fects of elevated CO2 and warmer growth tem-
peratures on acute heat tolerance may contribute
to future changes in pea productivity, distribu-
tion, and diversity.

Exposure to current CO2 levels or above, and
increasing temperatures above the thermal op-
timum reduces the activation state of Rubisco
and causes declines in photosynthetic capacity
(Haldimann and Feller 2005; Sage et al. 2008).

CO2 and water

Interactions between CO2 enrichment and
drought on water status and growth of pea plants
were discovered in the cv. “Alaska” (Paez et al.
1983). Under drought conditions, total leaf wa-
ter potential decreased, with a slower decrease
under the high CO2 regime. With the addition
of water, total leaf water potential recovered
within one day under high CO2. High CO2 coun-
teracted the reduction in height that developed
in low CO2 water-stressed plants. Removing
drought conditions resulted in a rapid recovery
of the internal water status and rapid recovery of
most plant growth parameters under high CO2 in

comparison with control plants under well-
watered and low CO2.

Water use

Much of the world’s pea production is grown
under rainfed conditions, including dryland pro-
duction for fresh, dry, and feed types. Water use
has decreased due to the wide-scale adoption of
semileafless pea that uses less water than con-
ventionally leafed pea (Baigorri et al. 1999).
Semileafless pea “Solara” is less sensitive to
drought and has better WUE than convention-
ally leafed “Frilene.” Semileafless peas also have
more effective osmotic adjustment carried out
by tendrils, which may contribute to increased
WUE (González et al. 2001). Early stage selec-
tion methods were developed to identify drought-
tolerant pea genotypes by water stressing 12
pea cultivars and examining the growth of epi-
cotyls as an indirect measure of turgor main-
tenance through osmotic adjustment (Sanchez
et al. 2004). At high latitudes, such drought tol-
erance is relevant to specific crop rotations of
pea with cereal grains, and the rotation sequence
interacts with WUE and yield (Jia et al. 2009).

UV

There is conflicting literature on the effects of
ultraviolet-B (UV-B) on pea. Contrary to glass
house studies of pea previously published, a
field study by Allen et al. (1999) with the cv.
“Meteor,” using 30% increase in ambient UV-B,
with UV-A and ambient controls, found no ef-
fect on photosynthetic performance or productiv-
ity in well-watered or water-stressed pea. How-
ever, growth inhibition at the whole-plant level
correlated with reduced leaf expansion and may
be more sensitive to UV-B radiation than pho-
tosynthesis per unit leaf area (González et al.
1998). The negative effects of higher UV-B ra-
diation was observed in the cv. “Greenfeast” in
which photosynthetic activity was found to be
reduced, total leaf chlorophyll content declined,
and mRNA levels for chloroplast-localized
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proteins were reduced (Savenstrand et al. 2002).
Additionally, protective mechanisms were in-
duced, including synthesis of UV-B-absorbing
pigments and increased antioxidative enzyme ac-
tivity. Further gene expression and protein stud-
ies on the stress reaction from low to high levels
of UV-B radiation found deleterious effects on
pea (Scherbak et al. 2009; Katerova and Todor-
ova 2009; Katerova et al. 2009). A study of the
effects of compounding temperature, UV-B radi-
ation, and watering regime on aerobic methane
(CH4) emission in the pea cv. “234 Lincoln”
found that enhanced UV-B decreased stem height
but increased leaf area and above ground biomass
(Qaderi and Reid 2009).

Genetic resources, gene pools,
populations

Pisum is a small monophyletic genus. There is
general agreement over the number of taxa and
less agreement over their rank. The classification
of Maxted and Ambrose (2001) recognizes three
species in the genus Pisum: P. sativum L. (subsp.
sativum with var. sativum and var. arvense, and
subsp. elatius with var. elatius, var. brevipendun-
calutum, and var. pumilio), P. abyssinicum, and
P. fulvum. Kosterin and Bogdanova (2008) used
data from studies of plastidial, mitochondrial,
and nuclear markers to place taxa into either
lineage A, considered to be the most ancient, or
lineage B. Both P. fulvum and P. abyssinicum
were placed in lineage A, P. sativum subsp.
sativum in lineage B, while both A and B lin-
eages are found in P.sativum subsp. elatius.
This information has been used by Maxted and
Kell (2009) to categorize the crop wild rela-
tives (CWR) of pea and primary wild relatives
are noted as P. sativum subsp. sativum var. ar-
vense and P. sativum subsp. elatius var. elatius,
P. sativum subsp. elatius var. brevipedunculatum,
and P. sativum subsp. elatius var. pumilio (syn.
P. humile). Secondary wild relatives include P.
abyssinicum and tertiary wild relatives include
Vavilovia formosa. The reference to P. sativum
subsp. sativum var. arvense as a wild relative

reflects the occurrence of representative material
existing in the wild. This taxon is very broad, and
while some discrimination from P. sativum var.
sativum has been reported (Burstin et al. 2001),
other studies have found them to be intermixed
(Baranger et al. 2004; Tar’an et al. 2005).

Pisum sativum L. was most likely domes-
ticated in the fertile crescent of the Middle
East around 10,000 years ago (Zohary and
Hopf 2000). The wild progenitor of domesti-
cated pea (Pisum sativum var. sativum) is Pisum
sativum var. elatius, which also includes the
pumilio and/or humile types (Mikic et al. 2009;
Smýkal et al. 2009). The cultivated/wild species
Pisum abyssinicum A. Br. (syn. P. sativum subsp.
abyssinicum) is suggested to have diverged from
cultivated P. sativum several thousand years ago
after loss of pod dehiscence, retaining a mix-
ture of wild and cultivated characteristics and
thus was likely a semi-independent domestica-
tion event (Weeden et al. 2004). Molecular di-
versity studies show P. abyssinicum to share a
larger component of its genetic makeup with P.
fulvum and P. elatius than P. sativum, thus sup-
porting the idea that the taxon represents a fully
independent domestication event to that of Pisum
sativum (Lu et al. 1996; Vershinin et al. 2003).

Centers of crop diversity

Vavilov (1926) developed the theory of centers
of origin of domesticated plants and identified 8
regions around the world where the major crops
of the world have been cultivated and where there
is a high abundance of wild relatives and genetic
variation. Vavilov (1949) considered the centre
of origin for peas to be Ethiopia, the Mediter-
ranean, and central Asia with a secondary centre
in the Near East. An update of a review of the
geographic distribution of Pisum by Maxted and
Ambrose (2001) is presented in Table 8.1.

The primary centre of origin for Pisum is
the Fertile Crescent or Eastern Mediterranean
that correspond to the 3rd Vavilovian Centre
(VC3). Important secondary centers of diver-
sity for pea include the Central Asiatic (VC6),
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Table 8.1. The geographic distribution of Pisum and taxa
(Maxted and Ambrose 2001).

Taxon Geographic distribution

P. sativum var. sativum Pan-temperate

P. sativum var. arvense Europe, Central, and
Southwest Asia

P. sativum var. elatius ALB, ALG, ARM, AZB,
BGR, CYP, EGY, ESP,
FRA, GEO, GRC, HUN,
ISR, IRQ, IRN, ITA,
JOR, LBN, LBY, MOR,
PRT, ROM, SYR, TUN,
TUR, UKR, YUG

P. sativum var.
brevipedunculatum

CYP, TUR, SYR

P. sativum var. pumilio
(P. humile)

CYP, EGY, IRN, IRQ,
ISR, LEB, JOR, SYR,
TUR

P. abyssinicum ETH, YEM

P. fulvum CYP, GRC, IRQ, ISR,
JOR, LBN, SYR, TUR,
YUG

covering the highland Asiatic region from
Afghanistan and the Hindu Kush and along the
length of the southern slopes of the Himalayan
mountain range. Much of this region is at high
altitude and has been an important source of re-
sistance to root pathogens and cold tolerance.
The Middle East (VC4) includes Transcaucasia,
which is the distributional range of germplasm
formally referred to as P. sativum ssp. tran-
scaucasicum Gov. The highlands of Ethiopia
(VC5) is exceptionally diverse and include P.
sativum var. sativum, P. sativum var. arvense and
P. abyssinicum, which grow sympatrically.

Gene pools

Harlan and de Wet (1971) formulated a system-
atic means for categorizing wild species in terms
of their utility for improving cultigens. For ex-
ample, the primary gene pool (GP1) includes
the biological species in which members readily
cross with each other. Members of the secondary

gene pool (GP2) contain species more distant
from the cultivated species, making hybridiza-
tion often difficult and resulting in somewhat
sterile offspring. Tertiary gene pools (GP3) con-
tain distant species that result in completely ster-
ile offspring. Smart (1984) further subdivided
the primary gene pool into first and second or-
ders, differentiating domesticated and wild com-
ponents. Muehlbauer et al. (1994) placed all
members of P. sativum into GP1 and P. ful-
vum into GP2. Smart (1984) differentiated P.
sativum subsp. sativum from all other members
of the species. There are no known members of
the GP3 (Muehlbauer et al. 1994), although in-
tergeneric crosses with Vicia faba (Gritton and
Wierzbicka 1975) and Vavilovia formosa have
been suggested.

Different gene pools within P. sativum subsp.
sativum have been shown to correspond to us-
age and geographic source: European fodder
(arvense), Georgian fodder (transcaucasicum),
spring vegetable, spring feed types, primitive
garden pea of central and western Asia (asi-
aticum) and China (Baranger et al. 2004; Tar’an
et al. 2005), and a separate grouping of wild rela-
tives (subsp. elatius). The evidence from numer-
ous molecular studies has confirmed this high
level of infra-specific variation. The high level
of genetic diversity in P. sativum subsp. elatius
across its distributional range and the presence
of material exhibiting characteristics from both
elatius and sativum forms support the view that
introgression has been frequent between these
forms and they should be considered as a species
complex (Vershinin et al. 2003). There is wide
separation among P. fulvum, P. abyssinicum, and
the P. sativum wild and cultivated subspecies
(Lu et al. 1996; Vershinin et al. 2003; Zong
et al. 2009a). Chinese landraces were compared
to a worldwide collection of landraces and sub-
species utilizing SSR assays, and results showed
greater diversity within China than worldwide
plus a separate spring gene pool from north-
central China (Zong et al. 2009b). The exis-
tence of a separate gene pool for China is now
supported by retrotransposon diversity analysis
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(Smýkal et al. 2010). The source of increased
diversity in China has not been reported. Possi-
bilities may include an independent domestica-
tion event with subsequent addition of diversity
from the Middle East, or further introgression of
P.s. subsp. elatius diversity, while genetic isola-
tion with selection of mutations in diverse en-
vironments in China may have also occurred in
Ethiopia and central Asia.

The vast array of available genetic resources
has the potential to provide necessary varia-
tion for improvement of crops, especially in im-
parting resistance to biotic and abiotic stresses.
For example, new sources of salinity tolerance
have been found in spring landraces from north-
central China, and there may be different expres-
sions for other morphological traits (Leonforte
et al. 2009; Redden et al. 2009).

Chinese germplasm has been collected at
high altitudes above 2000 m and will be eval-
uated for possible frost tolerance by the South
Australian Research and Development Institute.
Germplasm was also collected from low rain-
fall dryland agriculture and will be evaluated for
drought tolerance by the Department of Primary
Industries, Victoria. The transcaucasicum and
arvense gene pools are potentially useful sources
of diversity for abiotic stresses such as low soil
moisture and cold. P.s.subsp. elatius, found up
to 1700 m on rocky and grassy slopes, field mar-
gins, and forests, is likely to have diversity for
moisture stress. Var. brevipendunculatum, which
occurs as a weed between 700–1800 m elevation,
and the more distant relative Vavilovia formosa, a
perennial alpine above 1500 m, possibly have di-
versity for frost tolerance (Maxted and Ambrose
2001). It is less clear whether sources of heat tol-
erance can be found in Pisum, though landraces
from the semiarid agriculture of the Middle East
could be usefully screened.

In situ and ex situ resources

The distributional ranges of extant wild and cul-
tivated Pisum germplasm gene pools represent
a dynamic and ongoing exercise in evolution,

where populations continue to evolve and adapt
in response to abiotic stresses. Access to such
materials will continue to be important as more
focus on particular combinations of ecogeo-
graphic and more diversity studies enable poten-
tially useful or under-sampled genetic diversity
to be identified more precisely. Breeders’ con-
siderations of the distributional ranges of wild
occurring germplasm and the identification of ar-
eas or locations particularly rich in both wild and
landrace genetic diversity will generally focus
on the Vavilovian Centres of Crop Diversity pre-
viously mentioned. However, turning these into
more focused conservation strategies requires
considerable coordination of effort on both na-
tional and international levels. The importance
of such efforts will only increase as pressures of
urbanization and changes of land use impinge on
these regions that will only be compounded by
climate change. Pisum CWR are not currently
being actively conserved. The in situ conserva-
tion of CWR has only recently started to develop
into a discipline as methodologies have been de-
veloped to identify regions of maximal diversity
together with management and monitoring plans
(Maxted and Kell 2009). The most comprehen-
sive assessment of the genetic diversity of CWR
of Pisum led to the identification of four specific
sites of maximized genetic diversity across the
wild taxa as being highly desirable areas where
in situ reserves might be established, namely (1)
Troodos Mountain, Limassol, Cyprus for P. var.
brevipedunculatum, (2) Jabal Simeon, Aleppo
province, Syria for P. fulvum and P. var. elatius,
(3) Salkhad, Suweida province, Syria, and (4)
Akna Lich, Geghama mountain ridge, Yerevan
province, Armenia (V. formosa). P. abyssinicum
is not represented within these sites and further
work is required to identify appropriate loca-
tions for its conservation. Such in situ approaches
would need to be backed up by ex situ sampling.

The trans-global utilization of peas is un-
derlined by the fact that ex situ holdings are
reported for 153 institutions in 75 countries
(FAO/WIEWS 2008) with the majority (87.6%)
of the estimated 76,000 accessions held in 18 of
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Table 8.2. Ex situ germplasm collections of Pisum with holdings in excess of 2000 accessions.

FAO institute
code Country

No. of
acc. Status No. of GS Web site for germplasm searches

ATFC Australia 6567 W, LR, C http://www2.dpi.qld.gov.au/extra/asp/
AusPGRIS/

SAD Bulgaria 2787 LR, C, GC http://www.genebank.hit.bg/

ICAR-CAAS China 3837 W, R, C http://icgr.caas.net.cn/cgris_english.html

GAT Germany 5336 W, LR, C http://fox-serv.ipk-gatersleben.de/

BAR Italy 4297 W, LR, C http://www.ba.cnr.it/areagg34/
germoplasma/2legbk.htm

WTD Poland 2899 W, LR, C, GS 2500+ http://www.ihar.edu.pl/gene_bank/

VIR Russia 6790 W, LR, C http://www.vir.nw.ru/data/dbf.htm

ICARDA Syria 6129 W, LR, C http://singer.grinfo.net/index.php?reqid=
1151843332.3126

NordGen Sweden 2821 W, LR, C, GS 760 http://www.ngb.se/sesto/index.php?scp=
ngb

JIC UK 3540 W, LR, C, GS 575 http://www.jic.ac.uk/GERMPLAS/pisum/
index.htm

USDA-ARS USA 5741 W, LR, C, GS 711 http://www.ars-grin.gov/npgs/
searchgrin.html

IPK Germany 5508 W, LR, C http://gbis.ipk-gatersleben.
de/gbis_i/home.jsf;jsessionid=
c25e8cb8ce9a70751ab591c4981b69cfa21
dde381cf?autoScroll=0,113

AGRITEC Czech
Republic

2208 W, LR, C http://genbank.vurv.cz/genetic/resources/
asp2/default_a.htm

NBPGR India 3070 W, LR, C

URVT-
TILLING

France GS 4817 http://urgv.evry.inra.fr/UTILLdb

Status of stocks: W, wild accessions; LR, landraces; C, cultivars; GS, genetic stocks/mutant collections.

the larger public sector gene banks (Table 8.2).
There has been considerable exchange between
collections over many years with an estimate
in excess of 60% duplication (van Hintum and
Visser 1995). This trend has reduced signifi-
cantly in recent years with improved electronic
communications and accessibility and a greater
sharing of responsibility through regional and
international networks, which is being further
stimulated through the stability resulting from
the ratification and implementation of the Inter-
national Treaty on Plant Genetic Resources for
Food and Agriculture in 2004.

A number of mutagenesis programs have
been undertaken on peas over the past 40 years
and a substantial number of mutants have
been accessed into long-term collections (Blixt
1972; Swiecicki 1987). A listing of some of
the most prominent of these mutants is pre-
sented in Table 8.2. The John Innes Cen-
tre hosts the working collection of mutant
stocks on behalf of the Pisum Genetics Asso-
ciation, which has recently been mirrored at
the USDA collection to further enhance the
accessibility of these resources (Ambrose and
Coyne 2008).
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Despite the large array of germplasm re-
sources from a broad range of ecogeographic lo-
cations available in Pisum, the challenges posed
by climate change will require more concerted
efforts to pool together and integrate our re-
sources and information data sets so as to develop
them into usable research and investigative tools.
One such approach is the focused identification
of germplasm strategy, which aims to exploit the
GIS information associated with germplasm and
to overlay data relating to climate, soil type, and
other environmental factors to assist in identify-
ing those accessions most likely to contain the
genetic variation that is required (Bhullar et al.
2009). The development of core collections (sub-
sets of maximizing diversity) drawn from larger
collections to facilitate use were first proposed
by Frankel (1984), and numerous core collec-
tions of Pisum have been developed (Matthews
and Ambrose 1994; Swiecicki et al. 2000; Coyne
et al. 2005). While the focus on core collections
and their more detailed characterization has been
useful, the high level of genetic diversity and the
frequency of introgression between various taxa
mean that such strategies should focus on the
more distinct grouping within the genus rather
than the broad spectrum of variation. From the
breeders perspective, it is interesting to ask the
question: where does the most useful variation
actually reside? Further developments of marker
systems, sequencing technologies, and their ap-
plication have now brought us to the point where
whole germplasm collections can be genotyped.

Genetic manipulation

Gene discovery and MAS

McPhee (2007) summarized the significant im-
provements in pea achieved by recurrent selec-
tion breeding for adaptation, multiple disease
resistance, improved plant architecture, and re-
sistance to seed shatter. Classical pea breed-
ing is relatively rapid: four cycles per year
can be grown in controlled environments and
utilization of off-season nurseries is common.

Additionally, consensus linkage maps, single
gene, and QTL studies of production character-
istics (McPhee 2007) have resulted in breeders
being able to make useful early generation selec-
tions of desired genotypes. Genomics-assisted
breeding is providing the next methodology for
improving breeding efficiencies.

Molecular analysis of germplasm collections
with genomic tools is accelerating trait discov-
ery by combining traditional linkage and QTL
mapping with association mapping (Varshney
et al. 2009). Studies have been conducted, which
bridge pea trait QTL knowledge with association
mapping for gene discovery in pea germplasm.
These studies include the population structure
of pea core collections (Brown et al. 2007; Jing
et al. 2010) and linkage disequilibrium estimates
for the pea genome (Jing et al. 2007). Further,
success of association mapping utilizing one
pea core collection has been reported (Murray
et al. 2009). Pea-specific genomic resources are
rapidly accumulating. Two pea BAC libraries
have been published and have resulted in rapid
gene discovery (Coyne et al. 2007; Hofer et al.
2009). Sanger and “next generation” sequencing
has resulted in the beginnings of an expressed se-
quenced tag (EST) and haplotype resource: from
Germany 17,000 ESTs (Brautigam et al. 2008),
from Australia 10,346 ESTs (Wong et al. 2008;
Liang et al. 2009), and from Canada 50,000
ESTs (Sharpe et al. 2009). Currently, GenBank
houses 34,508 pea ESTs (accessed January 1,
2010). Proteomics and metabolomics are active
areas of pea research (e.g., Charlton et al. 2008;
Vigeolas et al. 2008; Bourgeois et al. 2009).
The emergence of the forward genetics technique
of EMS-TILLING has further added to the ex-
isting resources and to a pea-specific resource
(Dalmais et al. 2008; Le Signor et al. 2009). We
anticipate that the pea genome will be completely
sequenced within 5 years (Cannon et al. 2009),
this started with next generation sequencing of
the repetitive DNA in the genome of cv “Carrera”
by Macas et al. (2007). These genomic tools,
combined with association mapping and phe-
notyping Pisum germplasm for climate change
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adaptation, should result in rapid development
of needed cultivars (Thompson et al. 2009).

Transgenic approach

Approximately 250 million acres of
biotechnology-engineered crops under pro-
duction now have reduced greenhouse gas
emissions by approximately 960 million kg of
CO2 (Brookes and Barfoot 2006). Ainsworth
et al. (2008) identified a number of potential tar-
gets for biotechnologically improved crops with
germplasm with greater abiotic stress resistance
under climate change. Consistent transformation
of pea was achieved using the method of Grant
et al. (1995), as reviewed in McPhee et al.
(2004). Functional genomic studies present a
growing resource of approaches for engineering
stress-resistant pea cultivars. Pea is poised to
make full use of gene function discoveries
from model plant species and specific pea
genes through transformation. Recent examples
include identification of metabolites expressed
in pea under drought stress (Charlton et al.
2008) and identification of mRNAs coding for
short-chain alcohol dehydrogenase-like proteins
in response to abiotic stress treatments, such as
low intensity UV-B (280–315 nm) (Scherbak
et al. 2009).

A recently published molecular analysis of
3220 pea germplasm accessions provides an ex-
cellent framework for selection of pea genetic
diversity from which exploitation by agriculture
can be made rationally in response to climatic
changes (Jing et al. 2010). International cooper-
ation for such collaboration is in place (Smýkal
et al. 2010).
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Chapter 9

Genetic Adjustment to Changing Climates:
Chickpea
Muhammad Imtiaz, Rajinder S. Malhotra, and Shyam S. Yadav

Introduction

Climate change is now widely recognized as in-
evitable and is one of the most complex chal-
lenges that humankind has to face in the fu-
ture. Agriculture is most likely to experience
the biggest impacts; therefore, sound adaptation
strategies such as genetic adjustment of crops to
changing climates are essential for sustainable
agricultural production.

Chickpea (Cicer arietinum L. 2n = 16) is
one of the world’s most important legume crops,
grown on five continents. It’s a niche crop (small
areas, high profits) in some developed coun-
tries, including Spain, Canada, the United States,
and Australia. In the developing world—India,
Myanmar, Pakistan, Bangladesh, Nepal, Syria,
Turkey, Iran, Ethiopia, Morocco, Tunisia, Alge-
ria, Mexico—it’s vital part of the farming system
and a major source of dietary protein.

Unlike cereals where productivity doubled
in the last 40 years, chickpea productivity has
increased with slow pace (Fig. 9.1; FAO 2010
(http://www.fao.org/)). The cultivation of chick-
pea on marginal lands with minimum inputs and
the adverse effects caused by diseases, insect-
pests environmental stresses, soil problems, and
non-adoption of modern management technolo-

gies has contributed to low and unstable seed
yield. In addition, climatic variability occurring
at the global level and change in niches of culti-
vation also seem to have further implications on
the area under cultivation of this crop in different
regions. Developing countries, particularly in the
tropics, will be more vulnerable not to climate
change per se but to the problems arising from
extreme events that are difficult to predict (FAO
2001). More erratic rainfall patterns and spells
of temperature extremes will consequently re-
duce crop productivity. Latitudinal and altitudi-
nal shifts in ecological and agroeconomic zones,
extreme geophysical events, reduced water avail-
ability, land degradation, and rise in sea level
and salinization are predicted (FAO 2004). With
the changing climatic conditions leading to oc-
casional droughts and rise in temperature, there
are shifts in chickpea improvement strategies and
more emphasis is being laid on handling the cli-
mate change and its potential consequences. One
of the potential threats of climate change may re-
sult in further decrease in precipitation in the dry
areas across the globe, and that’s why drought
is getting more attention as many countries are
experiencing varying degree of drought. Also,
global warming may let warm-season chickpea
to be grown and better adapted to the cool, high
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Fig. 9.1. Area, production, and productivity of major chickpea growing regions (2006–2009; FAO 2009).

altitude areas of the world (Gan et al. 2009).
Unless proper measures are undertaken to mit-
igate the effects of climate change, food and
nutritional security, particularly in developing
countries, will be under threat. In this chapter,
we envisage the scenario of chickpea production
and potential adaptation strategies under chang-
ing climates.

Climates of the chickpea
growing regions

Chickpea is grown under wide agroclimatic con-
ditions around the world. It is grown between
20◦N and 40◦N in the northern hemisphere and
is also cultivated on a small scale between 10◦N
and 20◦N in India and Ethiopia at relatively
higher elevations (Berger et al. 2006). In the
Southern hemisphere, where chickpea is rela-
tively recent introduction, it is grown between
27◦S and 38◦S. These environments differ in
photoperiod, temperature, and precipitation, all
of which have significant effect on growth and

development. Due to wide variation in longitude,
the time of sowing also varies from one region
to another. Growing regions of chickpea can be
broadly divided into two, non-tropical dry areas
and semiarid tropics (SAT). Non-tropical dry ar-
eas mainly comprise West Asia and North Africa
(WANA) where dominantly Mediterranean-type
climate prevails as most of the rainfall occur in
winter during growing season. Chickpea is tradi-
tionally grown in spring on conserved soil mois-
ture in the WANA region. In SAT, which includes
South Asia and East Africa, the crop is sown on
conserved soil moisture soon after rainy season,
such as monsoon season in South Asia. Chickpea
is also grown in environments like Canada where
crop needs to mature before winter snow fall.
For optimum crop establishment, the precipita-
tion requirements vary with seed size. On the
basis of seed type, chickpea has been divided
into two types: kabuli type with large beige to
white-colored seed and desi type with small mul-
ticolored seeds. Kabuli varieties are best grown
in areas of between 400 and 600 mm rainfall
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Fig. 9.2. Maximum temperature registered during summer period in the two locations
from 1982 to 2008.

as larger seed size requires more moisture to
achieve satisfactory grain size and yield. Desi
varieties are grown in areas with greater than
300 mm annual rainfall. Temperature require-
ments for chickpea growth vary with develop-
mental stages; however, the optimum temper-
atures range from 21◦C to 29◦C maximum and
15◦C to 21◦C minimum. Chickpea being an inde-
terminate crop can continue to grow for extended
periods under cool conditions. Occasionally, the
duration of crop growth in drier areas is short-
ened by terminal drought and high temperature.
Terminal drought limits seed yield and sometime
leads to total crop failure, especially in the tra-
ditionally spring-sown chickpea crop in WANA.
Though chickpeas show reasonable tolerance to
high temperatures and drought; however, best
yields are achieved in areas with high seasonal
rainfall with mild spring conditions during seed
filling. Cool, wet conditions at flowering can ad-
versely affect seed-set. Cool, wet conditions are
likely to stimulate foliar diseases, which can ad-
versely affect seed-set and yield. Additionally,
rainfall during harvest can also cause pod shed-
ding and substantially reduces yield (Garlinge

1998). Syria experiences scanty rainfall with fre-
quent drought events and high temperatures be-
tween mid-May and September (Fig. 9.2), as evi-
denced from the last 33 years data. For example,
total rainfall in 2009–10 is 270 mm, less than
2008–09, which was 289 mm. At the same time,
rainfall distribution is erratic, which is causing
more damage to productivity.

Future climate change impacts
on chickpea

The amount of atmosphere carbon dioxide
(CO2), temperature, and rainfall all affect crop
yields dramatically. Even at the same site, and
with the same crop variety, yields may differ
by as much as 100% in different years. Climate
affects crop growth not only by determining the
length of the growing season, but also by affect-
ing soil structure and the prevalence of pests and
diseases (BBSRC). Most of the studies suggest
that human activities have contributed signifi-
cantly to global climate change (Skinner and Ma-
jorowicz 1999; IPCC 2001; Smith and Almaraz
2004) and will continue to do so well into
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the twenty-first century (Karl et al. 1997) un-
less appropriate strategies are adopted to keep
these changes under check. It has been projected
(IPCC 2001) that atmospheric concentrations of
CO2 will increase from 368 μmol mol−1 in 2000
to between 540 and 970 μmol mol−1 in 2100.
Over the same period, the Intergovernmental
Panel on Climate Change (IPCC) estimates that
the air temperatures will increase from 1.4◦C to
5.8◦C. These changes will have varying and com-
plex impacts on agricultural production, such
as many already dry regions across the earth
may experience a decrease in precipitation, while
other regions may receive increased precipita-
tion. Temperature increases ≤2.5◦C may pro-
mote increased agricultural production in the
cooler temperature regions of the earth but de-
crease production in the warmer tropical regions.
Temperature increases above 2.5◦C will gen-
erally have negative overall effects on world
agriculture (IPCC 2001; Smith and Almaraz
2004).

In case of elevated CO2 concentrations (550
μmol mol−1), field experiments showed in-
creased yields of well-watered and fertilized
crops of 10–20%. Benefits of elevated CO2 are
even greater for water deficits, but yield increases
under nitrogen deficits are lower than for fertile
conditions in field crops (Kimball et al. 2002;
White et al. 2004). There are very limited stud-
ies conducted in chickpea to assess the impact of
climate change. Srivastava et al. (2009) reported
that chickpea will be benefited by rise in temper-
ature to certain extent and the yield is forecasted
to be increased by 45–47% under double level
of CO2.

Gholipoor (2007) assessed the effect of indi-
vidual versus simultaneous changes in climate
variables such as solar radiation (S), precipita-
tion (P), and temperature (T) on rainfed- and
irrigated-chickpea. He found that the change in
biomass, harvest index (HI), and evapotranspi-
ration (ET) was higher for S, compared to P
and T. For irrigated-chickpea, the biomass and
ET were directly, but HI inversely, affected by

S. T had no impact on HI and ET. When T,
S, and P were simultaneously changed, P and
T slightly interacted with huge effect of S. For
rainfed-chickpea, it was found that nonlinear re-
sponse to S for biomass, but linear response
for HI. The decreased levels of P positively af-
fected biomass and HI. There was proportion-
ally change in biomass and HI with changing
T. To further study the impacts of changing cli-
mates on chickpea, Gholipoor and Soltani (2009)
conducted a study across six locations, one at
ICARDA, Aleppo, Syria, and five in Iran to in-
vestigate the effects of two future climate scenar-
ios on chickpea. The scenarios were reduction of
10% historic P (rainfed conditions) +525 ppm
CO2 + 2◦C warmer temperature (T) (year 2050)
and declining of 20% historic R (rainfed con-
ditions) +700 ppm CO2+4◦C warmer T (year
2100). The results indicated that for both sce-
narios, the differential grain yield of rainfed-
chickpea will be positive in all locations. Since
the differential HI tended to be mainly negative,
the increase in grain yield was not proportional
to increase in biomass. Thus, by year 2050, it is
expected that the stability of yield to be increased
for most locations; however, yield would be less
stable for Tabriz, Mashhad (Iran locations), and
ICARDA, but more stable for other locations
in year 2100. Under irrigated conditions, the
differential grain yield appeared to be negative
(0–18%) for year 2050; this was also true for
year 2100 (6.3–17.1%). The results suggested
that under temperatures higher than ceiling tem-
perature, future yield loss could be avoided in ir-
rigated conditions through development of heat-
tolerant chickpea varieties. The negative effect
of rising temperature on chickpea yield un-
der rainfed ecosystem of India state Madhya
Pradesh has also been reported (Bhadauria
et al. 2009).

The impacts of climate change on agricul-
tural production will depend not only on cli-
mate but also on the dynamics of agricultural
systems, including their ability to adapt to the
changes (Peñe and Hughes 2007). Agriculture
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solutions to climate change involve two aspects
of adaptation (how to maintain production under
the changed conditions) and mitigation (how to
soften the impacts on the most vulnerable com-
munities). Farmers will require new technolo-
gies to adapt and mitigate the adverse effects
of climate change on chickpea production, qual-
ity, and yield. Some of adaptation strategies in-
clude better targeting of germplasm to specific
environments, better control and improved pre-
diction of pest and diseases, better drought pre-
paredness, broad range of production systems
options and production systems to climate vari-
ability such as scarcity of water. Under mitiga-
tion, strategies are increasing C sequestration,
lowering greenhouse gasses emission from farms
and natural habitats, and IPM options to reduce
vulnerability to changes in pathogen distribution.
In the following sections, we are focusing more
on genetic adjustment of chickpea to chang-
ing climate scenario with potential mitigation
options.

Adaptation of chickpea
to climate change

Genetic adjustment through
conventional technologies

Climate variability and change bring many chal-
lenges for the plant breeders. In past, it may
have been sufficient to develop a variety well
adapted to a particular agroecological region,
taking into account the well-understood abiotic
and biotic constraints and end-product quality.
However, now the breeder has to consider, in
addition, how the variety will perform in an en-
vironment with higher concentration of CO2 and
larger variability in temperature and water avail-
ability (Brettell 2008). Climatic trends suggest
that in future, crop varieties must be able to with-
stand conditions that are not only drier or hotter,
but also more variable. Understanding each of
major constraint will facilitate breeders to de-

sign appropriate adaptation strategy to changing
climates.

Breeding for adaptation to drought

There are several definitions of drought based
on precipitation, potential ET and temperature,
and wind velocity for the whole year or a season.
Despite such numerous definitions, however, the
definition given by Quisenberry (1982) appears
most appropriate at least from breeder’s point
of view. It is the ability of a genotype within a
species to be relatively more productive than oth-
ers under water-deficit conditions (Quisenberry
(1982). Chickpea is among important cool-
season food legumes in the cropping systems of
the South Asian and Mediterranean regions (Ya-
dav et al. 2007). It is grown rainfed in <500 mm
rainfall conditions and is generally subjected to
terminal drought. Drought is most unpredictable
because it depends on many factors, including
the amount and distribution of rainfall during
cropping season, evaporative demand of the at-
mosphere, and the capacity of the soil to conserve
moisture. In fact, severity, timing, and duration
of drought vary from year to year, and cultivars
successful in one year may fail in another. In
addition, drought seldom occurs in isolation; it
often interacts with other stresses, particularly
high temperature. Thus, breeding for drought re-
sistance becomes complex because of the inter-
actions of drought with other stresses.

Understanding the mechanism is important
to breed for drought resistance/tolerance. Re-
sistance to drought can be described by var-
ious mechanisms, including escape, dehydra-
tion avoidance, and dehydration tolerance (Blum
1988; Ludlow and Muchow 1990; Wery et al.
1994). However, according to Levitt (1980),
traits coping with drought, with dehydration
avoidance, and tolerance are considered as
components of drought resistance. Drought es-
cape is a particularly important strategy of
matching phenological development with the pe-
riod of soil moisture availability to minimize the
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impact of drought stress. Early flowering and
maturity with high yield potential are the com-
ponents of drought escape in chickpea (Saxena
et al. 1993; Silim and Saxena 1993). Progress has
been made to develop early maturing genotypes
without penalizing yield (Imtiaz and Malhotra
2009). Dehydration avoidance is related to root
attributes (root size, depth, length, density, hy-
draulic conductance, etc.). Genotypic variation
for root characters has been reported in chick-
pea (Nagarajarao et al. 1980; Brown et al. 1989;
Kashiwagi et al. 2005; Kashiwagi et al. 2006;
Yadav et al. 2006; Ur Rehman 2009; Canci and
Toker 2009). A chickpea genotype, ICC 4958,
has been identified as drought tolerant with 30%
higher root dry weight than the cultivars “An-
negeri.” Shoot traits like canopy structure, leaf
movements, leaf surface characteristics, stom-
atal and cuticular characteristics, osmotic adjust-
ment, etc., also have significant role in dehydra-
tion tolerance (Ur Rehman 2009; Turner et al
2007). Dehydration tolerance relates the abil-
ity of cells to continue metabolism at low water
supply. In environments where water deficit can
occur at any stage of growth, dehydration toler-
ance may have some role in survival of the crop
until soil moisture levels improve with succeed-
ing rains (Turner 1979). Simple measurements
of electrolyte leakage can be used to determine
dehydration tolerance in chickpea.

The first step in designing strategies to al-
leviate drought stress is characterization of the
drought pattern of the target environment. The
complexity of this task has been reduced in re-
cent years with development of characterization
tools such as soil water balance model and geo-
graphic information systems. Variability in soil
moisture deficit must be considered over years
for the entire cropping season. This knowledge
allows estimation of long-term crop losses due to
drought stress and the potential gains from alle-
viating drought stress through genetic and man-
agement options. Therefore, probability analysis
may be an aid in decision-making in drought
research. In the Mediterranean region, decision-
making can be improved through knowledge of

the relationship between the onset of rains, the
length of growing season, and appropriate phe-
nology of the genotype.

There are two schools of thoughts when
it comes to breeding strategies for higher
productivity. The one argue for selection under
optimal condition (high inputs), while other
supports selection in target marginal environ-
ments (Ceccarelli et al. 1992; Rajaram et al.
1996). Ceccarelli et al. (1992) proposed that the
alleles conferring higher yields in low-yielding
environments are partially different from those
contributing to yield under favorable envi-
ronments. Our preliminary Quantitative Trait
Loci (QTL) analysis in chickpea for drought
tolerance revealed similar results. However,
the search for alleles expressing under both
environments should continue. The success
of selection for drought tolerance in chickpea
has been reviewed by Saxena et al. (1993).
Studies on morphological and physiological
indicators of drought resistance have elucidated
the importance of early seedling vigor and high
early biomass. Early vigor, early flowering, and
early maturity with high biomass have been
taken into consideration during selection for
drought tolerance. A genotype with a small
improvement in growth rate in the early phase of
growth can attain a considerable increase in dry
matter in later stages, due to exponential nature
of growth. Any additional biomass produced
by a genotype with rapid vigorous growth will
be an advantage in dry environments (Turner
and Nicholas 1987). The materials screened
originated from a wide range of environments.
Repeated screening was continued over the
years, and a total of 22 lines were found to be
drought resistant. These lines have been shared
with National Agricultural Research Systems
(NARS) through the Chickpea International
Testing Program of ICARDA for the evaluation
of their performance in different countries. Some
of the resistant lines are FLIP87-59C, ILC588,
ILC3182, ILC9689, ILC9357, ILC8445,
ILC9241, ILC9074, ILC9519, FLIP87-59,
ILC3843, FLIP87-59, and ILC9347.
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Wild relatives in drought tolerance

Screening for drought tolerance among eight an-
nual wild chickpea species showed that Cicer
reticulatum, C. bijugum, and C. judaicum are
more drought tolerant than rest of the species
Two accessions each of C. bijugum (ILWC
34, ILWC 65) and C. reticulatum (ILWC 36
and ILWC 116) gave highest seed yield under
drought conditions (ICARDA 1996). As C. retic-
ulatum is readily crossable with the cultigens, the
high-yielding accessions of this species could be
used in hybridization to improve the response of
the cultivated species to water stress.

Drought mitigation

Adjustment of planting time can be a successful
strategy to mitigate drought stress. For example,
chickpea in the lowland Mediterranean condi-
tions is traditionally sown in spring and grown
on residual soil moisture. Since most of the rain-
fall takes place in winter months in the Mediter-
ranean environments, the spring-sown crops can-
not get full benefit from the rainfall water as
water is lost due to evaporation. Earlier sowing
can permit use of this water by the crop and
can thus sustain productivity in drought-prone
environments. The superiority of early spring
or winter sowing over spring sowing has been
clearly demonstrated (Singh and Saxena 1996).
Early planting facilitates the crop to make effi-
cient use of water, and to escape drought and
heat stresses by flowering and maturing earlier
(Singh and Saxena 1996). However, for planting
in winter, chickpea cultivars need to be resistant
to cold and ascochyta blight (AB), devastating
disease of chickpea. Additionally, supplemental
irrigation at critical growth stages helped to re-
lieve soil moisture stress and improves chickpea
productivity (Saxena et al. 1990). Other mitiga-
tion strategy to reduce evaporation from bare soil
and thus improving water use particularly in the
Mediterranean climates included mulching and
planting the crops in narrow row spacing to attain
fast ground cover at early stage of crop growth.

Breeding for adaptation to heat

Heat stress even for a few days during flowering
and pod-filling stages drastically reduce the seed
yield in grain legume crops (Kumar and Abbo
2001; Siddique et al. 2002) because of damage
to reproductive organs (Hall 2004), accelerated
rate of plant development (Gan et al. 2004), and
shortened period of growth of reproductive or-
gans (Angadi et al. 2000). Additionally, high
temperatures during reproductive development
often negatively impact pollen viability and fer-
tility (Hall 2004), floral bud development (Prasad
et al. 2002), seed filling (Boote et al. 2005), and
seed composition (Thomas et al. 2003). Since at-
mospheric temperatures are expected to increase
in future due to climate change (Cutforth 2000),
this may increase the frequency of heat stress
for annual crops, including chickpea. For ex-
ample, because of a large shift in the chick-
pea growing area from the cooler, long season
environments of northern India to warm, short-
season environments of southern India; increase
in area under late-sown conditions; and reduction
in winter period leading to exposure of crop to
higher temperatures at reproductive stage. Also
in WANA region, spring-planted chickpea fre-
quently experience heat stress in the latter part of
the growing season that seriously affects yields.
Thus, heat stress at this stage is increasingly
becoming a serious constraint to chickpea pro-
duction in the South. Two broader categories of
heat stress as defined by Blum (1988) and Wery
et al. (1993) are severe heat shock (plants ex-
perience lethal temperatures from a few minutes
to a few hours) and moderate heat (plants ex-
perience higher than optimum temperatures dur-
ing the growing season). Optimal temperatures
vary among crops and appeared to be higher in
chickpea than lentil, faba bean, and field pea
(Saxena et al. 1988). However, chickpea is still
sensitive to high temperatures, especially in the
reproductive phase (Malhotra and Saxena 1993;
Singh et al. 1994). Basu et al. (2009) noted
that foliar resistance in chickpea was higher
(above 40◦C) than reproductive component like
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pollen germination (usually occurs below 35◦C).
Summerfield et al. (1984) grew early- or late-
maturing chickpea in various simulated tropical
environments in growth cabinets. Plants were
exposed to either warm (30◦C) or hot (35◦C)
days (both in combination with a typical night
temperature of 10◦C) for different durations of
reproductive growth, after growing in average
(30◦C day to 10◦C night) or warmer than av-
erage (30–18◦C) temperatures for the first 28
days from sowing. Relative humidity was kept
constant at 70%. They concluded that greater the
proportion of the reproductive period spent in hot
days, the smaller the seed yields produced; plants
transferred at 50% flowering were almost barren.

Similarly, Wang et al. (2006) studied the ef-
fect of high temperature stress during reproduc-
tive development on pod fertility, seed-set, and
seed yield of chickpea by exposing desi and kab-
uli chickpeas to 20/16◦C day/night air temper-
atures (control), high (35/16◦C), and moderate
(28/16◦C) temperature stresses for 10 days dur-
ing early flowering and pod development. They
found that yield reduction was greater due to the
stress during pod development compared to the
stress during early flowering. Plants recovered
to a greater degree from the early flower stress
compared to the pod development stress. Thus,
minimizing the exposure of chickpea to high
temperature stress during pod development will
increase pod fertility, seed-set, and seed yield of
the crop. There are several other studies where
the significant effect of heat on productivity has
been reported. For example, yield reductions
have been observed at a temperature of 30◦C at
50% flowering and >30◦C for 3–4 days at 100%
flowering (Summerfield et al. 1984). Saxena et
al. (1988) reported that heat caused withering,
burning of lower leaves, and pod abortion, and
reduced root nodulation, nitrogen (N) fixation,
and seed yield. Under the rising temperature
scenario, the implications for chickpea produc-
tivity are obvious, which need the development
of genotypes to adapt to elevated temperatures.
Chickpea, particularly spring planted crop not
only experience heat stress but is also exposed to

terminal drought in the latter part of the growing
season that seriously effects production which
are very difficult to separate. Crops planted in
the winter may develop and mature sufficiently
early to avoid the most severe heat and drought
stresses. This is simply an escape mechanism.
Development of chickpea varieties tolerant to a
certain level of temperature (up to 35◦C) is the
target in many breeding programs to adapt chick-
pea to rising temperature during the grain-filling
period. In the past, heat tolerance in chickpea
has not attracted much attention from researchers
due to the difficulty in distinguishing heat stress
from drought stress in the field (Toker et al.
2009). However, in the recent past, experiments
are being conducted at ICARDA main research
station and in collaboration with its NARS part-
ners in Sudan to identify heat-tolerant chickpea
genotypes.

This task of empirical selection has been
made difficult by the presence of GE interac-
tion, which masks up substantial part of pheno-
typic expression of quantitative traits like heat in
terms of grain yield (Malhotra and Singh 1991).
Two major breeding strategies used to alleviate
heat stress: one by breeding for traits that enable
plants to escape stress period and another by
breeding stress-tolerant genotypes. Early plant
vigor, fast ground cover, and large seed size be-
sides high root biomass, long and deep root sys-
tem, high leaf water potential, and small leaflets
are some of the attributes showing significant as-
sociation with drought tolerance, whereas high
HI, large number of pods per unit area, and high
seed mass along with early maturity are associ-
ated with drought escape (Passioura 1982). For
developing heat tolerant genotypes, germplasm
must be planted at appropriate time in the target
location so as to coincide the stress with crit-
ical crop stages. ICARDA main station at Tel
Hadya experiences scanty rainfall with frequent
drought events (Fig. 9.1) and high temperatures
between mid-May and September (Fig. 9.2), as
evidenced from the last 33 years data. Planting
of heat screening trials under full irrigation is
delayed till mid-April to expose flowering and
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pod development stages with high temperature
in Tel Hadya. The test entries are planted in
rows with repetitive checks (local, susceptible,
and tolerant). Empirical selection based on pod
setting is applied to select heat-tolerant geno-
types. Evaluation of chickpea lines under de-
layed planting in field has resulted in identifica-
tion of putative heat-tolerant genotypes such as
FLIP87-59C. Our results indicated that sources
of tolerance to heat and drought are available
in cultivated germplasm, which can be used in
the breeding programs to cope with tempera-
ture variability. In addition to empirical selection,
for rapid genetic progress, identification of key
physiological traits that contribute to improved
productivity under elevated temperature need to
be the focus of the future research.

Breeding for adaptation to cold

Contrary to rising temperature, unpredictable
cold spells also affect crops’ productivity. Cold
stress, which can be either chilling or freezing,
reduces growth rate and increases chlorosis and
necrosis, and sometimes complete killing of
whole plant. Cold also affects nitrogen-fixing
bacteria and their symbiotic maintenance
(Maqbool et al. 2010) and particularly causing
more damage when the frost occurs during
the reproductive phase of the plant’s lifecycle
(Maqbool et al. 2010). Because of climate
change, there are indications that night tempera-
ture is increasing more than that of maximum day
temperature (Basu et al. 2009). Freezing stress
is common during vegetative growth in WANA,
Europe, and Central Asia, especially when chick-
pea is sown in winter (autumn) or in early spring
(Singh et al. 1994), while the events of frost at
reproductive stage are more often in South Asia
and Australia (Srinivasan et al. 1998; Clarke and
Siddique 2004). Screening for cold tolerance has
been reported under both field and controlled
environments using growth rooms. ICARDA has
developed a reliable field screening technique
for cold tolerance evaluations where chickpea is
planted early in the season (October) to provide

sufficient time for the plants to acclimatize to
low temperature before the onset of cold. Singh
et al. (1990) reported sources for tolerance
to cold in Cicer species while evaluating 137
lines of eight wild species from 1987 to 1989.
Subsequently, Singh et al. (1995) identified
additional sources of tolerance to cold in
cultivated and wild Cicer species by evaluating
4284 kabuli and 2137 desi germplasm lines, 857
kabuli breeding lines, and 59 lines of seven wild
annual Cicer species.

In case of vegetative resistance, chickpea lines
are available at ICARDA identified through col-
laboration with NARS partners, which can sur-
vive at as low as −20◦C temperature without
snow cover and −24◦C under snow cover. Some
of resistance lines are ILC 8262, ILC 8617,
FLIP03-2C, FLIP03-3C, FLIP03-5C, FLIP03-
6C, FLIP03-9C, FLIP03-11C, FLIP03-12C,
FLIP03-13C, and FLIP03-14C. However, the re-
sistance to frost or chilling at reproductive stage
is not detected at the high level. The only re-
ported chilling tolerant cultivars are Sonali and
Rupali from Australia (Clarke et al. 2004). Thus,
there is a wide range of germplasm available to
cope with low temperature stress at vegetative
stage in chickpea.

Breeding for adaptation to higher level of CO2

It has now been proven that atmospheric carbon
dioxide concentration (CO2) has risen from a
preindustrial concentration of ∼280–384 μmol
mol−1 in 2008 (Ainsworth et al. 2008) and
could reach ∼550 μmol mol−1 by 2050 and
∼730–1020 μmol mol−1 by 2100 (Solomon et al.
2007). Measurements of CO2 emission in West
Asia, North Africa, and South Asia also showed
an increasing trend (Fig. 9.3).

The general belief is that this increase in CO2

could provide a basis to offset losses in agri-
cultural production caused by increased drought
and temperature stresses. It has been reported
mainly in cereals that crops species having
well-developed sink capacity can perform better
under high CO2 condition as they can utilize
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Fig. 9.3. The rise in atmosphere CO2 at major chickpea growing regions from 1960 to 2002
(http://www.nationmaster.com).

more photo-assimilates (Uprety et al. 1997).
Grain legumes, because of their indeterminate
growth habit and symbiosis relationship, have
no sink limitation under high CO2 environment
and thus can respond better. However, there is
very limited information available on the re-
sponse of these crops to elevated atmospheric
CO2. Doubling CO2 has increased grain yield
of grain legumes by 54% at intermediate tem-
peratures (Kimball 1983). Under optimal tem-
peratures, similar to other C3 species, photo-
synthetic rates of chickpea also increase sub-
stantially with increases in CO2 (Srivastava et
al. 2009). Deshmukh et al. (2009) studied the
effect of elevated CO2 on yield attributes and
Rubisco enzyme of chickpea. They have tested
chickpea at 550 ± 35 μL L−1 elevated level
of CO2 and found that plants grown under el-
evated CO2 produced more number of pods and
grains with 33% increase in pods number. Sim-
ilar effect was observed for biomass with 12%
and 15% increase, respectively. In case of Ru-
bisco, the elevated CO2 did not have signif-
icant effect on initial activity of the enzyme;
however, the activation of Rubisco was higher

under elevated CO2 condition. The effects of
elevated CO2 on growth can be variable, as
it is also affected by water supply, tempera-
ture, and their interactions. In a simulated study,
Gholipoor and Soltani (2009) found that yield
response of chickpea would be different un-
der irrigated and rainfed condition and differ-
ent temperature regimes, and under temperatures
higher than ceiling temperature, future yield
loss could be avoided in irrigated conditions
through development of heat-tolerant chickpea
varieties. Rogers et al. (2009) attempted to an-
swer the question whether elevated CO2 concen-
tration amplify the benefits of nitrogen fixation in
legumes? On the basis results obtained by these
of these and other researchers, it is clear that
legumes increase N2 fixation at elevated CO2,
which is critical in maintaining the C to N ratio
in the ecosystem. Thus, it could be postulated
that increase in nitrogen fixation could also oc-
cur in chickpea; however, proper experiment is
needed to test the increase in N2 fixation under
elevated CO2 in chickpea.

Also, the exposure to elevated CO2 increased
the carbon content and decreased the nitrogen
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content, resulting in higher C/N ratio similar
to those reported in mungbean under high CO2

(Deshmukh et al. 2009; Srivastava et al. 2001). In
the future, however, the adaptability of chickpea
to higher level of CO2 such as 700 μmol should
be studied to evaluate the beneficial effects on
growth and ultimately yield.

Breeding for adaptation to pests

In addition to abiotic stress, changing climates
will have profound impact on crop pests and how
it influences the crop. Generally, climate change
impacts on pest population include change in
phenology, distribution, community composi-
tion, and ecosystem dynamics that finally leads
to extinction of species (Walther et al. 2002).
For example, a detailed survey of the studies
carried out around the globe on impact of in-
creasing atmospheric temperature and CO2 on
crop pests population and crop–pest interaction
revealed harmful and beneficial impacts (Deka
et al. 2009). Under elevated CO2, soybean is
more susceptible to attack by Japanese beetles
(Zavala 2007) and thus lowers the plant ability
to defend itself.

Chickpea productivity, and quality, is affected
by several foliar (ABs, botrytis gray mold), soil
borne (wilt/root rots, and nematodes) diseases,
and insect pests (pod borer, leaf miner). These
diseases and insects have global and regional im-
portance depending on the environmental con-
ditions that support their distribution and epi-
demic development. However, the extent of yield
losses caused by these pests depends on in-
teractions of biophysical factors mainly tem-
perature, moisture, pathogen, insects, and the
host. Climate change, mainly rising temperatures
and changes in moisture, is predicted to cause
changes in the disease spectrum, particularly
their distribution, epidemic development, the vir-
ulence/aggressiveness of pathogens, and appear-
ance of new pathotypes affecting the crops. Cli-
matic changes can also favor the appearance of
insects affecting chickpea, such as pod borer in
new areas. For example, in West Asia and North

Africa, pod borer attacks chickpea at very late
stage and does not cause much damage; how-
ever, for the last few years, the timing and level
of infestation is changing, which could be a
major threat to chickpea production in WANA
like it is in South Asia. Similarly, late rains
can cause heavy pod infection by AB, lead-
ing to heavy yield losses and poor grain qual-
ity. Also, climate change models suggest a high
probability of late season rains and thus increase
ascochyta infection at poding stage and more
intense extreme events such as rainfall above
critical threshold, leading to blight epidemics
(Abang and Malhotra 2008). Different temper-
ature regimes were found to affect virulence-
resistance in Ascochyta-chickpea pathosystems.
Thus, in addition to the existing key biotic con-
straints to chickpea productivity, new or minor
pests are likely to become important under cli-
mate change. For example, increased dry condi-
tions can favor dry root rot in some countries,
and Fusarium wilt in combination with cyst ne-
matode is already on rise in some countries prob-
ably due to soil temperature rise (Jiménez-Dı́az
et al. 1993; Barhate and Dake 2009; Asaad et al.
2009). Thus, for some of pests, there is a need to
have pre-emptive breeding in place to tackle the
arising challenges of new biotic stresses.

Genetic adjustment through genomics
and biotechnology

Genomics and biotechnology are the advance
tools for understanding plants at various bio-
logical and environmental levels, and boosting
traditional plant breeding techniques. In the last
decade, genomics has developed from whole
genome sequencing to the discovery of novel
and high throughput genetic and molecular tech-
nologies. These novel technologies are now per-
mitting researchers to discover genes and un-
derstand gene functions that contribute to the
improved productivity, quality, and manipulate
environmental stresses of modern crop varieties.
Despite the availability of large amount of omics
information in cereals, still, food legumes are



P1: SFK/UKS P2: SFK Color: 1C

BLBS082-09 BLBS082-Yadav July 12, 2011 14:17 Trim: 246mm X 189mm

262 CROP ADAPTATION TO CLIMATE CHANGE

far behind in the generation and application of
these new tools. Although these tools promise
more rapid and amazing returns, they require
high level of investment, which is not yet made in
legume crops. Recent national and international
collaborations, however, provided platform to
move forward omics knowledge in legumes
(Varshney et al. 2009). Application of biotech-
nology approaches to legumes crops can con-
tribute efficiently to overcome production con-
straints; however, successful application of these
new tools to biotic/abiotic constraints-facing
legume crops will require both a good biological
knowledge of the target species and the mech-
anisms underlying resistance/tolerance to these
stresses (Dita et al. 2006). Thus, the efforts in the
area of plant molecular genetics research would
help to enhance traditional plant breeding and
explore the potential of genetic engineering to
increase and sustain crop productivity.

Gene discovery and QTLs for tolerance
to stresses

Besides tremendous achievements in crop im-
provement through phenotypic selection, signif-
icant difficulties are often encountered in pheno-
typic selection, such as genotype by environment
interaction, and expensive, unreliable, and time-
consuming screening methodologies for target
traits. The use of molecular markers as a selec-
tion tool provides the potential for increasing
the efficiency of breeding programs by reduc-
ing environmental variability, facilitating earlier
selection, and reducing subsequent population
sizes for field testing, facilitate efficient intro-
gression of superior alleles from wild species
into the breeding programs, and enable the pyra-
miding of genes controlling quantitative traits
(Peña and Hughes 2007; Imtiaz 2008). There-
fore, increasing and accelerating the develop-
ment of stress-tolerant and higher-yielding bet-
ter varieties faster are acceptable to farmers and
other end users in both developed and developing
world.

Molecular markers are the DNA regions
tightly linked to agronomic traits, which can

facilitate breeding strategies for crop improve-
ment. There are numerous molecular marker
analyses of stress tolerance in chickpea have
been published to tag traits controlled by sev-
eral genes (Dita et al. 2006; Millan et al. 2006).
The potential to map different QTL contribut-
ing to an agronomical trait and identify linked
molecular markers facilitate the transfer of sev-
eral QTL and to pyramid QTL for several agro-
nomical traits in one improved cultivar simul-
taneously. In case of abiotic stresses such as
drought, cold, and heat, the main drivers of cli-
mate change very limited molecular marker anal-
yses are available; however, efforts are underway
to identify QTL underlying tolerances to these
stresses. QTL for drought tolerance have been
identified in soybean and chickpea (Millan et al.
2006; Du et al. 2009; Ur Rehman 2009). In case
of soybean, Du et al. (2009) detected 40 QTL in
total, 17 for leaf water status traits under drought
stress and 23 QTL for seed yield under well-
watered and drought-stressed conditions. Two
seed yield QTL were detected under both well-
watered and drought-stressed conditions in the
field. These findings would help to elucidate the
genetic basis of drought tolerance in soybean and
ultimately could be used for marker-assisted se-
lection to breed high-yielding soybean cultivars
with improved tolerance to drought stress. For
chickpea, there are very few reports such as re-
ferred by Millan et al. (2006), where molecular
marker linked to root traits in chickpea was re-
ported. A QTL flanked by STMS marker TAA
170 and TR 55 on LG 4 was identified and that
accounted for maximal phenotypic variation in
root length (R2 = 33.1%), and root weight (R2 =
33.1%; Chandra et al. 2004). In recombinant in-
bred lines population derived from ILC588 ×
ILC3279, two putative QTL were detected for
yield, one QTL under normal conditions with
16% explained variation and another QTL with
26% variation under moisture stress condi-
tion (Imtiaz and Malhotra 2010). Similarly, Ur
Rehman (2009) detected 13 genomic regions as-
sociated with drought-tolerance traits in chick-
pea. He identified a QTL on LG7 for stomatal
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conductance, QTLs on LG1, LG3, and LG6 as-
sociated with canopy temperature differential, as
well as QTLs associated with grain yield under
drought stress. For the future, efforts are going
on to identify perfect markers for drought-, heat-,
and cold-related traits for use in marker-assisted
selection (MAS).

Genetic variation for resistance to diseases
and pests

There are a number of biotic fungal, bacte-
rial, viral, nematode, and insects stress affect-
ing chickpea; however, the most important and
widely spread ones are AB, fusarium wilt, and
pod borer. Many studies targeted these two dis-
eases and reported a number of QTL studies
(Millan et al. 2006; Rajesh et al. 2007). AB,
caused by Ascochyta rabiei, is highly variable
and the pathogen is able to produce pathogenic
races with specific virulence on particular cul-
tivars. Until now, four pathotypes have been
documented with pathotype IV being more vir-
ulent (Imtiaz and Malhotra 2009). Anbessa et
al. (2009) studied four population putatively de-
rived from different sources of resistance and
found that 5 QTL distributed across linkage
groups (LG) 2, 3, 4, 6, and 8, in different cul-
tivars studied. They concluded that linked mark-
ers have the potential for gene pyramiding to
build durable resistance to safeguard the crop
against existing or potential new strains. Sim-
ilarly, other researchers reported linked mark-
ers for AB (Santra et al. 2000; Tekeoglu et al.
2002; Udupa and Baum 2003); however, there
is no report where the molecular markers have
been used for MAS. Very recently, a set of
AB-linked markers has been used for MAS at
early generation (F2) to facilitate breeding for
ascochyta blight resistance at ICARDA (Imtiaz,
personal communication). In the recent years, it
has been observed that probably due to climate
variability, the incidence of the disease is getting
lesser. In case of fusarium wilt caused by Fusar-
ium oxysporum f. sp. Ciceri, eight races (0, 1A,
1B/C, 2, 3, 4, 5, and 6) have been reported from

India, Spain, and the United States (Haware and
Nene 1982; Jiménez-Dı́az et al. 1993; Jimenez-
Gasco et al. 2004). Genes for fusarium wilt resis-
tance have also been reported for various races
(Millan et al. 2006; Sharma et al. 2004). How-
ever, very recently, Gowda et al. (2009) reported
tightly linked molecular markers and validated
those in the commercial cultivars. The incidence
of this disease, although severe in South Asia in
the past, was not that severe in CWANA where
it is now on rise. The speculation would be the
rising soil temperature, which favors the disease.

Genetic engineering stress tolerance

Despite public concern, crop improvement
through genetic engineering particularly for
complex quantitative trait such as drought and
under changing climate scenario has become a
reality. It is now possible to transform many
grain legumes (Anwar et al. 2010) as the proto-
cols are fully established. To use this technology,
progress has been made in both legume and non-
legume crops to produce tolerant lines particu-
larly for complex traits such as drought (Sharma
and Lavanya 2002; Cheng et al. 2002; Dita et al.
2009). In case of chickpea, Bhatnagar-Mathur
et al. (2009) attempted to develop drought-
tolerant chickpeas through introduction of an
osmoregulatory gene P5CSF129A encoding the
mutagenized D1-pyrroline-5-carboxylate syn-
thetase (P5CS) for the overproduction of proline.
They used Agrobacterium tumefaciens-mediated
gene transfer techniques and axillary meristem
as explants. The over-expression of P5CSF129A
gene resulted only in a modest increase in tran-
spiration efficiency; however, the enhanced level
of proline did not translate into significant yield
advantage to overcome the negative effects of
drought stress in chickpea. Similarly, for Heli-
coverpa armigera (pod borer), which also starts
appearing in WANA regions with probably cli-
mate change, Lawo et al. (2008) reported the ef-
fectiveness of Bt chickpeas to control the borer.
They concluded that Bt chickpeas and ento-
mopathogenic fungus Metarhizium anisopliae
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are compatible to control H. armigera. As in
other crops, genetic transformation is also an
attractive approach to overcome stresses in
chickpea; nevertheless, more efforts are needed
to engineer a stress-tolerant cultivar. The only
success story reported is the transgenic soybean
line carrying the insect resistance gene cryA from
B. thuringiensis (Babu et al. 2003). Genes can be
either directly identified in chickpea or mined in
the genome of model plant species, especially
Medicago truncatula and Lotus japonicas, to
engineer stress-tolerant chickpeas. Recently, a
series of genomic tools for chickpea have be-
come available that could have allowed high-
powered functional genomics studies to facili-
tate the development of climate resilience chick-
pea varieties. These tools include a dense genetic
map, large insert genome libraries, expressed se-
quence tag libraries, microarrays, serial analysis
of gene expression, transgenics, and reverse ge-
netics (Coram et al. 2007; Varshney et al. 2009).

Conclusions

The level of genetic variability is inherently low
in cultivated chickpea. Biotechnological tools
such as tissue culture can play an important role
to improve the limited variability through mu-
tation of single cells prior to regeneration, ex-
ploitation of useful genes from wild relatives,
targeted transformation, and doubled haploidy.
The recent breakthrough to develop double hap-
loid chickpea (McPhee et al. 2007; Grewal et
al. 2009) is a step forward to improve breeding
efficiency and enhance knowledge about the ge-
netics of various traits. Wild relatives of chickpea
carry sources of resistance/tolerance for many bi-
otic and abiotic stresses, which needs to be mined
for finding genes to adjust chickpea to changing
climates. Unfortunately, so far only two closely
related wild relatives (C. reticulatum and C. echi-
nospermum) can be crossed with cultigen and
the remaining annual species, though possessing
a good level of tolerance/resistance, cannot be
crossed with cultigen (Abbo et al. 2003). These

biotechnological tools could help in the future to
overcome crossing barrier in chickpea.

It is unlikely that a single technology/
methodology will be adequate to overcome the
effects of environmental stresses on chickpea
under the changing climates. An integrated ap-
proach of combing conventional chickpea breed-
ing techniques with advanced tools of biotech-
nology could adjust chickpea to new challenges
arising due to climate change. To breed chickpea
for variable climates we are now experiencing,
the breeding programs around the world need
to develop CO2 responsive, temperature- and
drought-tolerant, and irrigation-responsive high-
yielding cultivars through combination of con-
ventional, molecular marker-directed, and trans-
genic breeding approaches. Thus, the future trust
of chickpea improvement programs around the
globe could be mining of genetic resources (land
races, wild relatives) to search genes for toler-
ance, maturity, and yield; identify and locate
gene(s) and its sequences controlling those traits;
identify physiological traits that contribute to im-
proved productivity under harsh climates; and
selection of CO2 and irrigation responsive geno-
types to realize the potential for yield gains in
the future.
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Chapter 10

Genetic Adjustment to Changing Climates:
faba bean
Gérard Duc, Wolfgang Link, Pascal Marget, Robert J. Redden, Frederick L. Stoddard, Ana
MariaTorres, and Jose I. Cubero

Introduction

The faba bean (Vicia faba L.) is a grain legume
species belonging to the Fabaceae family. Sub-
species have been distinguished, mostly char-
acterized by their seed shape (Muratova 1931),
which is strongly correlated with seed size and
weight. The species traditional groups are (1)
major (broadbean, very flattened seeds, 1.0 to
more than 2.0 g/seed), (2) equina (horse bean,
field bean, flattened seeds, 0.6–1.0 g/seed),
(3) minor (tic bean, ellypsoidal seeds 0.3–0.6 g/
seed), and (4) paucijuga (a rare form, likely close
to the wild hypothetical form, recollected long
time ago in northwest India and Pakistan; small
plant with many stems, 1–2 almost sessile flow-
ers per node, a maximum of four small leaflets
per leaf, 2–4 very small almost rounded seeds
per pod weighting 0.2–0.3 g/seed). These four
names are a convenient grouping for breeders or
farmers, but up to now, no relationships with ge-
ographical dispersion or genetic architecture has
been demonstrated, all of them crossing easily to
each other (Serradilla et al. 1993).

Faba bean is an annual grain legume crop
that is highly suitable for combined harvesting
of dry seeds. The world cultivated area in 2007

was 2.5 million hectares (Mha) with a total
production of about 3.74 million metric tons
(Mt) and an average yield of some 1.5 tons per
hectares (t/ha). The largest proportion, 93%
(2.3 Mha and 3.6 Mt), was devoted to dry seeds.
The main producers were China with 1.4 Mt
and 0.9 Mha, followed by Ethiopia (0.6 Mt,
0.5 Mha), Egypt (0.3 Mt, 0.09 Mha), and France
(0.25 Mt, 0.06 Mha). Around 0.2 Mha were
dedicated to horticultural uses (green pods and
seeds), with a total production of almost 1 Mt.
Bolivia (0.034 Mha) and Algeria (0.02 Mha)
were the countries with the largest area for this
purpose, whereas the highest productions were
those of China (0.12 Mt) and Morocco (0.1 Mt)
(FAOSTAT 2008).

The long routes of migration of the faba bean
during its prehistory and evolution demonstrate
its capacity to adapt to a wide range of climatic
conditions. Cubero (1973, 1974) postulated
the Near East to be its center of origin and
proposed four routes of migration along with
human activity from this center. These were (1)
to Europe, (2) along the North African coast
to Spain, (3) along the Nile to Ethiopia, and
(4) from Mesopotamia to India. Grain fossils
indicated that faba bean was introduced to China
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more than 4000–5000 years ago (Ye et al. 2003).
It entered South America in the fifteenth century
with the Spaniards and Portuguese. No wild
ancestor is known for this ancient crop and no
wild habitat has been discovered; crossing with
other Vicia species has not been possible up to
this date (Bueno 1976; Cubero 1982a, 1984;
Maxted et al. 1991). Only cultivated types are
preserved, which make ex situ collections very
crucial for the support of breeding activities
(Duc et al. 2010).

Faba bean is mostly grown in pure stands and
sometimes in association with a nonlegume (e.g.,
oats or maize). It usually proves to have a positive
effect on the following crop in rotations. Winter
and spring cultivars exist, based on a wide ge-
netic variability that allows escape from various
abiotic or biotic stresses and adaption to various
climatic or soil conditions. In nonlimiting situ-
ations, grain yields frequently surpass 6 t/ha of
dry seeds and 12 t/ha of total biomass dry mat-
ter (DM) (Dantuma and Klein Hulze 1979). The
symbiotic N2 fixation allows more than 70% of
nitrogen stored by the crop to be derived from air
(Duc et al. 1987; Schmidtke 2008). The plants are
large and robust, facilitating mechanical weed-
ing, and since synthetic nitrogen fertilizer is not
needed, fossil fuel consumption is low, the risk
of N2O emission linked to N fertilizers applica-
tion is absent, and consequently this crop offers
valuable ecological services in sustainable agri-
culture and in organic farming strategies.

Faba bean seeds are edible fresh or cooked
and have good nutritional value. Human foods
incorporate faba bean in traditional and mod-
ern ways: fresh, frozen, cooked or canned green
seeds; steamed dry seeds; flour for baking; frac-
tionated flours in protein or starch concentrates.
When mature, the seed contains about 30% pro-
tein and 45% starch. There is a wide range of
genetic variability for major seed components,
for example 25–35% of seed DM for protein
content, in negative correlation with starch con-
tent (40–50% of seed DM) (Duc et al. 1999).
They are rich in lysine, yet poor in tryptophan
and sulphur amino acids (like all grain legume

seeds), which makes them complementary to ce-
reals in mixed diets. They were much used in
history for human nutrition and animal nutrition
(especially horses and pigeons). Sometimes, dry
straw or silage of this crop is used to feed ru-
minants. More recently, breeding varieties low
in tannin and vicine and convicine contents of-
fer new and promising perspectives, improving
nutritional performances in poultry and pig nutri-
tion (Duc et al. 2004; Vilarino et al. 2009). Low
vicine and convicine content is also supposed a
valuable trait to reduce favism risk in humans
(Arese 1982; Arese et al. 2007).

The reproduction of Vicia faba is intermedi-
ate between autogamy and allogamy. Flowers
can easily self-fertilize. In so-called autoster-
ile or nonautofertile types, selfing needs to be
stimulated (“tripping” of the flowers), which is
accomplished by the visit of pollinating insects
(e.g., Apis mellifera, Bombus sp. and, especially
in Mediterranean countries, solitary bees such as
Eucera spp.), which visit flowers to collect nectar
or pollen. Autofertility shows a quantitative type
of genetic variation. Heterozygous plants tend to
be rather autofertile (able to self-fertilize without
an insect visit), yet highly autofertile inbred lines
occur as well (Drayner 1956; Stoddard and Bond
1987; Link 1990; Torres et al. 1993; Duc 1997;
Suso and Moreno 1999). Outcrossing is achieved
by the pollinating insects and it results in high
heterosis and heterogeneity in populations.

Genetic resources of faba bean are maintained
ex situ, and intercrossing between accessions is
generally prevented by physical barriers (dis-
tance, barrier crops, and nets) (Suso et al. 2005;
Suso et al. 2006; Duc et al. 2010). More than
38,000 accessions are listed in world collec-
tions. Although these collections helped to pro-
vide sources of resistance against botrytis, rust,
ascochyta, orobanche, for frost hardiness, and
seed composition traits (Duc 1997), only a small
part of these collections has been evaluated for
tolerance to major biotic or biotic constraints,
in particular to parasitic insects, drought, or salt
stresses. Since climate change is associated with
greater extremes of high or low temperature
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stresses at different phases of plant develop-
ment, with increased drought or salt stress risk,
and with accompanying variation of pest and
pathogen populations, the need to breed for re-
sistance is becoming a priority for stabilizing
yields. This objective requires access to the ge-
netic diversity kept in these ex situ collections.
At a time when modern agriculture and climatic
change induce a general loss of diversity, land
races are passing out of use, so collection of
them and of accessions of subspecies paucijuga
becomes a priority. The survival and extension
of area grown with faba bean should also con-
tribute to the maintenance of numerous associ-
ated organisms that are endangered by climatic
change risks, thus contributing to biodiversity.

Genotype × environment
interactions

Yield instability is famous in Vicia faba. It has
been attributed to diverse factors such as the com-
petition between vegetative and reproductive or-
gans in long-strawed genotypes, lack of insect
fertilization due to weather conditions hamper-
ing visits by pollinating insects, sensitivity of
the nitrogen-fixing symbiosis to abiotic or bi-
otic stresses (such as damages caused to nodules
by larvae of Sitona weevils), and differential re-
action to regional populations of N-fixing bac-
teria. In fact, it seems as if a line divides the
Mediterranean from the “European” faba bean
germplasm pools (Moreno and Martı́nez 1980).
Genotype by environment (G × E) studies have
always shown strong values, a fact hampering the
production of “plastic” cultivars as in many other
species (Torres et al. 1994; Flores et al. 1996).

Spring-sown cultivars were studied in a net-
work of trials at 12 EU locations from 1985
to 1987. For yield, the G × E interaction
effects were subjected to a regression analy-
sis of each cultivar’s performance over mean
location performance. Hybrids had higher re-
gression coefficients and lower coefficients of
variation, in comparison with inbred lines, and
appeared to better exploit high-yielding loca-

tions and to be more stable. Synthetics were
intermediate or equivalent to experimental hy-
brids, according to these criteria, which suggests
that heterozygosity (Le Guen et al. 1991; Duc
et al. 1989) and heterogeneity within varieties
are favorable to yield stability. Further analysis
in relation to climatic parameters should help
to define variety traits and environment param-
eters that determine adaptation. Another G × E
analysis including a broad genotype spectrum
was conducted within the scope of EUFABA,
an EU project (2003–2005); the results (EU-
FABA 2004), confirmed the old suggestion by
Moreno and Martı́nez (1980) about the faba bean
“divided world.”

The adaptation to winter or spring sowing is
a crucial aspect. Spring faba bean in Europe,
North of Pyrenees and Alps, is sown in February
to May and flowers in May and June, maturity
being reached between end of July and beginning
of September. Autumn-sown faba bean flowers
and matures earlier, the advance ranging from
4 weeks to zero (zero in Northern regions with-
out drought stress). Resistance to freezing, to
snow cover, and to winter pathogenic fungi are
important parameters. The strong vegetative de-
velopment, especially of winter cultivars, is of-
ten detrimental to standing ability and is consid-
ered as competitive with seed development at the
end of the plant cycle. Progress in lodging resis-
tance has been achieved by reducing stem length,
which was more important in spring types than
in winter types. Mutations inducing determinate
growth of the stem (Sjödin 1971) or stiff-strawed
character (Frauen and Sass 1989) have been pro-
posed to breeders, but no high-yielding cultivars
of these types have yet been released. Sjödin’s
determinate habit mutation has been success-
fully introduced into modern cultivars, allow-
ing for an easy mechanical harvesting both in
the case of dry seeds and, especially, of young
green pods (“baby” types with a seed size smaller
than 12 mm) for direct consumption or industrial
(canning, freezing) treatments. The determinate
habit cultivars show a much shorter period from
flowering to maturity, thus “escaping” the low
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rainfall that can severely affect pod development
in semiarid conditions such as the Mediterranean
zone (Nadal et al. 2000a, 2000b; Cubero and
Nadal 2005). Determinate cultivars may also find
a niche in high-latitude or high-altitude agricul-
ture where the length of the growing season is a
limiting factor, and it is better to get some yield
than none at all (Stoddard, unpublished data).

Resistance to freezing and
waterlogging

Genuine winter faba bean is a specific
germplasm pool of Vicia faba and offers the
pertinent agronomic advantages of winter crops,
namely higher probability of good sowing condi-
tions, longer growth cycle, good root establish-
ment, earlier flowering and seed filling period,
escape from the main risk of summer drought
stress, and early maturity. With the advent of cli-
mate change and some improvement of freezing
resistance and general winter hardiness (Arbaoui
et al. 2008a), the zone of adaptation of winter
faba bean is expected to expand to more conti-
nental regions in Europe.

Winter beans survive winter as young plants
and endure frost as hard as −15◦C, or even harder
if there is adequate snow cover. At Göttingen,
Germany, the winter of 2002/2003 was too se-
vere for winter bean as the combination of long-
lasting frost day and night, no snow protection,
all-day sunshine and wind, and frost down to
−16◦C at night killed all the plants. In con-
trast, more than 60% of all entries survived sev-
eral strong frost spells of −15◦C to −20◦C at
Göttingen in 2009/2010, attributable to adequate
protection by 2−20 cm of snow (Link, unpub-
lished). These observations well illustrate the
complex parameters of the freezing hardiness
involving the speed and intensity of temperature
stress, and at the plant level, earliness, harden-
ing/dehardening capacity and intrinsic cold tol-
erance. A further, specific type of winter bean is
grown in parts of Japan, with little frost but very
long snow cover (Fukuta et al. 2001).

In the Mediterranean basin and in regions
with similar climate, such as parts of Australia
and China, faba bean is also sown in autumn
and frost spells are rare and mild but may oc-
cur at flowering time, when freezing resistance
is limited (Liu et al. 1987; Maqbool et al. 2010)
and temperatures of a fraction of a degree below
freezing can kill ovules (Stoddard, unpublished
observations). Genetic variation in cold tolerance
at flowering has not been sought in this species,
but has been shown, for example, in chickpea
(Clarke and Siddique 2004).

The background and history of European win-
ter beans were reported by Bond and Crofton
(1999). Already in 1825, small-seeded win-
ter beans were introduced to the United King-
dom from unknown sources, presumed to be
someplace in the then-vast Russian empire.
Picard et al. (1985) mentioned that small-seeded
winter beans were grown already in 1812 in the
region of Burgundy, F. where a local old land race
named “Côte d’Or” was kept and could often sur-
vive minima of −20◦C. European winter beans
in the 1800s were thus minor-type beans. The
current equina-type winter beans replaced them
between 1925 and 1945. Examples of modern
winter-hardy faba bean cultivars (Fig. 10.1) in-
clude Diva, Diver, Gladice, Hiverna, Husky, and
Wizard.

Winter-hardy faba bean shows a number of
features beyond mere freezing resistance. It
possesses an appropriate vernalization require-
ment along with hardening and dehardening pat-
terns, tolerances to snow-cover, to desiccation
from wind and solar radiation under frost, to
high moisture levels in soil in winter, some en-
durance of mechanical soil movement due to
freeze–thaw cycles, and some resistance against
fungal diseases that threaten the crop especially
in early spring. A number of reports from Japan
(e.g., Fukuta and Yukawa 1998; Fukuta et al.
2001) gave evidence that genotypes like Mairudo
Green and Rinrei were very tolerant to long spells
of snow-cover and, due to a prostrate growth
habit, tolerant to strong wind and mechanical
threats caused by heavy graupel fall.
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Fig. 10.1. Examples of modern winter hardy faba bean cultivars cv Diva after natural freezing.

The level of resistance to freezing depends
very much on (1) the basic resistance without
hardening and (2) the response to hardening.
Hardening is also well known as cold acclima-
tion and results from exposure to low, nonfreez-
ing temperatures. For faba bean, about 5◦C and
short daylength (∼8–10 hours) were effective
for hardening (Herzog 1987; Arbaoui and Link
2008).

To survive freezing temperature, it is of
paramount importance for plants to avoid intra-
cellular ice formation (Thomashow 2001). The
temperature that causes formation of ice is de-
pressed by the accumulation of osmotically ac-
tive, cryoprotective substances. Supercooling,
the ice-nucleation-related ability of tissues to
cool below the freezing point without ice for-
mation, is an important additional feature that
has not yet been demonstrated in faba bean. In-
tercellular ice formation may be allowed in frost-
tolerant plants and seems to be modified by an-
tifreeze proteins. The physiological function of

these proteins is likely to modulate the growth of
intercellular ice, channelling ice crystallization
by offering volunteer ice nucleators. At present,
it seems clear that antifreeze proteins bind to
ice via strong hydrophobic interactions (Moffatt
et al. 2006). Antifreeze proteins were shown to
be homologous to pathogenesis-related proteins
(Griffith and Yaish 2004) but endogenous an-
tifreeze proteins have not yet been demonstrated
in grain legumes.

A number of further physiological traits
have been studied in efforts to improve freezing
tolerance (Link et al. 2010). Accumulation of
cryoprotectants such as proline during hardening
was shown to be correlated with freezing resis-
tance (Arbaoui et al. 2008a). The role of glycine-
betaine, which similar to proline is a cytoplamic
osmoticum in several higher plant families, is
unclear. Faba beans shoots were found to contain
much more glycinebetaine (125 μ moles per g
dry weight) than Phaseolus vulgaris and Pisum
sativum shoots where, moreover, trigonelline



P1: SFK/UKS P2: SFK Color: 1C

BLBS082-10 BLBS082-Yadav July 12, 2011 14:20 Trim: 246mm X 189mm

274 CROP ADAPTATION TO CLIMATE CHANGE

instead of glycinebetaine was found (Jones and
Storey 1981). A number of carbohydrates have
also been reported to show a protective impact
(Dumont et al. 2009), such as raffinose for petu-
nia (Pennycooke et al. 2003) and trehalose in
Lotus japonicus (López et al. 2006; Arbaoui
et al. 2008b).

To analyze freezing resistance, assessments
may be made of freezing-induced electrolyte
leakage (Herzog 1987), chlorophyll fluorescence
(Taulavuori et al. 2000), or accumulation of
proline, of certain sugars or of membrane-
bound polyunsaturated fatty acids (Arbaoui et al.
2008a). Quantitative Trait Loci (QTL) have been
developed for freezing resistance and related
traits in faba bean (Arbaoui and Link 2008) and
also in the model legume Medicago truncatula
(Avia and Lejeune-Hénaut 2007).

As a further appraisal of freezing resis-
tance, symptoms of freezing injury of young
plants have been scored visually (leaves, stems,
roots), and symptoms were assessed on detached,
frost-treated leaves (Herzog 1987; Herzog and
Olszewski 1998). For all these tests, adequate
schemes of exposure to freezing temperature are
necessary. The proposals offered in the literature
differ, from a 3-week course of daily freeze–thaw
cycles with a maximum frost of −6◦C (Duc and
Petitjean 1995) to a two-step-test of Roth and
Link (2010) with −13◦C and −17.5◦C; the latter
authors insulated the pots to protect roots (but not
shoots) from frost. In experiments that followed
the method of Roth and Link (2010), Rode and
Link (unpublished) found among 24 winter bean
genotypes a highly significant and promising ge-
netic variation as demonstrated in Fig. 10.2.

Waterlogging stress may occur particularly in
autumn-sown crops, during the period of low
evapotranspiration. Faba bean was shown to be
more tolerant to waterlogging than some other
grain legumes, and there was some variation
among the six cultivars examined, with signif-
icant amounts of aerenchyma forming under the
stress conditions (Solaiman et al. 2007). Four-
week-old seedlings of a single cultivar were
more sensitive to waterlogging than 8-week-old,
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Fig. 10.2. Results of three aspects of freezing resistance
assessed with young, potted plants in a two-step test (−13◦C
and −17.5◦C) in six experiments with eight replicates each.
Pots were insulated to protect roots from deep frost. (1) Re-
growth (g per plant) 4 weeks after test (2 days after test,
shoots were removed by cutting), (2) freezing symptom
score (discoloration and loss of turgor, 0 = no symptom),
and (3) survival rate (transformed percent data). Pertinent
genotypes are labeled; Kristall/25 is a spring bean line
(Rode and Link, unpublished).

flowering plants, and damage to the photosyn-
thetic apparatus was rapidly detected in chloro-
phyll fluorescence measurements (Pociecha et al.
2008).

Resistance to drought, heat,
and salinity

Drought sensitivity has long been considered an
important contributor to yield instability in faba
bean, in spite of the crop’s widespread use in
semiarid areas (Dantuma and Thompson 1983).
Field trials need to cover many seasons and
environments, owing to seasonal variations in
the timing and intensity of drought stress. In
spite of marked genetic variation for yield un-
der drought, there is little genotype × environ-
ment interaction, hence little evidence of specific
adaptation to drought that may be used in breed-
ing (Link et al. 1999). Thus, breeding progress
may be slow unless it is supported by screen-
ing techniques for identified components. Faba
bean is seldom grown under irrigation except in
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China, so it may experience transient drought
and terminal drought, the latter particularly in
Mediterranean-type climates. The classical anal-
ysis of drought response breaks it into three
components: drought escape, dehydration avoid-
ance or postponement, and dehydration tolerance
(Turner 1986).

Tolerance to drought has been extensively in-
vestigated at ICARDA and elsewhere. Drought
may be escaped by appropriate phenology. This
requires that materials are bred for adaptation to
early sowing (Khan et al. 2010). Mid-summer
droughts in temperate climates can be avoided
by using winter beans that have already estab-
lished a strong and deep root system, and may
have already finished flowering, by the time the
drought starts. The typical summer drought of
Mediterranean climates is also avoided by early
sowing, and earliness is a key breeding objec-
tive. Unproductive water loss from the soil can
be reduced by achieving rapid ground coverage
from low specific leaf area (large, thin leaves)

as has been shown in other species (e.g., wheat,
Rebetzke et al. 2004).

Dehydration avoidance has at least two com-
ponents, namely maximizing water uptake and
minimizing water loss, and methods are well de-
veloped for measuring the latter in faba bean,
but not the former. Faba bean is sometimes con-
sidered shallow rooting (Manschadi et al. 1998),
and greater depth of rooting may assist with wa-
ter uptake when the shallow roots have already
exhausted the available water. This principle has
been demonstrated in many crops and some vari-
ation in rooting depth in faba bean has been iden-
tified, but a greater effort is needed to find par-
ent materials and genetic markers that can be
used in maximizing productive rooting depth.
Parent lines and small genetic populations may
be screened for rooting depth in narrow cylin-
drical pots filled with sand (Fig. 10.3), in which
the water front can gradually sink and roots can
be easily freed from the potting medium for
measurement; the optimum time for detecting

Fig. 10.3. Parent lines and small genetic populations are screened for rooting depth in narrow
cylindrical pots filled with sand in which the water front can gradually sink and roots can be easily
freed from the potting medium for measurement.
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variation in rooting depth in many species is
around the onset of flowering (e.g., chickpea,
Kashiwagi et al. 2008).

Water loss is minimized through stomatal
control. Stomatal number and size may be de-
termined by microscopy of leaf surfaces, but
measurement of stomatal conductance with
a porometer integrates these and is much
faster. Evaporating water cools the leaves, so
germplasm with high stomatal conductance have
a lower leaf temperature that can be measured
even more quickly and economically with a
noncontact infrared thermometer (Khan et al.
2007, 2010). Leaves with open stomata can con-
tinue to discriminate against 13C in favor of 12C,
whereas those with closed stomata cannot, so
carbon isotope discrimination provides a fine
measure of stomatal activity across an interval
of time (Condon et al. 2004), but it is expensive
to evaluate. All three measures, porometry, in-
frared thermometry, and carbon isotope discrim-
ination, were highly correlated in small sets of
germplasm, and inbred line ILB938/2 and cul-
tivar Mélodie were the two best accessions at
avoiding dehydration in this way (Khan et al.
2007). The effectiveness of these methods as in-
direct selection indices for dehydration avoid-
ance and hence drought tolerance remains to be
fully tested in this species.

Dehydration may also be postponed by os-
motic adjustment, the production of osmotically
active substances that hold onto water molecules,
but this has not yet been identified in drought
response of faba bean. True tolerance to dehy-
dration has not been clearly demonstrated in faba
bean. In the presence of closed stomata and wa-
ter loss, oxidative stress increases, and in other
grain legumes, increased concentrations of an-
tioxidants such as superoxide dismutase (Zlatev
et al. 2006) and polyamines (Nayyar and Chan-
der 2004) have been associated with increased
dehydration tolerance, so the role of these
compounds should be investigated in faba bean.

The effects of heat stress on faba bean are
much less investigated than those of drought
stress. The broad adaptation of the crop, in-
cluding its cultivation in tropical and subtropical

regions such as Bangladesh, suggests that many
accessions of the species are tolerant of rel-
atively high temperatures as long as water is
in sufficient supply. Detailed analysis of a sin-
gle un-named cultivar showed that chlorophyll
variable fluorescence and water-use efficiency
were lower after 3 days at high temperature
(30◦C day/25◦C night) than in cool conditions
(20◦/15◦), whereas shoot dry weight, specific
leaf weight, growth rate, relative growth rate,
leaf number, and net assimilation rate were all
highest in intermediate conditions (30◦C/15◦C)
(McDonald and Paulsen 1997). Thus, the crop
may respond favorably to some increases in day-
time temperature as long as night temperatures
remain cool. Three Mediterranean-type Italian
cultivars showed a temperature optimum for as-
similation of 26–27◦C, with a fairly flat response
between 21◦C and 32◦C, suggesting that the crop
is resilient to temperature stresses in much of
the range of its cultivation (Avola et al. 2008).
Further investigation of temperature responses in
faba bean are required in order to allow mainte-
nance of crop yields in conditions of increasing
growing-season temperatures and to identify ge-
netic sources and physiological mechanisms of
heat tolerance.

Expressions of salinity tolerance were found
in some accessions from Zhejiang, Fujian,
Gansu, and Sha’anxi provinces, which have
extensive alkali–saline soils (Lang et al. 1993).
In the screening for salinity tolerance of 504
worldwide sources of landraces and breeding
lines in Australia (Redden at al. 2006, unpub-
lished), only 17 accessions from China were
among the 100 most tolerant, with 8 of these
17 tolerant accessions from Zhejiang province,
in agreement with Lang et al. (1993). Other
notable occurrences of salinity tolerance were
accessions from Greece, Syria, and Morocco
and breeding lines from Australia.

Adaptation to elevated carbon
dioxide concentration in the air

Increased atmospheric carbon dioxide concen-
tration associated with climate change is often
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expected to enhance growth of some plant
species and is expected to have particu-
lar benefits for nitrogen fixation in legumes
(Rogers et al. 2009). The evidence in faba
bean is rather equivocal. While enriched CO2

(700 μmol/mol) resulted in higher photosyn-
thetic water-use efficiency over that at ambient
levels (350 μmol/mol), with differences among
cultivars (Avola et al. 2008), the improvement
was significant only in the presence of sufficient
water supply (Wu and Wang 2000) and without
increases in solar UV-B irradiance (Tosserams
et al. 2001). In the absence of limiting drought
or UV-B, doubled CO2 concentration resulted in
yield increases of 37% (Tosserams et al. 2001)
to 86% (Wu and Wang 2000). The enhanced
availability of photosynthate due to elevated at-
mospheric CO2 concentration has been shown
to lead to enhanced nitrogen fixation in sev-
eral legume species, so grain quality and protein
content are generally maintained (Rogers et al.
2009), although this has not been demonstrated
in faba bean.

Resistance to parasites
and diseases

Faba bean grain production is affected by many
fungi, bacteria, viruses, and insect pests, which
vary in incidence and severity from one region
to another, with a general tendency to amplify in
relation with climate change.

Crenate broomrape (Orobanche crenata
Forsk.), a very aggressive parasitic angiosperm,
is the most damaging and widespread disease
in the Mediterranean basin, especially in North
Africa (Cubero 1982b; Cubero et al. 1992;
Rubiales 2001). Losses in faba bean caused by
broomrape range from 50% to 80% in fields
with medium and high levels of infestation,
respectively (Gressel et al. 2004). In addition
to O. crenata, O. aegyptiaca is of importance
in the Eastern Mediterranean countries, and
O. foetida in Tunisia (Kharrat et al. 1992;
Kharrat 2002). Only moderate to low levels of
incomplete resistance to O. crenata, O. foetida,
and O. aegyptiaca have been found in faba bean

and the inheritance was complex (quantitative),
making selection for broomrape resistance more
difficult and slowing down breeding progress.
Little resistance to O. crenata was available
until the identification of the Egyptian line F402
(Nassib et al. 1982) that allowed the devel-
opment of several resistant cultivars (Cubero
and Moreno 1979, Cubero et al. 1994; Khalil
and Erskine 1999). Faba bean lines ILB437,
ILB4357, ILB4360, as well as some selections
from crosses involving Giza 402 (derived from
F402), were identified and used to breed for
Orobanche resistance (Khalil et al. 2004). One
resistant cultivar (“Baraca”) was produced by
crossing the Egyptian tolerant line F402 with
the Spanish cultivar “Alameda” after two cycles
of recurrent selection (Cubero et al. 1992).
The resistance of “Baraca” has proved fairly
stable in most Mediterranean environments.
Improved populations with gene pools adapted
to West Asia, North Africa, and Latin America
were developed at ICARDA and shared with
cooperating countries for recurrent selection.

The most important fungal diseases of faba
bean and their causal agents are ascochyta blight
(Ascochyta fabae Speg.), chocolate spot (Botry-
tis fabae Sard.), rust (Uromyces viciae-fabae
(Pers.) J. Schröt.), downy mildew (Peronospora
viciae Berk.), and foot rots (Fusarium spp.)
(Rashid and Bernier 1991; Jellis et al. 1998).
The foliar diseases ascochyta blight and choco-
late spot are distributed worldwide. Yield losses
of about 40% are common in both cases, but can
be as high as 90% in susceptible cultivars under
wet and cool weather conditions. Several sources
of resistance to A. fabae have been described
(Hanounik and Robertson 1989), although the
complexity of the resistance and the lack of
detailed knowledge about the loci involved
in their control have prevented the develop-
ment of complete resistance. Substantial lev-
els of resistance to chocolate spot were not
reported until the 1980s (Hanounik and Robert-
son 1988). The most resistant germplasm de-
veloped by ICARDA (lines BPL 710 and BPL
1179) has generally originated from the Andean
region of Columbia and Ecuador (Hanounik and
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Robertson 1988; Bond et al. 1994). New lines
with a high level of partial resistance have
also been reported (Bouhassan et al. 2004).
Faba bean rust is a major disease in the Mid-
dle East, North Africa, Europe, Australia, and
China, where moderate to substantial yield losses
can occur. Several sources of resistance to U.
viciae-fabae have been reported during the last
decades (Sillero et al. 2000 and references
herein). Most of them displayed a slow-rusting
resistance considered durable, stable, and fre-
quently nonrace-specific. Downy mildew con-
tains species-specific strains affecting different
legume crops. The disease occurs in most places
where this crop is grown, but is more frequent
and severe in cool, maritime climates. Contrary
to pea, stability of resistance to P. viciae in dif-
ferent faba bean cultivars (e.g., Maris Bead) has
been recorded (Thomas and Kenyon 2004), prob-
ably due to the heterogeneous genetic makeup of
some cultivars (Sillero et al. 2006). Other rele-
vant diseases include foot rot and wilts caused
by Fusarium spp., as well as Rhizoctonia solani,
the cause of seedling damping-off, and geno-
typic differences in disease susceptibility have
been reported (Bond et al. 1994).

Bacterial and viral infections are also com-
mon in the crop. Bacteria causing diseases
in faba bean include Bacterium phaseoli, B.
viciae, Erwinia phytophthora, and Pseudomonas
viciae. The two economically most important
viral diseases are faba bean necrotic yellows
virus (FBNYV) and bean leaf roll virus (BLRV),
both produced by aphid-transmitted viruses.
FBNYV causes severe yield losses and crop fail-
ure, especially in Western Asia and North Africa
(Makkouk et al. 1994, 1998) where winters are
sufficiently mild to sustain aphid populations.
BLRV is also distributed worldwide. In Europe,
yield losses from 50% to 90% have been re-
ported (Heathcote and Gibbs 1962; Bailiss and
Senananyake 1984), and severe damages occur
in Australia when high aphid populations de-
velop early in the cropping season (Latham and
Jones 2001; van Leur et al. 2006). Although
several resistant lines have been identified
(Gadh and Bernier 1984), no fully resistant faba

bean cultivar is yet available, and research fo-
cuses on cultural practices that can reduce virus
spread.

Faba bean is attacked by several insect
pests, both at the seedling stage and through-
out the developmental stages or postharvest (see
Stoddard et al. 2010, for review). Some pests
are responsible for widespread crop losses, but
many others are only minor pest and rarely cause
concern. Among the most serious insect pests
encountered in the field or during storage are
bruchids such as broadbean weevil (Bruchus rufi-
manus) and aphids, especially bean aphid (Aphis
craccivora), black bean aphid (Aphis fabae), and
pea aphid (Acyrthosiphon pisum). Aphid dam-
age is produced by direct feeding and further
transmission of virus diseases such as broad
bean yellow mosaic and bean leafroll (Weigand
and Bishara 1991). Other important pests are
pea thrips (Kakothrips robustus), cowpea bean
beetle (Callosobruchus maculatus), seed wee-
vils (Apion spp.), bean weevil (Sitona lineatus)
(Nielsen 1990), and the Egyptian leaf worm
(Spodoptera littoralis). Although a high degree
of resistance against the majority of these pests
has not yet been reported, some partial host
plant resistances have been detected. Some faba
bean land races displayed a tolerance to aphids
(Bond and Lowe 1975; Birch 1985; Holt and
Wratten 1986, Prüter and Zebitz 1991; Ebadah
et al. 2006; Shanng and Ababneh 2007). A re-
duced infestation with Bruchus spp. was iden-
tified in genotypes that were late in flowering
and pod setting (Tahhan 1986). Ebadah et al.
(2006) showed differences of susceptibility be-
tween six genotypes and reported Giza 716 as the
most resistant against bruchid. New explorations
of genetic variability are presently underway at
INRA-France and NIAB-UK for bruchid suscep-
tibility. The lack of sustained research in the case
of insect pests can be explained by the success
of chemical treatments. The recent limitations
by the European Union on pesticide use in agri-
culture reopen the interest in the search of pest
resistances and the use of biological measures
(biological control and bioinsecticides) (Don-
Pedro 1989) and selective chemicals as the
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only solution for farmers (Stoddard et al.
2010).

The most important faba bean stem nematode,
especially in cold regions, is Ditylenchus dipsaci
Filipjev, whose symptoms can easily be mistaken
for a chocolate spot infestation. D. dipsaci in-
vades the shoots of plants by entering through
the stomata. It further colonizes parenchymal tis-
sue where it feeds and reproduces, causing large
cavities in the infected tissues. All plant organs
can be affected, including pods and seeds. Caubel
and Leclerc (1989) identified resistance to the gi-
ant race of stem nematode (Ditylenchus dipsaci)
in line 29H.

Among the traits more amenable to MAS
(marker-assisted selection), disease resistances
are interesting targets in view of the difficulties
of manipulating these traits through conventional
approaches. Molecular breeding in faba bean has
mainly focused on the development of genetic
maps to identify genes or QTL controlling resis-
tance to major biotic stresses. Several examples
of gene-marker associations have been reported
(reviewed in Torres et al. 2006, 2010). A range of
RAPDs and SCARs linked to genes or QTL con-
trolling resistance to broomrape (Román et al.
2002), ascochyta (Román et al. 2003; Avila et al.
2004), and rust (Avila et al. 2003) are available
and could be utilized in MAS strategies (Torres
et al. 2006 and references therein). Nevertheless,
QTL found in a single environment must first
be validated across multiple test locations and
independent mapping populations before they
can be successfully applied in MAS. Both types
of studies are being carried out at present for
QTL controlling broomrape and ascochyta re-
sistance, and preliminary results indicate that
marker saturation and QTL validation efforts are
fairly straightforward (Diaz et al. 2004, 2005a,
2005b; Garcı́a-Ruı́z 2007; Diaz-Ruiz et al. 2009,
2010 submitted). When additional markers are
included, the average intermarker distance on
target regions is reduced significantly, allow-
ing more accurate determination of the location
and effects of the stable QTL. This approach
is facilitating the identification of tightly linked
markers that will improve marker reliability and

genotyping to track the introgression of the ap-
propriate resistance alleles in faba bean breeding
programs. Comparative genomics and synteny
analyses with closely related legumes (Ellwood
et al. 2008) together with extensive mapping of
resistance gene analogs (Palomino et al. 2006)
are revealing new candidate genes and selectable
markers for use in MAS. Finally, genomic tools
such as macro- and microarrays will eventually
become available for future use in faba bean crop
improvement.

Interactions with beneficial
organisms

Besides the biotic stresses previously described,
faba bean interacts with beneficial organisms
in its environment, which may interact with
climate change, and this should be considered
by breeders.

Roots carry nodules hosting Rhizobium legu-
minosarum bv viciae bacteria that are present in
virtually all soils (Mytton et al. 1977). This sym-
biosis allows N2-fixation and, as in many other
legumes, this symbiotic N2-fixation is sensitive
to abiotic stresses such as drought or salt (Guérin
et al. 1990; Cordovilla et al. 1994). Roots also
host a symbiosis with mycorrhiza (Newman and
Reddel 1987). Even if diversity in the nitrogen
fixation efficiency has been detected among Rhi-
zobium strains (Amarger 1988), indigenous soil
populations in zones of Vicia faba cultivation
are generally considered as efficient enough and
inoculation is often considered optional. Some
genetic variability has been found in faba bean
for root symbioses. Mytton et al. (1977) iden-
tified significant plant genotype × rhizobium
strain effects on shoot growth. Spontaneous or
induced mutants were isolated with either defec-
tive or super nodulation and for defective my-
corhizal symbiosis (Duc and Picard 1986; Duc
1995; Duc et al. 1989). A strong genotypic cor-
relation was identified between yield potential
and the quantity of fixed nitrogen (Duc et al.
1987). Even though genetic variability is known,
breeders have not started breeding directly on
root symbiotic traits because of the high cost of
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this type of work, but they should keep attention
on the efficiency of these symbioses in changing
climatic conditions.

Faba bean flowers are sources of nectar and
pollen used by many bee species. In return, these
insects contribute to fertilization, yield, and in-
tercrossing that generates heterozygosity (Suso
et al. 2005, 2006) and thus hybrid vigor. Polli-
nating activity by honeybees and several species
of solitary bees and of bumblebees have been de-
scribed, and up to 1000 bumblebees per hectare
were recorded by Tasei (1984). Palmer et al.
(2009) recommended breeding for suitable flo-
ral resources on faba bean that would help to
preserve bee fauna. However, in the hypothesis
of reduced or unreliable bee populations size and
activity, autofertile trait is available in the collec-
tions of field bean, which may provide a valuable
source of yield stability in breeding.

Conclusion

Investments in faba bean breeding are presently
constrained by its relatively small area of culti-
vation, but the potential of this crop for modern
agriculture is high, especially regarding the eco-
logical services and diversity it can provide in
cropping systems. Thanks to its natural ability to
use air-derived nitrogen, resulting from the sym-
biosis with Rhizobium leguminosarum bv Viciae,
it does not need synthetic nitrogen fertilizer to
grow well, so it avoids the associated negative
impacts on the environment. The amount of ni-
trogen fixed by faba beans is among the largest
in annual legumes. For this reason, faba bean
is used sometimes as a “pioneer” crop in a vir-
gin soil that is being brought into cultivation. In
addition, N and C stored by Vicia faba play a
role in the production of foods and feeds of high
nutritional quality.

Very little is known about faba bean response
to elevated CO2 levels. It may be that symbiosis
and nitrogen fixation benefit from increased
CO2, as increased plant N levels may assist faba
bean to capture the benefits of carbon “fertiliza-
tion” and photosynthetic production of carbohy-

drates. Nevertheless, this effect may be partially
offset by a shorter growing season at higher
temperatures, with less total interception of
sunlight. The net effect of climate change could
be to increase the importance of grain legumes
as a source of N in cropping systems. The rela-
tionship between CO2 fixation, N fixation, and
drought stress in this species needs to be investi-
gated and sources of favorable genetic variability
identified. Exploring and using genetic vari-
ability for root development may contribute to
drought resistance and to building efficiency or
even synergy between symbiosis and N assim-
ilation. Stay-green mutations, where the rate of
degradation of chlorophyll during senescence
is reduced, are best studied in sorghum but
several are known in soybean (Glycine max)
(Guiamet and Giannibelli 1996) and common
bean (Phaseolus vulgaris) (Bachmann et al.
1994). These have an important role to play in
maximizing the use of resources in the face of
various stresses as well as when the growing
season comes to a close. The identification and
employment of such genes in faba bean is an
attractive goal.

A temperature increase of 2◦C may help in
expanding the cultivated area of faba bean as a
winter crop in Europe and China and as a spring
crop in high latitudes and altitudes of both China
and Europe. Tolerance to frost and winter low
temperatures currently limit the cultivated area.
Although relatively little work has been carried
out on this subject in the past, acceptable levels
of tolerance to low temperatures are available in
genetic resources collections.

On the other hand, in other regions an increase
in temperature, especially during the reproduc-
tive period, will result in heat stress. Using early
or late maturing cultivars, or determinate habit
cultivars with very short flowering to maturity
period, may provide escape from the critical pe-
riod.

In the semiarid regions, traditionally, faba
bean is grown where rainfall is 400–600 mm,
being substituted by chickpea or lentil where pre-
cipitation is lower and by common bean where
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it is higher. Moving outside this 400–600 mm
rainfall zone is therefore a debatable target,
but improving genetic tolerance to unpredicted
droughts and thereby improving yield stability is
clearly an important goal.

Faba bean is unusual as it has no known
wild relatives and no additional genetic varia-
tion beyond the domestic gene pool. All of the
many attempts to cross it with other Vicia species
have failed, but new technological interventions
may yet succeed. The subspecies paucijuga is
considered wild-like rather than a progenitor.
It is a relic, a very primitive form found in
NW India and NE Pakistan, far from the sup-
posed center of origin in the Near East. Many
authors suggest that there is not enough vari-
ability in existing germplasm collections, and
there are gaps in existing collections. Primitive
landraces should be collected from NW India,
NE Pakistan, and some Afghan and Iranian ter-
ritories. South America, where faba bean has
been grown for no more than 500 years, is
also the source of interesting mutants and lan-
draces. Autofertile genotypes are developed in
a relatively short time in Sudan, where there
are few pollinating insects. Many crosses be-
tween paucijuga and other forms have yielded
huge variability in such traits as root structure
and autofertility, but evaluation of the progeny
has been limited. These germplasm gaps can be
solved by new explorations, but collected mate-
rial should be thoroughly studied and used by
breeders.

The rapid progress made on “omic” knowl-
edge on plants in general, and on Medicago
truncatula in particular (a model legume species
sharing high synteny with Vicia faba), will help
to identify key genes for traits of interest, such as
frost and drought resistance, disease and pest re-
sistance, earliness, root and shoot architectures,
acquisition and remobilization of N, and to bet-
ter exploit the genetic diversity maintained in ex
situ collections. It will also facilitate strategies of
MAS to integrate QTL for resistances to biotic
and abiotic stresses into different genetic back-
grounds.

In summary, integrative studies associating
different disciplines will be extremely valuable:

1. For a better definition of ideotypes maximiz-
ing the ecological services linked to N and to
response to increased levels of CO2

2. For a better exploitation of favorable geno-
type × environment interactions and in par-
ticular for stable productivity and tolerance to
heat and to drought stresses

3. For an improved esteem and appreciation for
the high value of this crop, in conventional
and organic farming, along the entire com-
modity chain, from breeder to farmer to food
or feed producer up to the ultimate consumer

4. To reduce the environmental impacts of
legume cropping through proper selection
of genotypes combined with management
strategies including legumes both in time
(crop rotation) and space (intercropping) in
innovative cropping systems.

5. To improve the integrated management of dis-
eases and pests, combining partial resistance
with strategies such as adapted plant architec-
ture, with a special focus on the durability of
such approaches

6. To monitor the diversity in seed reserve
composition (particularly protein, starch, and
bioactive compounds) to develop new and
better uses

7. To adapt its cultivation to a wider geographi-
cal zone, especially through the development
of winter-hardy genotypes allowing autumn
sowings.
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Chapter 11

Adaptation of the Potato Crop
to Changing Climates
Roland Schafleitner, Julian Ramirez, Andy Jarvis, Daniele Evers, Raymundo Gutierrez,
and Mariah Scurrah

Introduction

Potato (Solanum tuberosum L.) is the third most
important food crop after rice and wheat with a
worldwide production of 314 million tons (FAO-
STAT 2008). During the last decades, demand for
potato increased strongly, particularly in devel-
oping countries, where this crop is ever more rec-
ognized as key for food security, since it yields
more nutritious food under harsher conditions
than any other major crop. Actually, potato is
grown in 149 countries from latitudes 65◦N to
50◦S and at altitudes from sea level to 4000 m
(Hijmans 2001). In spite of its broad geograph-
ical distribution, modern cultivars require mod-
erate climates and appropriate water supply for
high yields.

Climate change scenarios project a significant
rise of average temperatures in the twenty-first
century, accompanied by more frequent extreme
weather events such as droughts and heat waves.
Higher temperatures also increase the crop water
requirement, which together with changing rain-
fall patterns could bring about greater drought
stress risks for potato. Crop growth models sug-
gest potato yield decreases in consequence to

climate change of up to 32% on a global scale
until 2050.

Expected climate change effects
for potato areas

Climate changes projections for potato grow-
ing regions around the globe for 2020 were es-
tablished as described in Beebe et al. (Chap-
ter 16, this book). Changes of precipitation are
predicted to remain relatively modest, while tem-
perature changes are likely to be more critical
for potatoes, as their predominant cultivation
areas overlap with regions with high projected
temperature raises. Changes in suitability of
potato cultivation areas were determined using
the niche-based Ecocrop model (Hijmans 2001)
calibrated with potato production data from
Hijmans (2001). According to this model,
present suitable potato cultivation areas were
identified, which greatly overlap with the ac-
tual production areas (Fig. 11.1a). However, as
this model includes precipitation data, it does
not pinpoint areas, where potato is grown un-
der irrigated conditions (many of these regions
are marked in gray in Fig. 11.1a). The current
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(a)

(b)

(c)

Fig. 11.1. (a) Area harvested from FAOSTAT (2009), (b) predicted suitability for current conditions, (c) current climatic
constraint for potato cultivation, (d) predicted future suitability (2020) using an ensemble (average) of four GCM patterns, and
(e) predicted suitability change (future to current) by 2020.
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(d)

(e)

Fig. 11.1. (Continued)

abiotic constraints to present production show
minimum temperatures to be the limiting fac-
tor in high latitude areas, while most subtropical
regions are more limited by maximum tempera-
tures than by other climatic factors (Fig. 11.1b).
According to this model, drought is a limiting
factor in a few cultivation areas only; however,
the present model does not take in account the
occurrence of drought spells and thus probably
subestimates actual and future drought risks de-
rived from more extended dry seasons through-
out the year.

Future climate suitability for potato cultiva-
tion is likely to be severely affected by climate
change by 2020 (Fig. 11.1c,d). The most signifi-
cant losses in potato suitability occur in tropical

highlands and in southern Africa as well as in
potato-growing areas at high latitudes (supported
by Tubiello et al. 2001; Hijmans 2003). However,
the average expected change in suitability is ac-
tually positive (+1.3%); but these gains, which
are considerable in area and amount (Fig. 11.1d),
occur in very high latitudes or high tropical al-
titudes, where the current climatic constraint are
minimum temperatures.

We evaluated the potential benefits from
improved abiotic stress tolerance in potatoes
(Fig. 11.2) and found that from the total current
potato harvested area, some 7.7 million hectares
(65.3% of current potato cropping area) would
be less impacted by climate change and cropping
area could expand to 15.5 million new hectares,
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Fig. 11.2. Expected potential benefits from different breeding technologies for pota-
toes. Degree of improvement indicates the amount at which growing parameters were
modified (each 0.5◦C for cold and heat tolerance and each 5% for drought tolerance).

if improvements in heat tolerance are made. Cold
tolerance would bring opportunities for expand-
ing the crop’s agricultural frontier toward more
northern or southern latitudes, with 8.7 million
hectares of new land benefitting. Drought toler-
ance appears as the trait with the least impact
with 2.8 million hectares benefitting from tol-
erance, most of which overlap with areas that
would benefit from heat tolerance improvement.
As already mentioned above, this assumption
does not include drought risks due to higher wa-
ter requirement under heat stress.

Projected rises of the CO2 concentration
could bring about additional benefits for potato
production in form of a substantial increase of
net photosynthesis, resulting in yield increases
in some regions (Miglietta et al. 2000).

Beside increased abiotic stress, climate
change will also bring about changes in pest
and disease incidence for potato. Both pathogens
and beneficial organisms can be affected directly
or indirectly by changing environmental condi-
tions. Warmer temperatures increase the num-
ber of insect and nematode generations making
these pests probably more abundant (Porter et al.
1991). Potato tuber moth (Phthorimaea oper-
culella Zeller) develops faster under higher tem-

peratures and is projected to spread northward
and upward (Sporleder et al. 2008). Also, fungal
and bacterial disease incidence depends on the
weather, and climate change is likely to promote
new emerging diseases for potato. However, drier
and warmer conditions during the summer could
reduce the incidence of the most severe potato
disease, late blight in some regions. Drought
events also can favor disease outbreaks, such
as aphid-borne virus diseases (Bagnall 1988).
Shifts in pest and disease incidence in potato
will require changes in crop protection strategies,
and according to data summarized by Koleva and
Schneider (2009), hotter temperatures will bring
about higher pesticide costs for potato.

Potato responses to climate
change effects—heat, drought,
and cold stress

Heat stress is a serious threat for potato pro-
duction. Elevated temperatures accelerate leaf
senescence and double respiration rates for each
10◦C increase, resulting in a negative carbon bal-
ance on hot days (Winkler 1971). Tuber initia-
tion is restricted in most genotypes when night
temperatures exceed 17◦C (Menzel 1985; Prange
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et al. 1990) and the optimal temperature for tuber
bulking ranges between 14◦C and 22◦C. Higher
temperatures decrease tuber growth (Basu and
Minhas 1991) and can cause misshapen or chain
tubers, high sugar levels, low starch contents,
and glycoalkaloid accumulation (Kleinkopf et al.
1988). Under hot and dry conditions, high va-
por pressure deficit increases transpiration and
insufficient water supply causes drought stress,
resulting in further yield losses.

From available studies, we can conclude that
photosynthesis, respiration, carbon partition, and
hormonal effects affect yield in potato under heat
stress, but we know very little about the genetic
or physiological basis of tolerance. In other plant
systems, it has been shown that photosynthesis
limitation under heat is conferred by a mixture of
ribulose bisphosphate carboxylase activity, elec-
tron transport, and pyrophosphate regeneration
effects (Sage and Kubien 2007). In potato under
heat stress, both increase and decrease of photo-
synthetic rate was observed (Lafta and Lorenzen
1995; Timlin et al. 2006), but increased respi-
ration rate appears to have a greater effect on
net carbon accumulation under heat than drop of
photosynthetic rate (Sarquis et al. 1996). More
moderate increases of respiration rates have been
recognized as a heat-tolerance trait in Solanum
chacoense and Solanum acaule (Wivutvongvana
1979).

Disturbance of carbon partition is one of the
main implications of heat stress on potato pro-
ductivity. It was shown that under heat stress,
sucrose is still transported to tubers, but conver-
sion to starch is inhibited (Wolf et al. 1991). In
consequence, sucrose concentrations rise at the
phloem unloading site, resulting in a reduction
of overall sucrose transport through the phloem
to the tubers, as this transport relies on a su-
crose gradient between source and sink tissues.
This suggests that reduction in tuber growth and
starch deposition under heat at the first place
is not a result of decreased assimilate availabil-
ity, but is due to declined sink strength of the
tubers. Heat tolerance candidate genes that in-
fluence sink strength might be involved with

the regulation of phloem unloading, sucrose and
starch metabolism in tubers, such as sugar trans-
porters, invertase, sucrose synthase, and ADP-
glucose pyrophosphorylase (Viola et al. 2001).
ADP-glucose pyrophosphorylase is regulated al-
losterically, on transcriptional level and by the
redox status of the cell (Tiessen et al. 2002).
Abiotic stress such as heat alters the cellular
redox status through induction of reactive oxy-
gen species production (reviewed by Suzuki and
Mittler 2006), so accumulation of reactive oxy-
gen species under heat could be involved with
starch synthesis and sink strength regulation and
detoxification of reactive oxygen species could
contribute to heat tolerance. The heat stress re-
sponse on gene expression level in potato tu-
bers and tuber periderm, respectively, was tar-
geted by microarray studies (Rensink et al. 2005;
Ginzberg et al. 2009) that could be mined to iden-
tify further target genes for heat stress effects and
tolerance.

Tuber initiation is even more susceptible to
heat stress than carbon partition, although a few
accessions of different potato species show con-
sistent tuberization at 30–40◦C (Reynolds and
Ewing 1989). Tuberization in potato consists of
a complex process involving various hormonal
and environmental signals (reviewed by Sarkar
2008). The heat-triggered inhibitory effect is me-
diated through increased gibberellic acid levels,
but the temperature-responsive component re-
mains to be elucidated.

Beside heat stress, drought stress risk might
increase under climate change conditions. Tu-
ber production generally correlates with plant-
available water; however, some genotypes pro-
duce higher yields than others under limited
water supply. Considerable variation in drought
tolerance has been found in potato varieties,
breeding clones, landraces, and wild species
(Levy 1986; Ochoa 1998; Schafleitner et al.
2007a; Coleman 2008). Screening tetraploid
breeding clones and landraces with different
ploidy levels from the potato collection held
in trust by the International Potato Center re-
vealed up to now 192 accessions with yield drops
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below 25% when exposed to drought from day
40 after planting in the winter season of the Pe-
ruvian coastal desert, while susceptible clones
lost up to 100% of their yield under the same
conditions (Enrique Chujoy, Rolando Cabello,
unpublished). A trait related to drought tol-
erance is high water-use efficiency. Water-use
efficiency depends on stomatal density and be-
havior, mesophyll conductance, and photosyn-
thetic efficiency. Large variation of water-use
efficiency, i.e., the amount of tuber dry mass pro-
duced per liter of water, has been found in ad-
vanced breeding clones (Raymundo Gutierrez,
unpublished).

Drought tolerance may be based on reduced
transpiration, improved water uptake, tolerance
to a certain degree of dessication, or a combi-
nation of these mechanisms. Reduced stomatal
behavior minimizes water loss and thus con-
tributes to turgor maintenance, but also limits
CO2 access to the photosynthetic apparatus for
carbon assimilation. Enhanced water uptake is
another way for plants to remain turgescent un-
der water stress conditions. Long roots increase
the water uptake capacity of plants and sustain
leaf growth and plant productivity under drought
in environments, where water remains available
in deeper soil layers. Variation in root length has
been found in potato, and tuber yield was signifi-
cantly correlated to root dry mass under stressed
conditions (Iwama 2008).

Molecular and biochemical investigations in-
dicated several tolerance mechanisms present in
potato landraces. Results of gene expression pro-
filing experiments with microarrays pointed to-
ward detoxification of reactive oxygen species as
one of the key traits endorsing survival and tuber
production under water stress. Genes encoding
enzymes such as superoxide dismutase, ascor-
bate peroxidase, catalase, glutathione peroxi-
dase, and peroxiredoxin were strongly induced
under drought in tolerant accessions (Watkinson
et al. 2006; Schafleitner et al. 2007b; Mane et al.
2008; Vasquez-Robinet et al. 2008). Addition-
ally, compounds with active oxygen scavenger
activity, such as sugar alcohols, amino acids, and

an array of secondary metabolites, accumulated
under water stress in drought tolerant potato and
presumably mitigate the deleterious effects of
active oxygen species in the cells (Mane et al.
2008). Osmotic adjustment, which contributes
to turgor maintenance under drought stress and
protects membranes and proteins from harmful
desiccation effects, could also be a factor in
drought tolerance, although its usefulness as a
tolerance trait is controversially discussed. At
least it could support root development in order
to reach water that may be available deeper in the
soil profile (Serraj and Sinclair 2002). Expres-
sion profiling data further suggest a role of cell
rescue mechanisms including membrane modi-
fication and protein stabilization by chaperones,
late embryo abundant, and heat shock proteins
to drought tolerance of potato (Schafleitner et al.
2007b).

Potato cold tolerance is also an important trait
for adaptation to climate change scenarios. When
planting dates are anticipated or potato cultiva-
tion is shifted to higher altitudes and latitudes
in the course of adaptation strategies to avoid
heat stress, the crop might be exposed occa-
sionally to lower temperatures than in the cur-
rent potato cultivation areas and thus suffer from
cold stress or frost. According to Oufir et al.
(2008), cold and drought stress share many com-
mon features. Among the molecular responses to
cold exposure in potato, genes involved in sev-
eral metabolisms such as amino acid, carbohy-
drates, energy, detoxification, and photosynthe-
sis, as well as dehydrins and antifreeze proteins,
are differentially regulated (Oufir et al. 2008;
Renaut et al. 2009). Regulatory factors influ-
encing the expression of cold-responsive genes
are the cold-induced CBF (C-repeat binding fac-
tor) transcription factors. The Arabidopsis CBF1
gene has been shown to increase freezing toler-
ance in several species, including potato (Pino
et al. 2008). Changes at the biochemical level
suggest, among others, a role for proline and for
carbohydrates, both increasing internal osmotic
pressure and preventing cellular water loss dur-
ing dehydration (Pino et al. 2008).
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Cultivated potato is generally frost-sensitive
and unable to cold acclimate, i.e., to evolve and
adapt to cold by increasing its tolerance (Oufir
et al. 2008). Some wild potato species are more
frost hardy and capable of cold acclimation. They
thus are an important resource for breeding freez-
ing tolerance traits into S. tuberosum. S. com-
mersomnii, a diploid tuber-bearing potato, can
cold acclimate and survives temperatures down
to −12◦C (Pennycoke et al. 2008).

Potato biodiversity—sources
for abiotic stress tolerance

The region from the southwestern United States
to central Argentina and Chile represents the cen-
ter of diversity for Solanum species. Potato was
domesticated over 7000 years before present in
the Andes of South America. During its world-
wide adaptation, potato passed through a genetic
bottleneck resulting in a relatively narrow ge-
netic base of the present varieties. In spite of the
efforts to broaden the gene pool that have started
after the late blight epidemic in the nineteenth
century and continue up to now, the current va-
rieties are still strongly interrelated and a few
clones appear repeatedly in their pedigrees. In
consequence, for many weaknesses, such as sus-
ceptibility to abiotic stresses, there is no effective
genetic solution available in the breeding pool.
Nevertheless, some variation in drought and heat
tolerance in modern potato cultivars has been
reported (Levy 1986, 1991; Stark et al. 1988;
Midmore and Prange 1991; Ekanayake and
Midmore 1992; Ranalli et al. 1997; Minie and
De Ronde 2008). In addition to the toler-
ance found in varieties and breeding clones,
in contrast to most other crops, many potato
landraces and wild relatives are available for
breeding.

Solanum species evolved under a range of
different conditions; they can be found between
sea level and 4500 m altitude, in temperate en-
vironments, humid tropical climates, and even
in deserts. Consequently, Solanum species of-
fer a vast diversity of tolerance traits for breed-

ing (Mendoza and Estrada 1979; Smillie et al.
1983; Reynolds and Ewing 1986; Ochoa 1998;
Schafleitner et al. 2007a, 2007b). Up to now,
only a small sample of this biodiversity has been
used in breeding programs mainly as a source of
disease resistance genes.

The potato germplasm pool can be di-
vided into the primary gene pool consisting
of tetraploid bred potato, the secondary gene
pool comprising diploid to pentaploid landraces
of cultivated relatives (S. tuberosum cultivar-
groups), and the tertiary gene pool, the wild
Solanum species, comprising accessions with
ploidy levels from diploid (2n = 24) to hexaploid
(6n = 72) (Hijmans et al. 2007). Accord-
ing to Huamán and Spooner (2002), all lan-
drace populations of cultivated potato, previ-
ously treated as distinct species, are, like the
modern potato cultivars, members of S. tubero-
sum, but can be divided into eight Cultivar
Groups: Ajanhuiri Group, Andigenum Group,
Chaucha Group, Chilotanum Group, Curtilobum
Group, Juzepczukii Group, Phureja Group, and
Stenotomum Group. The diploid landrace culti-
var groups Phureja and Stenotomum groups have
been used widely in breeding programs. Wild
tuber-bearing Solanum L. species are relatives of
the cultivated potato and comprise 196 species in
Solanum sect. Petota, and three in Solanum sect.
Etuberosum (Spooner and Hijmans 2001). Much
of the potato biodiversity including wild species,
cultivated landraces, as well as thousands of cul-
tivars, breeding, and genetic stocks from nearly
200 years of modern breeding is maintained in
gene banks. The world’s largest potato collection
comprising more than 11,000 accessions of 8 cul-
tivated and 142 wild species is held in trust by the
International Potato Center (CIP, Lima, Peru).
Other important potato gene banks are the Com-
monwealth Potato Collection (CPC, Dundee,
Scotland), the Dutch-German Potato Collec-
tion (CGN, Wageningen, The Netherlands),
the Groß Lüsewitz Potato Collection (Julius
Kühn Institut, Groß Lüsewitz, Germany), the
Potato Collection of the Vavilov Institute (VIR,
St Petersburg, Russia), the US Potato Genebank
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(NRSP-6, Sturgeon Bay, USA), and Potato Col-
lections in Argentina, Bolivia, and Peru.

Breeding for abiotic stress
tolerance in potato

Past potato breeding mainly focused on high
yield, yield stability, product uniformity, tuber
quality, and resistance to pests and pathogens
and was less oriented toward abiotic stress tol-
erance, as the latter has not been recognized
as primary breeding aim. Nevertheless, several
breeding programs yielded cultivars with in-
creased tolerance to high temperatures (reviewed
by Levy and Veilleux 2007). Present variation in
abiotic stress tolerance in the potato primary, sec-
ondary, and tertiary gene pool could be used to
breed varieties that are adapted to higher tem-
peratures and can support drought periods better
than present cultivars.

Intercrossing different Solanum species may
be complicated due to differences in ploidy lev-
els, but several natural and artificial mechanisms
are available to circumvent this crossing barrier
(Hougas and Peloquin 1960; Ortiz 1998). A ma-
jor obstacle in using wild species for breeding
is the number of backcrosses that are required
to reestablish the phenotype of a cultivar. It took
from three to seven backcrosses to transfer a ma-
jor dominant resistance gene from a wild species
into a successful cultivar (Bradshaw et al. 2006)
and it probably would take many generations
more to reconstitute the phenotype of a com-
mercial cultivar after introducing a highly multi-
genic and epistatic trait from wild into cultivated
potato, except selective markers for the traits of
interest would be available. Finally, partial or
complete pollen sterility remains a problem for
breeding programs.

In general, breeding for abiotic stress is dif-
ficult for two reasons: the erratic nature of cli-
mate stress effects and the complexity of plant
abiotic stress tolerance. Nature and strength of
abiotic stress events are highly variable and their
duration may change from year to year making
selection for stress tolerance under natural envi-

ronments difficult, as different stress levels over
seasons might activate different stress response
mechanisms. Accordingly, in each selection cy-
cle, different genes would be selected for, result-
ing in no breeding progress over time.

Most tolerance traits are encoded by a multi-
tude of interacting genes. Tolerance traits fur-
thermore are subject of strong gene by envi-
ronment interaction and thus might not func-
tion in the expected way in a broad range of
environments. Therefore, heritability of abiotic
stress tolerance traits is often low and a spe-
cific trait might only function in a specific stress
environment.

For the efficient use of the Solanum biodi-
versity to improve abiotic stress tolerance of
modern cultivars, more information on tolerance
traits present in the wild species and landraces
is required, implicating systematic screening of
Solanum germplasm and identification of poten-
tially useful traits. Presence or absence of toler-
ance traits has been predicted based on taxon-
omy, where traits have been linked to particular
species that are adapted to particular ecological
conditions (Hawkes 1990; Ochoa 2004). For ex-
ample, tolerance to drought, cold, or heat might
be likely in species or populations growing in
hot and dry or cold areas (Rick 1973; Nevo
et al. 1982). Hijmans et al. (2007) described
a Geographical Information System-based ap-
proach to analyze the extent to which taxo-
nomic, geographic, and ecological factors can
predict the presence of frost tolerance in wild
potatoes. Extending this research to heat and
drought tolerance of Solanum could help to focus
screening and trait capture efforts on a reason-
able number of accessions instead of characteriz-
ing whole collections. Careful analysis of envi-
ronmental constrains together with scrupulous
assessment of the potential of different stress
tolerance traits and trait combinations for yield
maintenance under stress in the scope of pre-
breeding trials and simulation modeling is prob-
ably the best avenue to identify those traits that
finally can improve crop performance in stressful
environments.
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Genomics has emerged as a powerful tool
for understanding genome structure and gene
functions. It provides new means to unveil ge-
netic variation of traits of interest for breeders.
Extensive expressed sequence tags (EST) col-
lections have put the basis for the development
of microarrays to study gene expression changes
during developmental processes or responses to
various stresses in potato (Rensink et al. 2005;
Kloosterman et al. 2008). A big step ahead for
potato genomics will be the availability of the
whole genome sequence, which will greatly im-
prove the understanding of the gene content of
potato and give way to analyze linkage phase and
epistatic interactions in this heterozygous poly-
ploid crop. Now, next-generation sequencing and
high-throughput genotyping can be applied to
understand the diversity of Solanum species and
to assess links between genotypes and pheno-
types on many loci at the same time to identify
and track favorable alleles and the interaction
between them for potato improvement.

Gene technologies can offer alternative and
complementary paths for adaptation of potato
to changing environments. Resistance genes not
present in the potato gene pool could be in-
troduced by transgenic technologies into breed-
ing populations. Cis-genic approaches using ex-
clusively potato sequences could be applied to
bring in genes from exotic potato gene pools into
breeding populations without the need of labo-
rious backcrossing (Conner et al. 2007). In spite
of the in-general polygenic inheritance of abiotic
stress tolerance, tolerance traits not necessarily
are encoded by a multitude of genes. Reactive
oxygen species detoxification under stress may
be enhanced by the transgenic expression of one
or a few genes in potato (Van der Mescht et al.
2007; Tang et al. 2008). Furthermore, transgenic
introduction of a regulative gene such as a tran-
scription factor or signaling gene might influence
the expression of dozens of downstream acting
genes. Thus, transgenic expression of one or a
few genes might regulate a complex polygenic
trait and could serve to improve abiotic stress
tolerance in potato.

Conclusions

The potato crop is sensitive to heat, cold, and
drought; consequently, climate change is pro-
jected to have a large, and in many cases, negative
impact on future yields in many potato grow-
ing regions. Breeding for increased stress tol-
erance is needed to maintain potato production
levels face to rising temperatures and increased
drought stress risk. Potato breeders have access
to a wealth of genetic resources for potato im-
provement, such as a vast diversity of landraces
and wild relatives that could be used for abi-
otic stress tolerance improvement. The whole
potato genome sequence, genetic and physical
maps, and high throughput resequencing have
the potential to enhance molecular breeding ef-
forts for potato. However, increased investment
in the characterization of tolerance traits, par-
ticularly those functioning under combined tem-
perature and drought stress and under increased
CO2 levels, will be required to adapt potato to
changing climates.
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Chapter 12

Genetic Adjustment to Changing
Climates: Rice
Tanguy Lafarge, Shaobing Peng, Toshihiro Hasegawa, William P. Quick, S.V. Krishna
Jagadish, and Reiner Wassmann

Introduction

Rice is a major staple cereal for nearly half
the world’s population. Increasing consumption
rates of the burgeoning population requires an
increase in annual production by 0.6–0.9% until
2050 (Carriger and Vallee 2007). The irrigated
and rainfed rice systems form the mainstay of
food security in Asian and increasingly so in
some African countries. Since the Green Revolu-
tion, highly productive rice systems have evolved
over decades and are in most cases well suited
to the local climatic conditions: as compared to
upland systems, flooded rice fields have fewer
adverse impacts on the local environment due to
low nitrous oxide production and soil erosion,
limited groundwater contamination, and little
use of herbicide (Bouman et al. 2007). Flooded
fields, however, emit relatively high amounts of
greenhouse gases, namely in the form of methane
(Wassmann et al. 2000).

Climate change may threaten productivity
and sustainability of rice production systems.
General circulation models (GCMs) project cli-
matic conditions that will have serious adverse
impacts on rice production and in turn on the
socioeconomic setting of the small and marginal

farmers in tropical and subtropical regions. The
progressively changing climate comes with a
range of aggravating biotic and abiotic stresses
of drought, salinity, submergence, and more re-
cently heat. Agronomic drought is a result of
insufficient soil moisture to meet crop and cli-
mate requirements, which affects 10 Mha of up-
land rice and over 13 Mha of rainfed lowland
rice in Asia alone (Pandey et al. 2007). Drought
is especially consequential in areas with unfa-
vorable soils, like 800 Mha of saline/sodic land
throughout the world (FAO 2008) that are ef-
fectively rendered unproductive during drought
years. Drought events shall become even more
pronounced in rainfed rice areas where the in-
creasing climatic demand due to heat will in-
crease the crop demand for water. Reversely,
drought increases the probability of heat stress
by reducing the cooling system in response to
stomatal closure. Flooding can result in sustained
submergence of the complete rice canopy, which
eventually causes the death of the rice plants.
Flooding is increasingly becoming a major pro-
duction constraint affecting about 10–15 Mha of
rice fields in South and Southeast Asia and caus-
ing yield losses of up to 1 billion USD every year
(Dey and Upadhyaya 1996).
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The potentially devastating impacts of tem-
perature rise, and its interaction with elevated
[CO2], in both tropics and subtropics are often
overlooked (Battisti and Naylor 2009), while the
stresses of drought and submergence have re-
ceived ample attention in rice research over re-
cent years. Especially, the food-deficient regions
of the world will need major investments to de-
velop crop varieties tolerant to direct and indirect
stresses of heat as projected by different GCMs
(Battisti and Naylor 2009).

Two comprehensive reviews on climate
change adaptation in rice production have re-
cently been published (Wassmann et al. 2009a,
2009b). While these reviews focused on (1) phys-
iological aspects and agronomic basis, and the
possible adaptations, related to spikelet fertility
as far as heat is concerned and (2) regional vul-
nerability of climate change impacts, this new
review on genetic adjustment deals with those as-
pects of adaptation that have not received proper
attention in previous reviews: the physiological
and morphological processes of plant growth in
response to (1) elevated [CO2], (2) high night-
time temperature, and (3) interaction between
elevated [CO2] and high temperatures.

Direct effects of elevated CO2

concentration

The current CO2 concentration in the atmosphere
is a limiting factor for the CO2 fixation pro-
cess of C3 plants, so that rising [CO2] promotes
leaf-level photosynthesis and thereby increases
biomass production and grain yield. However,
the increment in [CO2] since the industrial rev-
olution has already exceeded 100 ppm (from
280 ppm in 1800 to 386 in 2008); [CO2] will fur-
ther increase to values of 470–570 ppm by 2050
depending on the scenario used (IPCC 2007).
These projected changes in [CO2] fall into the
range in which rice is highly responsive. On one
hand, the CO2 “fertilization” has a distinctively
positive effect on crop growth, which may even
determine a positive sign of the overall climate
change impacts on crop production (e.g., Parry

et al. 2004). On the other hand, atmospheric
[CO2] fluctuates in a fairly narrow range as com-
pared to the highly variable climatic factors, so
that its effect on temporal and spatial variability
of plant performance is relatively low.

Elevated [CO2] affects plant growth in two
major physiological pathways: namely (1) in-
creasing the photosynthetic rate and (2) decreas-
ing stomatal conductance, both of which are
related to gas exchange between leaf and atmo-
sphere. These effects further influence crop car-
bon gain, plant growth, nutrient conditions, water
use, and, ultimately, grain yield. While these ef-
fects are common across all crop species with
the C3 photosynthetic pathway, the intensity of
the effects varies depending on species, growth
stage, and environmental conditions (Kimball
et al. 2002). The positive response of C3 plants
to elevated [CO2] can be seen as a crucial mech-
anism to compensate or even supersede detri-
mental effects of future climatic conditions. The
average increase in leaf photosynthetic rate at a
single leaf level ranged from 30% to 70% de-
pending on rice genotype, growth stage, and en-
vironment (Lin et al. 1997). At the canopy level,
this increase ranged from 30% to 40%, but the
associated gain in crop biomass and yield ranged
only from 15% to 30% (Lin et al. 1997). Simi-
larly, Sakai et al. (2006) reported a greater stim-
ulus on photosynthesis at early stage, like 30% at
mid-tillering, than during grain filling, with only
10% at maturity. The positive effect of elevated
[CO2] appeared to be downregulated with crop
stage. While shoot biomass, sink size, ratio of
filled grains, and seed yield were higher under
elevated [CO2] in open top chambers, the frac-
tion of biomass partitioned to grain, however,
did not exceed that under the ambient conditions
(De Costa et al. 2006). The genotypic variation
in the response of rice to elevated [CO2] was cor-
related with the genotypic variation in the pho-
tosynthetic rate to saturated-light conditions (De
Costa et al. 2007). In fact, the capacity of the
rice plant to accumulate more biomass, and so
to develop a larger reproductive sink, under ele-
vated [CO2] conditions contributed to the greater
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yield. Interestingly, the positive effect of elevated
[CO2] was more pronounced on hybrid rice than
on conventional japonica varieties, with higher
numbers in most morphological parameters, e.g.,
(1) maximum tiller number, (2) panicle number,
(3) plant height, (4) stem dry weight per tiller, (5)
spikelet number per panicle, (6) fertility rate, and
(7) grain size (Liu et al. 2008). This better adap-
tation of hybrid rice was expected as its better
partitioning efficiency increases the value of the
higher biomass accumulation (Bueno and La-
farge 2009; Lafarge and Bueno 2009). Also, the
yield response to elevated [CO2] of an indica
genotype like IR72 was higher than that of a
japonica genotype because of its larger sink for-
mation ability and its higher source limitation
under ambient [CO2] (Horie et al. 2000). It ap-
pears that a sustained stimulation and growth in
response to elevated [CO2] requires an increase
of sink organ development to utilize and store ad-
ditional photosynthate. Thus, the relative magni-
tude of source and sink activities is an important
determinant of crop yield under elevated [CO2].

The growth responses in two free-air CO2

enrichment (FACE) studies conducted with rice
plants (Kim et al. 2003; Yang et al. 2006), and
summarized by Hasegawa et al. (2007), showed
that the temporal pattern of biomass accumu-
lation by the FACE treatment was similar in
both studies. Biomass accumulation was rapid at
tillering stage and slower at harvest. This stage-
dependent response to elevated [CO2] could, in
principle, be a result of (1) downregulation of
photosynthesis and/or (2) increased respiration.
According to canopy-scale gas exchange mea-
surements taken under closed chamber systems,
downregulation of photosynthesis was identified
as the major reason for the decreasing trend in
canopy carbon gains within the ontogenetic de-
velopment of rice (Sakai et al. 2006). At pro-
cess level, the downregulation of photosynthe-
sis appears to be caused by declining trends in
both maximum carboxylation rate (Vcmax) and
maximum rate of electron transport (Jmax) (Se-
neweera et al. 2002; Chen et al. 2005). Because of
lower carboxylation and electron transport rates,
the plant cannot take full advantage of elevated

[CO2] at more mature stages. The concurrent de-
cline of both Vcmax and Jmax was commonly ob-
served for various C3 species exposed to elevated
[CO2], but the time-bound decline was more pro-
nounced in grass species as compared to legumes
and trees (Ainsworth and Rogers 2007). Further
assessments of species-specific responses—and
eventually intraspecific distinctions—are pivotal
for projections of future crop productivity under
different [CO2]. In spite of different downregula-
tion patterns, FACE experiments conducted with
the three major C3 crops, rice, wheat, and soy-
bean, showed similar yield increments (around
15%). This is, however, smaller than the incre-
ments of other C3 plants that triggers even more
concern for future food supply given the sig-
nificance of these three crops. Plant traits that
accelerate the effects of elevated [CO2] on grain
yield need to be identified to tap the full benefits
of increasing [CO2].

Reduction in stomatal conductance is another
direct effect of elevated [CO2] and is commonly
observed across different crops. According to a
meta-analysis of published data by Ainsworth
and Rogers (2007), the average decrease in stom-
atal conductance by the FACE treatment was
21%. Interestingly, there was no significant in-
terspecific difference between C3 and C4 plant
species. The response of rice is close to the
mean response shown in the above meta-analysis
report (Yoshimoto et al. 2005; Shimono et al.
2010). In addition to [CO2], light and relative
humidity are also influencing stomatal conduc-
tance. The response mechanisms to environ-
mental changes are complex, but the Ball-Berry
stomatal conductance model, a simple empiri-
cal model, could account for the large portion of
changes in conductance (Shimono et al. 2010).
However, the assessment of CO2 effects is still
marred by methodological inconsistencies be-
tween FACE studies on one side and chamber
measurements on the other side. Derived from a
comparative analysis of chamber and FACE stud-
ies on rice, Ainsworth (2008) concluded that the
enhancement of light-saturated assimilation due
to elevated [CO2] in the open-top chambers could
go even beyond 50% and was about three times as
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high as in FACE experiments. Different authors
have tried to untangle this apparent discrepancy.
As initial studies pointed toward different pat-
terns of downregulation of photosynthetic rates,
two FACE experiments conducted in Japan and
China (Seneweera et al. 2002; Chen et al. 2005)
indicated that the downregulation of photosyn-
thetic rates is independent from the experimental
setup. An important indirect consequence of the
decrease in stomatal conductance is the reduc-
tion in water use. Yoshimoto et al. (2005) stud-
ied energy balance of the Shizukuishi rice variety
and found that transpiration of the rice canopy
decreased by 8% and water-use efficiency in-
creased by 19% under FACE as compared to
the ambient [CO2] conditions. The decrease in
stomatal conductance, however, implies a reduc-
tion of transpirational cooling, which increases
the canopy temperature and may generate heat
stress (Yoshimoto et al. 2005).

High nighttime temperature

Current meteorological observations have
clearly shown that daily minimum tempera-
tures are increasing more rapidly than daily
maximum temperatures reflecting distinct evolu-
tion for growth rates for nighttime temperatures
(NTT) and daytime temperatures (DTT) (Kukla
and Karl 1993; Easterling et al. 1997; Peng et al.
2004). A further widening in daily temperature
amplitudes is foreseen, which will have pro-
found implications on crop performance. Rice
yields of a long-term experiment (1992–2003)
at IRRI were strongly and negatively correlated
with NTT, whereas no correlation was observed
with DTT (Peng et al. 2004). In addition, under
controlled environments with constant day tem-
perature of 33◦C, increasing night temperatures
from 25◦C to 29◦C and from 25◦C to 33◦C re-
duced grain yield by 34% and 95%, respectively
(Ziska and Manalo 1996), and grain dry weight
of more than 2 g/plant from 14◦C to 23◦C (Prasad
et al. 2008; Fig. 12.1a). Similar conclusions on
NTT versus DTT effects were reported from a
modeling exercise using historical wheat yields

from Yaqui Valley in Mexico (Lobell and Ortiz-
Monasterio 2007). At the crop level, yield de-
cline by 0.4 t/ha is predicted with an increase of
1◦C in daily average temperature, from 22◦C to
23◦C (Seshu and Cady 1984), and by 10% with
an increase of 1◦C in minimum average tempera-
ture (Peng et al. 2004) (Fig. 12.1b), whereas the
effect of maximum temperature on crop yield
was insignificant. An increasing number of stud-
ies were conducted lately on the response of rice
and other crops to higher nighttime temperatures
(HNT) at different stages:

� Vegetative stage, i.e., germination to pani-
cle initiation (Mohammed and Tarpley 2009a;
Kanno et al. 2009; Cheng et al. 2009)

� Reproductive stage, i.e., panicle initiation to
flowering (Cheng et al. 2009)

� Ripening stage, i.e., flowering to maturity in-
cluding grain quality (Cooper et al. 2006,
2008).

Hence, this section aims at reviewing the
physiological responses of rice to HNT and the
possible adaptation measures at different stages
of the crop growth cycle.

At the early developmental stage in cereals,
HNT resulted in (1) enhanced leaf emergence
rates (Tsunoda 1964; Tamaki et al. 2002; Mc-
Master 2005) and (2) higher leaf elongation (Cut-
ler et al. 1980; Lafarge et al. 1998; Parent et al.
2009), with no effect on the leaf and root dry
weights (Cheng et al. 2009). In a hydroponic
experiment encompassing a gradient of differ-
ent NTT ranging from 17◦C to 27◦C, greater
total leaf area and tiller number were reported
with the growth analysis, indicating an increase
in leaf area ratio, leaf weight ratio, and specific
leaf area (Kanno et al. 2009). Overall, in plants
exposed to HNT of 27◦C, these authors obtained
higher plant biomass and attributed it to the
higher relative growth rate caused by an increase
in leaf area ratio between 21 and 42 days after
germination. Contrastingly, at 32◦C nighttime
temperature, Mohammed and Tarpley (2009a,
2009b) observed no effect on plant height,
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Fig. 12.1. (a) Impact of nighttime temperature on grain dry
weight in wheat Y = −0.25x + 7.96, r2 = 0.94, P < 0.0001,
n = 20. (Redrawn with permission from Prasad et al. 2008.)
(b) Relationship between grain yield and growing season
mean minimum temperature, with yield data obtained from
irrigated field experiments 1992–2003 at IRRI during dry sea-
son Y = −423.6 + 39.2x − 0.89x2, r2 = 0.77, P < 0.01,
n = 11 with each data point representing the yield/year.
(Redrawn with permission from Peng et al. 2004.)

stem length, tiller number, and panicle number
per plant.

The efficiency of plants to use photosynthates
was also affected under HNT. Lower starch
and sucrose accumulation in leaf blades and
leaf sheaths were observed (Kanno et al. 2009),
which might be due to the preferential use of car-

bohydrates for plant growth. Skinner and Nelson
(1995) reported that the meristematic cell zone
constitutes a major sink for carbohydrates,
with an increase in leaf cell production during
the night in tomato (Lycopersicun esculentum;
Hussey 1965). Considering that metabolic activ-
ity was higher with plants growing under HNT
than under low night temperature, carbohydrate
demand from growing zone of elongating organs
was also higher (Kanno et al. 2009). Further-
more, analysis of gas exchange indicated that the
gross CO2 uptake per unit leaf area was also en-
hanced under HNT, suggesting increase in photo-
synthetic capacity and leaf area, with both being
co-determinants of the overall biomass accumu-
lation under HNT. The effects on photosynthesis
are, however, still unclear. While HNT (32◦C)
was reported to have no immediate effect on
leaf photosynthetic rates of rice (Mohammed and
Tarpley 2009a), it may cause damage to photo-
system II (Havaux and Tardy 1996) and/or cause
oxidative damage to membranes (Larkindale and
Knight 2002). In wheat, leaf photosynthetic rates
and chlorophyll content were strongly reduced
under NTT higher than 20◦C, with an increase
in the O/P ratio of chlorophyll indicating greater
damage to thylakoid membranes (Prasad et al.
2008). Previous studies reported premature loss
of chlorophyll (Reynolds et al. 1994), which was
linked to lower net photosynthesis (Pn) under
high temperatures (Guo et al. 2006). Contrast-
ingly, Turnbull et al. (2002) stated that Pn of
the succeeding daytime can be increased under
HNT, whereas Mohammed and Tarpley (2009a)
found no such relationship. In addition, the per-
centage of reduction in yield under HNT was
much higher than the percentage of increase in
respiration rates, indicating that crop response to
temperature is a complex system that implies
integrating several plant processes apart from
respiration (Mohammed and Tarpley 2009a).
Similarly, the rate of maintenance respiration in-
creased with increasing night temperature, but
the reported yield reductions in maize, wheat,
and soybean could not be explained solely by
changes in respiration (Peters et al. 1971). Hence,
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further detailed studies are essential to get a bet-
ter understanding of these processes, and current
crop growth models should account for differen-
tial effects of maximum and minimum tempera-
ture on respiration, photosynthesis, phenological
development, sink regulation, and morphologi-
cal traits to simulate accurately crop response
under climate change scenarios.

Earlier panicle emergence by two days was
noted in rice under HNT by Mohammed and
Tarpley (2009). Similarly, in wheat, duration to
anthesis, to seed set, and to physiological matu-
rity was reduced by 1, 2, and 4 days, respectively,
with an increase in night temperature from 14◦C
to 20◦C, and by 2, 4, and 10 days, respectively,
with an increase of the night temperature to 23◦C
(Prasad et al. 2008). Percent pollen germination
was reduced under HNT because of the reduc-
tion of the number of reproductive sinks, ap-
parently leading to an increase in biomass par-
titioning to vegetative structures (Kanno et al.
2009). A yield decline of 90% was observed un-
der HNT of 32◦C mainly due to detrimental ef-
fects on pollen germination and spikelet fertility,
but not on photosynthesis (Mohammed and Tarp-
ley 2009a, 2009b). Lower panicle dry weight and
fertility rate were reported under HNT of 32◦C,
while no difference in the number of spikelets
per panicle was observed (Cheng et al. 2009).

The duration of grain filling in wheat was
reduced by 3 and 7 days when night tempera-
ture increased from 14◦C to 20◦C and to 23◦C,
respectively, but no effect was observed on the
rate of grain filling (Prasad et al. 2008). This re-
sulted in smaller grain size as grain-filling rate
did not compensate for loss of duration (Tashiro
and Wardlaw 1991). In rice, grain growth rate
at early or middle stage of grain filling and
cell size midway between the central point and
surface of the endosperm were reduced un-
der HNT (22◦C daytime/34◦C nighttime) com-
pared to high daytime temperature (HDT, 34◦C
daytime/22◦C nighttime) resulted in the reduc-
tion of the final grain weight (Morita et al. 2005).

Changes in amylopectin content indicated
that head rice yield is related to starch-filling en-

zymes, starch structure, and sink strength of the
spikelet (Counce et al. 2005). Similarly, rough
rice 200 spikelets dry weight and grain length
were not affected under HNT, but brown rice
grain width was reduced (Cooper et al. 2008).
The total protein content and brown rice lipid
content at maturity did not vary significantly
for long-grain and medium-grain cultivars, but
the lipid content significantly increased in long
grain hybrids, namely XL8 and XP710. Using
six different rice cultivars exposed to night tem-
peratures of 22◦C, 26◦C, and 30◦C throughout
grain development, two cultivars with constant
rice yields, Cypress and Bengal, were indiffer-
ent to HNT (Cooper et al. 2008). Moreover, no
significant difference in the number of chalky
grains at any of the night temperatures was ob-
served with Cypress (Cooper et al. 2008), indi-
cating the presence of genetic diversity in rice
germplasm capable of withstanding HNT with
sustained grain filling and quality, which could
be further exploited in future breeding programs.

The vegetative stage generally benefits from
increasing HNT, while the reproductive and early
grain-filling stages are adversely affected. How-
ever, the current knowledge on crop response
to HNT effects is still premature as compared
to HDT effects. At this point, the most plau-
sible hypothesis for explaining the HNT effect
is the loss of carbohydrates through respiration
(De Costa et al. 2007) and its increase with crop
stage, which is now addressed in studies to in-
vestigate the impact mechanism for yield losses
under high night temperature (Laza et al., per-
sonal communication).

Interaction of CO2 concentration
and temperature

While doubling [CO2] with a concomitant tem-
perature rise of more than 2◦C will significantly
increase rice yield in cool temperate areas, it
will drastically reduce the yield in warm tem-
perate areas and for dry-season rice in the trop-
ics (Horie et al. 2000). Elevated [CO2] levels
may further aggravate this problem because of
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increased stomatal closure and reduced transpi-
rational cooling due to high photosynthates feed-
back on photosynthesis. In open-top chamber ex-
periments at IRRI, the positive effect of elevated
[CO2] on yield was overcome by the increase in
daily temperature (Ziska et al. 1997): in the wet
season, yield in open-top chambers increased by
0.9 Mg/ha under elevated [CO2] (+ 300 ppm)
compared to that under control conditions, but
decreased by 0.7 Mg/ha if the associated temper-
ature was higher than the ambient temperature by
4◦C. This feature was commonly observed in en-
vironments where temperature at time of anthesis
is already approaching the critical threshold for
anthesis, 35◦C, and where spikelet sterility is an
issue (Lin et al. 1997; Jagadish et al. 2008). Ele-
vated [CO2] even increased spikelet susceptibil-
ity to high temperature damage by decreasing the
critical threshold temperature (Kim et al. 1996b),
with the reduction in sink strength due to spikelet
sterility further reducing the positive effect of el-
evated [CO2] (Matsui et al. 1997). In contrast,
no interaction on spikelet sterility was reported
between high night temperature and [CO2]. The
overall issue of spikelet sterility under global
warming addressing processes at microsporoge-
nesis and anthesis time and highly dependent
on local temperature (Matsui et al. 2005) has
been extensively developed in a previous review
(Wassmann et al. 2009a) and will not be further
discussed here.

The combination of elevated [CO2] with high
night temperature of 32◦C triggered the reduc-
tion in panicle dry weight while it increased un-
der elevated [CO2] alone. In contrast, shoot and
stem biomass increased under elevated [CO2]
and HNT (Cheng et al. 2009). The principal
effect of elevated [CO2] was higher grain dry
weight, whereas the principal effect of HNT
was the reduction of filled grain number. Over-
all, rice yield in controlled-environment cham-
bers increased with elevated [CO2] but was re-
duced with interaction between elevated [CO2]
and HNT (Cheng et al. 2009).

The combination of elevated [CO2] with HDT
lower than 31.5◦C triggered a cooperative en-

hancement of carbon assimilation observed at
tillering stage (Lin et al. 1997). The photo-
synthetic rate was higher under elevated [CO2]
for two temperature regimes (day/night temper-
atures of 31◦C/24 and 35◦C/28◦C); however, it
was reduced with high temperatures irrespective
of [CO2] levels (Sujatha et al. 2008). Activity
of sucrose-P synthase and accumulation of solu-
ble sugars and starch were also enhanced under
both temperature regimes (Sujatha et al. 2008).
Radiation-use efficiency was also higher under
elevated [CO2] and high thermal conditions, con-
sidering an average temperature of 32◦C be-
tween 10 am and 4 pm in open-top chambers
(De Costa et al. 2006). However, under higher
temperatures, because of detrimental effect of
temperature above the optimum value, which
has been determined around 30◦C for rice (Yin
et al. 1996), growth processes are affected, sink
strength is reduced, and this may contribute to the
downregulation of photosynthesis. At later stage,
the stimulation of the photosynthetic rate under
elevated [CO2] was reduced under high temper-
ature with the reduction of Rubisco activity (Lin
et al. 1997). In fact, under high temperature and
elevated [CO2], the activation state of Rubisco
in leaves is reduced since photosynthesis was
constrained by the activity of Rubisco activase
(Crafts-Brandner and Salvucci 2000). Rubisco
appears as the major limitation to CO2 fixation,
under elevated [CO2], high temperature, and
optimal light (Jensen 2000).

Sink regulation appears as a key component
of studies on the interactive effects of elevated
[CO2] and high temperature conditions on plant
performance, particularly during the reproduc-
tive and grain-filling stages when high tempera-
ture has much more negative impact than at early
developmental stage. Under elevated [CO2], the
plant capacity to adjust to growing conditions
and to develop a greater sink (number of spikelets
per unit area) contributed to greater yield (De
Costa et al. 2007): in particular, under these con-
ditions, an increase in allocation to root biomass
(Ziska et al. 1996) and to tiller production (Baker
et al. 1990), but a decrease in leaf area per tiller
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(Kim et al. 1996a) and a minor effect on leaf
area development (Nakagawa et al. 1993; Ziska
et al. 1997) have been reported. In contrast, under
high temperature, a negative effect on biomass
accumulation has been highlighted (Ziska and
Manalo 1996). Ito et al. (2009) reported, un-
der daytime temperature of 38◦C, a reduction
in starch synthesis during grain filling and an ac-
cumulation of sucrose in plant vegetative organs,
probably due to suboptimal sink regulation. This
may be the reason for altered grain quality with
reduced amylose content at high temperature
(Tanaka et al. 2009). These effects should be clar-
ified by carefully assessing temperature response
curves of growth and physiological processes,
their relevance, and their genetic variability. In
this way, Parent et al. (2010) reported that growth
and developmental processes do not express the
same response curve to temperature as carbon
metabolism for three different species in a range
of temperature conditions. They introduced the
concept of temperature-compensated rates of de-
velopmental processes and reported stable rates
when these rates were calculated per unit equiv-
alent time at 20◦C. The main activities in future
research addressing interaction between elevated
[CO2] and high temperature should deal with the
role of respiration and of internal sink formation
and strength in the regulation of carbohydrates
partitioning: association of these processes with
nitrogen and CO2 uptake through root and stom-
atal activities in response to sink strength should
be addressed. In the tropics, considering the ex-
pected detrimental effect of increasing temper-
ature despite elevated [CO2], it will be crucial
to develop cultivars with improved sink regula-
tion, as it has been emphasized by Bueno et al.
(2010) also for high yield targets in comparison
to temperate and subtropical environments.

The combination of elevated [CO2] with other
factors like soil nitrogen availability, climatic de-
mand, and ozone concentration needs also to be
considered. (1) The response of rice to [CO2] has
been reported as nitrogen dependent (Ziska et al.
1996; Kim et al. 2001), with the canopy photo-
synthesis increasing per unit of N content (Sakai

et al. 2006). (2) Evaporative demand has been
decreasing over recent decades (Peterson et al.
1995; Roderick and Farquhar 2002) and water
vapor pressure is expected to increase in paral-
lel with global warming. This will even reduce
plant cooling ability and increase spikelet tem-
perature, which could become detrimental under
high temperature conditions. (3) A reduction in
yield of 14% was observed under 62 ppb O3

(Ainsworth 2008). Many yield components, like
photosynthesis, biomass, leaf area index, grain
number, and grain dry weight, were reduced un-
der elevated [O3] and this would also probably
downsize the positive effects registered under
elevated [CO2].

Opportunities for genetic
improvement for tolerance

Most of the current research related to quanti-
tative trait locus (QTL) mapping and candidate
genes discovery for abiotic stress tolerance in
rice concern drought, salinity, and submergence
(Cooper et al. 1999; Xu et al. 2000; Fukuda
et al. 2004; Fukao et al. 2006; Xu et al. 2006;
Hervé and Serraj 2009). In the case of the con-
trol of heat tolerance, several genes are known to
be involved (Mackill 1981; Maestri et al. 2002;
Zhu et al. 2005). Some studies aiming at map-
ping the genetic control of heat tolerance have
started recently, but they target the spikelet steril-
ity issue only by focusing on the processes of
anther dehiscence, pollination, pollen germina-
tion, and/or pollen tube growth: genotypic dif-
ferences in anther characteristics between sus-
ceptible and tolerant rice genotypes exist (Wass-
mann et al. 2009a), and slower reduction at 39◦C
was observed in pollen activity, pollen germi-
nation, and rate of floret fertility with a toler-
ant genotype (Tang et al. 2008). In search for
donors for heat tolerance, no clear difference was
reported between indica and japonica (Prasad
et al. (2006), but an aus variety N22 (Prasad
et al. 2006; Jagadish et al. 2008) and local Ira-
nian landraces (Moradi and Gilani 2007) have
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consistently shown tolerance to high tempera-
ture at anthesis under diverse experimental con-
ditions. This cultivar N22 and other promising
genotypes are currently used in breeding pro-
grams at IRRI as donors for tolerance to heat-
induced sterility (Redoña et al. 2007); mapping
populations are being established for QTL iden-
tification; shuttle breeding with F4 lines is con-
ducted in high temperature environments (Pak-
istan, Iran, India, and Bangladesh); and promis-
ing entries are dispatched in 15 countries for
screening (INGER network, Edilberto Redoña,
personal communication). The characterization
of the genetic polymorphism for heat tolerance
is underway through a proteomic approach for
identifying candidate genes and the develop-
ment of gene-based markers for marker assisted
breeding.

Research for heat tolerance also concerns
grain quality. Biochemical analyses of starch
showed that the high temperature-ripened grains
contained decreased levels of amylose and long
chain-enriched amylopectin, which might be at-
tributed to the repressed expression of granule-
bound starch synthase I and branching enzymes,
especially BEIIb (Yamakawa et al. 2007). This
resulted in the occurrence of grains with vari-
ous degrees of chalky appearance and suggested
that alterations of amylopectin structure might
be involved in grain chalkiness (Yamakawa et al.
2007). Mapping populations for QTL identifi-
cation for tolerance to heat-induced chalkiness
is underway using single sequence repeat (SSR)
markers (Melissa Fitzgerald, personal communi-
cation).

Opportunities to improve germplasm toler-
ance of assimilation and growth processes to ele-
vated [CO2], high night temperature, and interac-
tions between elevated [CO2] and HNT, the focus
of this paper, can be cited from the literature, al-
though no current research is directly addressing
this issue. These opportunities include research
for improving (1) yield potential, including the
development of C4 rice, (2) tolerance to drought,
considering it may be in fact the expression of a
tolerance to heat with the reduction of the plant

cooling ability through stomatal closure, and
(3) tolerance to biotic stresses by introgressing
genes from wild species.

1. Some QTL mapping and gene discovery ad-
dressed the control of expression of traits
acting on yield potential, like phenology,
photosynthetic rate, crop architecture, and
sink regulation. As examples, under favorable
conditions, partial genetic control of heading
date by the Ghd7 QTL (Xue et al. 2008),
of sink regulation by the rg5 QTL (Ishimaru
et al. 2005), of tillering dynamics by the
MOC1 gene (Li et al. 2003) and the OsNAC2
gene (Mao et al. 2007), and of characteristics
of flag leaf by delimited regions of chromo-
somes 3 and 4 (Yue et al. 2006) have been
reported. Incidentally, these traits are also in-
volved in the crop tolerance to changing cli-
mates as already shown in this chapter and by
De Costa et al. (2007).

2. The introduction of a C4-like pathway into
C3 rice plants offers the potential to enhance
photosynthetic rates and reduce photorespi-
ratory losses. Theoretical justification for this
approach is well summarized by Mitchell
and Sheehy (2007). It shows (1) increased
radiation-use efficiency due to reduced rates
of photorespiration, (2) increased water-use
efficiency due to reduced requirement for
high stomatal conductance, and (3) improved
nitrogen-use efficiency due to reduced invest-
ment in photosynthetic proteins. All of these
components could enhance C3 crop yields by
up to 50%. Some studies have shown, how-
ever, that considerable regulatory feedback
mechanisms exist in C4 plants that down-
regulate photosynthetic gene expression to
match sink demand (Sheen 1999). Indeed,
yield potential of such plants is not realized
at field level (Sinclair et al. 2004), which has
also been observed in FACE experiments.
A potential benefit of C4 like photosynthe-
sis in C3 rice plants is the increased toler-
ance to high temperature conditions such as
in the tropics. At current [CO2] and [O2], the



P1: SFK/UKS P2: SFK Color: 1C

BLBS082-12 BLBS082-Yadav July 12, 2011 14:29 Trim: 246mm X 189mm

GENETIC ADJUSTMENT TO CHANGING CLIMATES: RICE 307

oxygenation reaction of Rubisco represents
about 30% of its activity, requiring consid-
erable expenditure of energy to recycle car-
bon via the photorespiration pathway, which
can reduce photosynthesis by as much as
40% (Sharkey 1988). This is further compli-
cated by the sensitivity of photorespiration to
temperature that is considerably increased as
temperature rises due to increased affinity of
Rubisco for O2 relative to CO2 and increased
solubility of O2 in water at higher temper-
atures. The C4 plants are able, however, to
reduce the sensitivity of photosynthesis to
temperature by minimizing photorespiratory
losses: they have evolved a CO2 concentration
mechanism that confers significant advan-
tages especially in environments with high
light intensity and high temperatures. In ad-
dition, the higher photosynthetic rates of the
C4 plants can better supply the higher demand
from respiration and sinks due to high night
temperature. Also, higher tolerance to high
temperature can also widen the geographical
growth range of the rice crop. In drought-
prone environments, increased water-use ef-
ficiency when water supply is sufficient shall
increase the water availability of C4 plants
during grain filling.

3. Plants better tolerant to water scarcity be-
cause of better root hair proliferation and
elongation, and cell wall permeability, shall
also have increased tolerance to high tem-
perature and high water demand because of
enhanced soil water accessibility. Such traits
are related to candidate genes identified in
the QTL region of DTY12.1 (Narciso et al.
2010) on chromosome 12 in the Vandana/Way
Rarem population and explained about 51%
of the genetic variance for yield under drought
(Bernier et al. 2007). To date, this QTL ex-
hibits the largest effect for grain yield un-
der drought in several genetic backgrounds
including IR64 and showed large and con-
sistent effect in a wide range of moderate to
severe drought stress situations (Bernier et al.
2009).

4. Broadening gene pool of rice through intro-
gression of genes from diverse sources shall
also contribute to overcome global climate
change, especially higher temperatures. The
wild species of Oryza, to which cultivated
rice belongs to, and one of the cultivated
African rice species (O. glaberrima), are a
reservoir of useful genes for tolerance to
abiotic stresses. With the advances in tissue
culture techniques, molecular markers, and
genomics, the scope for utilization of wild
species in developing improved germplasm
and rice varieties less vulnerable to high tem-
perature seems promising (Darshan Brar, per-
sonal communication).

Conclusion and outlook

Some main issues of rice crop performance re-
lated to elevated [CO2], HNT, and interaction
between elevated [CO2] and high temperature
are still unsolved:

� How the overall sink regulation (tillering dy-
namics, internode and panicle dimensioning
and growth, priority between organs/sinks, or-
gan senescence), carbohydrates remobiliza-
tion, and respiration are modified

� Whether the reduced stomata conductance at
mid-afternoon is due to high climatic demand,
poor soil exploration, high photorespiration,
or assimilate overload (poor sink activity)

� Whether the nitrogen uptake is modified at
late stages in relation to root activities and
senescence.

Such studies and assessments require (1)
proper experimental setups where the respective
effects of environmental components can be an-
alyzed and (2) integration of data into appro-
priate crop models to address the response of
the genotypic variability to the interaction be-
tween components. So far, many studies have
been conducted in growth chambers where ra-
diation, temperature, humidity, and [CO2] can
be monitored independently (Allen et al. 1995;
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Crafts-Brandner and Salvucci 2000; Sujatha
et al. 2008; Cheng et al. 2009). To be closer
to field conditions, other studies have been con-
ducted in open-top chambers or temperature gra-
dient chambers with natural radiation (Ziska
et al. 1997; Nakagawa and Horie 2000; De Costa
et al. 2006) where plants can be grown in soil
tanks or small field areas but where the con-
trol of growing conditions is less accurate. The
validity of the conclusions from such studies
has been questioned recently (Long et al. 2006),
stating that yield increase under elevated [CO2]
was significantly higher in enclosures than in
FACE systems and that conditions inside enclo-
sures did not reflect the real environment. The
potential of the FACE rings is, however, lim-
ited since their actual size (octagonal plot of
about 20 m of diameter) enables studies with
contrasted genotypes (Kim et al. 2001; Sene-
weera et al. 2002; Hasegawa et al. 2007; Shi-
mono et al. 2010) but should be significantly in-
creased to characterize the genotype variability
and conduct phenotyping activities. Larger rings
should then be designed, established in tropical
conditions where global warming is a strong is-
sue (Ainsworth et al. 2008), and equipped with
smaller rings of infra-red heaters (Kimball et al.
2008) or heating cables placed inside the water
(as in the case of the FACE system in Japan)
to modify the temperature locally and evalu-
ate in situ the interaction between temperature
and [CO2]. This debate, however, needs to dis-
criminate studies with respect to the type, size,
and internal conditions of enclosures and the
time when each study was conducted (Ziska
and Bunce 2007; Tubiello et al. 2007). As an
example, ambient [CO2] is actually 380 ppm,
appreciably higher than 320 ppm, which was
the rate 15–20 years ago. Also, most stud-
ies inside enclosures considered double [CO2]
(700 ppm) as a treatment while [CO2] inside fer-
tilized FACE rings is generally 550 ppm only,
i.e., 200 ppm higher than that of the ambient
(Ziska and Bunce 2007). In addition, tissue tem-
perature, which is the key thermal parameter
to consider in order to assessing the effect on

growth processes (Lafarge et al. 1998), is not
linearly related to air temperature, but is also
dependent on the overall climatic and soil condi-
tions, and the characteristics of the genotype un-
der study. It is then critical to measure tissue tem-
perature, and, in case of controlled conditions, to
consider air temperature measured at relevant lo-
cations. Overall, the best opportunity to address
the interaction between high temperature and el-
evated [CO2] is probably to combine different
experimental setups associated with a system-
atic and rigorous characterization of the growing
conditions including microclimate.

Addressing the interactions between compo-
nents of the environment, namely [CO2] and tem-
perature, but also humidity and soil nitrogen con-
tent, requires an integrative modeling approach
where the effects of component traits of inter-
est governing the phenotypic plasticity of yield
formation are accounted separately and for con-
trasted conditions. Stressing events may occur
at various times, in various extents, and simul-
taneously during crop growth. It is therefore es-
sential that the morpho-physiological response
of plants/crops to such combined stresses is in-
tegrated in a dynamic way, enabling capture and
evaluation of the relevant genotypic and envi-
ronmental control of yield formation processes.
The EcoMeristem model, a whole plant model
simulating environmental impact on genotype-
dependent regulation of morphogenesis (with re-
gards to competition for carbohydrates and wa-
ter availability within the plant) is the type of
model adapted to this purpose (Luquet et al.
2006, 2008). In the near future, this model shall
be connected with (1) a GECROS-type model
that accounts for the response of stomatal con-
ductance and photosynthesis to abiotic condi-
tions potentially at the organ level (Yin and van
Laar 2005), (2) a physical model able to simu-
late organ temperature (meristem, panicle) with
respect to local energy balance (Yoshimoto et al.
2005), and (3) a 3D modeling approach that pro-
vides the framework to simulate the local energy
balance (Pradal et al. 2008). Such technical de-
velopment will allow simulating the integration
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of potential changes triggered by genetic en-
hancement. Also, it should highlight how the
structural (plant architecture regulated by plant
growth and affecting the local environment of
the plant)–functional (metabolism and morpho-
genesis response to the environment) interaction
can govern organ microclimate conditions and
influence final plant performance.
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Chapter 13

Genetic Adjustment to Changing
Climates: Maize
Mark E. Westgate and Jerry L. Hatfield

Introduction

Climate model simulations based on IPCC emis-
sions scenario A1B indicate fairly dramatic in-
creases in the average air temperature and de-
creases in precipitation will occur over the ma-
jor maize-growing areas of the continental US
within the next 20 years (Fig. 13.1: IPCC AR4
multimodel ensemble). While the expected in-
crease in atmospheric CO2 concentration will
have only modest impact on growth and wa-
ter use of C4 plants like maize (Ainsworth and
Long 2005), the increased prospect for more er-
ratic rainfall patterns during mid-season will in-
evitably lead to greater risk of yield loss due to
drought when kernel number and size are being
established (Saini and Westgate 2000).

Drought limits the capacity to
produce and utilize photosynthate
for reproductive growth

Intensive selection for tolerance to high plant
population density has incrementally improved
grain yield of maize hybrids under dryland con-
ditions (e.g., Duvick 2005). Despite the appar-
ent increase in “stress tolerance,” reproduc-

tive development in maize remains highly vul-
nerable to soil water deficits. Lack of suffi-
cient soil moisture inhibits leaf area expansion
and to a lesser extent root elongation (Westgate
and Boyer 1985), both of which limit canopy
development and potential for photosynthate
production. Stomatal closure and leaf curling in
response to moderate moisture deficits also de-
crease the rate of photosynthesis (Boyer 1982).
Growth of the female reproductive structures of
maize [rachis, ovaries, and styles (silks)] is ex-
tremely sensitive to water-deficit stress and the
lack of photosynthate supply. As such, inhibi-
tion of expansion growth and photosynthesis
during flower maturation (silk emergence and
pollination) can cause significant yield losses.
Numerous studies have shown that the yield loss
is due to the failure of female flowers to de-
velop synchronously with the male flowers and
abortion of newly formed kernels (Westgate and
Boyer 1986; Edmeades et al. 1993; Bolaños and
Edmeades 1996; Zinselmeier et al. 1999, 2000).

The inhibition of photosynthesis decreases
sucrose flux to the developing reproductive or-
gans, which appears to trigger ovary abortion
(Schussler and Westgate 1995; Zinselmeier et al.
1995). Abscisic acid (ABA) levels also increase
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Fig. 13.1. US Temperature and Precipitation Changes by 2030. The changes are shown as the difference between two 20-year
averages (2020–2040 minus 1980–1999. (Adapted from Tebaldi et al. 2006.)

in stressed plants and may also inhibit photo-
synthesis through stomatal closure (Setter et al.
2001). In either case, disrupting assimilate flux
is very detrimental for ovule and seed develop-
ment (Zinselmeier et al. 1999). Zinselmeier et al.
(1999, 2000) demonstrated that the activity of the
enzyme acid invertase, which has a central role
in providing sugars for the developing female
flowers and young kernels, is highly sensitive to
plant water deficits. The activity of the insolu-
ble form of this enzyme is highly correlated with
ovary growth and final kernel number in well-
watered and water-stressed plants, whether or not
they were supplied with supplemental sucrose
(Zinselmeier et al. 2000). Such results have stim-
ulated efforts to increase acid invertase activity in
drought-stressed plants in an attempt to prevent
ovary and/or kernel abortion. To our knowledge,
there are no published reports confirming that
this approach has been successful.

Andersen et al. (2002) showed the loss of
soluble invertase activity in the pedicel tissues

of drought-stressed ovaries coincided with a de-
crease in mRNA synthesis. Subsequent gene pro-
filing studies, however, failed to couple changes
in transcription of invertase (or starch syn-
thesizing) genes within water-deficient ovaries
with the ultimate demise of ovary development
(Zinselmeier et al. 2003; Yu and Setter 2003).
This outcome might reflect the difficulty in doc-
umenting tissue-specific and developmentally
specific expression of these genes. But it is more
likely an indication that there are other physi-
ological barriers acting in concert with the loss
of invertase activity to inhibit reproductive devel-
opment under stressful environmental conditions
(Fig. 13.2). Studies designed to overcome the
lack of assimilate supply when concurrent pho-
tosynthesis and invertase activity are inhibited
by water stress clearly show that the plant does
not mobilize stored sugars to the female flow-
ers unless it is injected artificially into the stem
(Zinselmeier et al. 1995, 1999). Although sug-
ars normally are abundant in the stem and floral



P1: SFK/UKS P2: SFK Color: 1C

BLBS082-13 BLBS082-Yadav July 12, 2011 14:31 Trim: 246mm X 189mm

316 CROP ADAPTATION TO CLIMATE CHANGE

Fig. 13.2. Depiction of several developmental and physiological barriers that render early reproductive development in maize
highly vulnerable to water-deficit stress. These include failure to compete effectively for available assimilates with well-
established vegetative sinks, storage of sugars in growing tissues as hexoses, which are not available for remobilization, and
rapid inhibition of sucrose metabolism to glucose within the developing female flowers at low tissue water potential (Westgate,
unpublished).

rachis at flowering, they are not in a form that can
be translocated to the starving flowers (Schussler
and Westgate 1995). Competition for limited as-
similate supply favors the well-established leaf,
stem, and root tissues. And loss of metabolic
competence within the ovaries limits their capac-
ity to compete for assimilates even further. The
redundancy of these mechanisms and their tem-
poral coincidence with seed formation and early
kernel development in maize makes the task of
improving grain yield in drought-prone environ-
ments a particularly daunting task. There is con-
siderable optimism, however, in the seed industry
as transgenic and genomic approaches are being
applied to identify candidate genes, regulatory
elements, and metabolic pathways to manipu-
late in the next generation of drought-tolerant

(or resistant) maize hybrids (Campos et al. 2004;
Edmeades 2009).

Molecular approaches to improve
performance under drought

Numerous studies have shown that timely pro-
duction of osmotically active compounds can
improve physiological function of plants grown
under water-limited conditions. Improved plant
performance under severe drought, for example,
has been reported in transgenic plants express-
ing genes to produce trehalose (Romero et al.
1997; Garg et al. 2002), mannitol (Tarczynski
et al. 1993; Abebe et al. 2003), galactinol (Taji
et al. 2002), ononitol (Sheveleva et al. 1997),
sorbitol (Sheveleva et al. 1998), proline (Kishor
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et al. 1995), and glycine-betaine (Rathinasaba-
pathi et al. 1994). Unlike the yield advantage
observed in small grains in response to gen-
eral selection for increased osmotic adjustment
(Morgan 1983; Blum 1989), accumulation of
these “compatible solutes” in transgenic plants
has not proven useful in improving tolerance to
drought in a practical agriculture setting.

Expression of a number of genes that code
for regulatory factors or are involved in hormone
synthesis, however, has been effective in improv-
ing performance under drought conditions in a
number of species. Notable examples are the
CAAT box element ZmNF-YB2 (Nelson et al.
2007), DREB1A transcription factor (Pellegri-
neschi et al. 2004), MAP kinase NPK1 (Shou
et al. 2004), drought-responsive elements ABRE
and DRE (Narusaka et al. 2003), poly (ADP-
ribose) polymerase (Vanderauwera et al., 2007),
farsenyl transferase (Wang et al., 2009), late em-
bryogenesis abundant proteins (Xu et al., 1996),
NCED2 and LOS5 in ABA biosynthesis, SOS2 in
oxygen-radical detoxification (Xiao et al. 2008),
isopentenyl transferase in cytokinin biosynthesis
(Rivero et al. 2007), and the mRNA chaperone
CspB (Castiglioni et al. 2008). A common char-
acteristic of many on these factors is their respon-
siveness to more than one environmental stress
and their impact on the expression of multiple
metabolic or structural genes.

Maize hybrids expressing the CspB gene have
been evaluated extensively and provide an in-
formative example of a specific molecular ap-
proach that has yielded fairly consistent benefits
in terms of grain yield under water-limited condi-
tions (Castiglioni et al. 2008). Focus on this par-
ticular gene is not an endorsement for this molec-
ular approach, the company that is developing
it, or the company’s genetic products. Rather, it
reflects the availability of peer-reviewed infor-
mation on the performance of transgenic maize
hybrids expressing this particular gene.

CspB codes for a protein that binds to folded
RNA molecules presumably to maintain proper
initiation of mRNA translation. The gene was

first identified in bacteria subjected to cold stress
conditions, and its activity is thought to promote
growth following stress and during periods of
high metabolic activity (Hunger et al. 2006).
Castiglioni et al. (2008) reported that constitu-
tive expression of cold shock genes (CSPs) from
Bacillus subtilis in maize plants promoted their
adaptation to stressful growing conditions dur-
ing vegetative and reproductive growth. Water-
deficit treatments were imposed in a controlled
environment 10–14 days prior to flowering,
which decreased plant growth rate up to 50%,
relative to well-watered plants. Averaged across
transgenic events, 14% more plants expressing
the CspB gene from B. subtilis produced kernel-
bearing ears and set 112% more kernels per
plant (Castiglioni et al. 2008). No data on kernel
weight were reported.

In the field, the performance of transgenic
hybrids was evaluated under water-limited con-
ditions that decreased grain yield approximately
50%, relative to the average for productive maize
crops in the Midwest (∼7 Mg/ha). On average,
yield of CspB-positive plants was 7.5% greater
than the nontransformed controls (P < 0.01)
(Fig. 13.3a). The two best-performing events in
these trials showed a yield advantage of about
20% and 11%, respectively. These two events
also exhibited significantly faster leaf growth
rates (P < 0.05), numerically greater leaf chloro-
phyll contents, and higher photosynthetic rates
relative to the nontransgenic controls. While no
specific molecular or physiological mechanisms
were ascribed to the improvement in grain yield
of the CspB-positive plants, it is well established
that seed-set in maize is closely coupled to the
production of photoassimilate during seed for-
mation and early kernel development (Schussler
and Westgate 1990a, 1990b, 1995; Vega et al.
2001; Boyer and Westgate 2004; Borras et al.
2007).

Although transgenic expression for specific
stress tolerance genes such as CspB is prov-
ing fruitful in some cases, breeding systems
that integrate whole plant physiology, molecular
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Fig. 13.3. Examples of published yield results from commercial field evaluations under water-deficit conditions of transgenic
maize hybrids carrying genes with potential to improve drought tolerance. (a) Three hybrids from Monsanto expressing the
CspB gene (RNA chaperone) exposed to water-deficit stress during the late vegetative growth or early grain fill (from Castiglioni
et al. 2008). (b) Yield advantage for two “Drought II” transgenic events from Pioneer Hi-Bred evaluated in multiple hybrids
across a range of stress levels and years. Specific transgenic events are not specified (Butzen and Schussler 2009).

genetics, and transgenic approaches to develop
hybrids that express well-established drought-
tolerant traits are likely to be more effective
in the long term. Traits such as more exten-
sive root systems, rapid silk emergence, and
rapid tip kernel development are closely linked
to greater kernel numbers per plant under stress-
ful field conditions (Saini and Westgate 2000;
Campos et al. 2004; Duvick 2005; Edmeades
et al. 2009). Results of recent commercial
field trials focusing on these traits and uti-
lizing an integrated approach demonstrated a
16% advantage, on average, for transgenic hy-
brids compared to their conventional counter-
parts in drought-stress environments in the Mid-
west US (Butzen and Schussler 2009; Fig.
13.3b). Because the specific transgenes tested
in these trials have yet to be disclosed, it is
not possible to ascribe a particular metabolic,
regulatory, or developmental process responsi-
ble for the improved field performance. It is
likely, however, that multiple processes are be-
ing targeted and not all are specifically drought-
responsive since these trials were conducted
in several genetic backgrounds being devel-

oped for a range of environments across the
US Cornbelt.

Optimizing root architecture and
function for drought tolerance

Numerous studies have demonstrated a func-
tional relationship between root architecture, ca-
pacity for nutrient acquisition, and drought tol-
erance (Collins et al. 2008; Postma et al. 2008;
Hochholdinger and Tuberosa 2009; Nord and
Lynch 2009). In a comparison of “old” and
“new” hybrids, Campos et al. (2004) observed
new hybrids were more effective in extracting
water from deeper soil layers than were older hy-
brids when soil moisture became limiting. Crop
modeling simulations confirm that a shift in root
system architecture and capacity for water cap-
ture to deeper soil layers would have a positive
effect on biomass accumulation (Hammer et al.
2009). Enhanced root growth explained observed
historical yield trends more readily than did in-
creased canopy photosynthesis. The advantage
of deeper root systems may lie in the avoidance
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of ABA production by roots in the drier upper
soil layers, as proposed by Giuliani et al. (2005).
But detailed analyses of root length, rate of elon-
gation, branching patterns, and aerenchyma for-
mation in droughted plants show that all these
phenotypic traits contribute to increased drought
tolerance under field conditions (Lynch 2007a,
2007b; Zhu et al. 2010). QTLs associated with
these architectural characteristics have been de-
tected by numerous investigators (Giuliani et al.
2005; Landi et al. 2010; Zhu et al. 2005, 2006),
which should make it possible to develop marker-
based selection schemes for more favorable
root traits.

Greater tolerance to drying soil conditions
also will be realized in hybrids expressing trans-
genic proteins that limit predation by corn bor-
ers and rootworm pests. Corn borer feeding on
leaves and stalks reduces the number of func-
tional vascular bundles, which restricts move-
ment of water, photosynthate, and nutrients to
developing vegetative and reproductive struc-
tures. Likewise, damage to the root vascular
system resulting from rootworm larvae feed-
ing and subsequent infection by opportunis-
tic fungal pathogens disrupts transport of wa-
ter and nutrients to the shoot. Loss of trans-
port capacity increases the likelihood for more
rapid and extensive dehydration of shoot struc-
tures even under moderate evaporative demand.
Loss of functional root tissue can also limit
the transport of growth-promoting cytokinins
to the shoot from root apices where they are
produced (Brzobohaty et al. 1993). There is
abundant evidence that decreasing the levels of
cytokinins in the female flowers disrupts nor-
mal seed formation and early kernel develop-
ment (Dietrich et al. 1995; Jones and Schreiber
1997; Jones and Setter 2000; Brugière et al.
2003).

Pipeline for analysis of candidate
genes for drought tolerance

It is intuitive that directing changes in plant de-
velopment requires shifts in meristem initiation,

assimilate partitioning, and organ growth—all
of which involve complex and integrated physi-
ological processes. As such, coupling transgene
expression with selection for specific phenotypic
outcomes likely alters the temporal and spa-
tial expression of multiples genes or gene sys-
tems. Molecular breeding platforms must strive
to identify the appropriate “gene expression fin-
gerprint” for selecting individual plants for ad-
vanced testing and couple it with a phenotypic
selection program that is equally robust and ef-
ficient at identifying those individuals. Modern
genomics facilities can quantify the expression
of tens of thousands of genes from a sample of
mRNA, identify thousands of molecular mark-
ers in a sample of DNA, or establish the pres-
ence of unique gene sequences or even single
nucleotides that might alter gene product func-
tion. But most of this genomic information is not
“functional” in the sense that it actually deter-
mines the phenotypic character of interest. Pub-
lished results of global gene expression in maize
reproductive structures in response to drought,
for example, provide abundant information on
gene expression after the drought has developed
and growth has ceased (Zinselmeier et al. 2002;
Yu and Setter 2003). Even though their analysis
focused on genes that were either up-regulated
or down-regulated in response to drought in the
reproductive tissues, loss of photosynthetic ca-
pacity in leaves was far more detrimental to
kernel set than was a loss in metabolic com-
petence in the floral structures. These studies do,
however, underscore the importance of coupling
changes in metabolic and regulatory gene ex-
pression with specific phenotypic characteristics
(in this case, photosynthesis and ovary growth)
to identify new genetic opportunities for im-
proving drought tolerance. It is also important
to note these gene expression studies were con-
ducted on a small handful of hybrids. Quanti-
fying such subtle changes in plant development,
whether induced transgenically or through selec-
tion under stressful conditions, on a scale use-
ful in breeding programs remains a monumental
challenge.
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Success in accelerating the development of
maize germplasm adapted to drought-prone
environments may rest in the logical cou-
pling of high throughput technologies for gene
expression and genetic marker analysis (ge-
nomics), temporal and spatial metabolic pro-
filing (metabolomics), and phenotypic evalu-
ation (phenomics). Research being conducted
at the Australian Centre for Plant functional
Genomics provides a practical example of how
these “omics” approaches are being integrated
into a successful program of functional ge-
nomics for testing candidate genes in planta
to improve drought tolerance (Sutton 2009).
The Centre couples a forward genetics (mu-
tational) approach to define the genetic basis
for variation in drought tolerance with devel-
opment of a database of transcript, protein, and
metabolite responses to drought stress. They also
are targeting specific genes with known roles
in drought-stress tolerance, such as the tran-
scription factors and protein kinases mentioned
earlier. Populations of closely related lines de-
veloped for mapping chromosome regions im-
portant for drought tolerance have been charac-
terized for more than 40 phenotypic traits in 20
environments. The challenge of high-throughput
phenotyping is being addressed at a plant phe-
nomics facility (The Plant AcceleratorTM) estab-
lished at the University of Adelaide, which is
designed to analyze more than 100,000 plants
annually (http://www.plantaccelerator.org.au/).
The facility uses high-resolution imaging for au-
tomated nondestructive measurements of phe-
notypic characteristics such as shoot mass, leaf
number, shape, angle, leaf color, leaf senescence,
leaf water and carbohydrate contents, and leaf
temperature (Sutton 2009). Whether evaluating
these indices on vegetative tissues will translate
to improved grain yield for maize under inter-
mittent or terminal droughts during reproduc-
tive development remains to be seen. Develop-
ing nondestructive methods to quantify seed for-
mation and development on reproductive-state
plants would likely have a dramatic impact on

the effectiveness of this selection tool for im-
proving drought tolerance.

Temperature effects on maize
growth and yield

Temperature has a major effect on maize re-
productive physiology, particularly as it inter-
acts with decreasing water availability during
drought. Higher temperature shortens the life
cycle and duration of the reproductive phase,
causing a reduction in grain yield (Badu-Apraku
et al. 1983; Muchow et al. 1990; Almaraz et al.
2008). Runge (1968) was one of the first to
report the interaction of daily maximum tem-
perature and rainfall around anthesis on maize
yields. When rainfall was low (0–44 mm per
8 days), yield was reduced by 1.2–3.2% per
1◦C rise. Conversely, at high temperatures (Tmax

35◦C), yield was reduced 9% per 25.4 mm de-
cline in rainfall. Muchow et al. (1990) observed
the greatest grain yields were obtained at loca-
tions with relatively cool mean temperatures dur-
ing the growing season (18.0–19.8◦C at Grand
Junction, CO), compared to warmer sites, e.g.,
Champaign, IL (21.5–24.0◦C), or warm tropical
sites (26.3–28.9◦C).

Adapting maize to higher temperatures pre-
dicted under climate change requires a greater
understanding of physiological and genetic re-
sponses to temperature stress. It is well es-
tablished that pollination, kernel set, and early
kernel development all are negatively affected.
Pollen viability decreases when exposed to tem-
peratures above 35◦C (Herrero and Johnson
1980; Schoper et al. 1987; Dupuis and Dumas
1990). Hardacre and Eagles (1986) observed
that low temperatures reduced growth and yield
in the cooler growing regions of New Zealand,
Europe, and North America; genetic differences
in growth were evident at temperatures below
16◦C, but not in the warmer environments with
average temperatures up to 28◦C. And Tollenaar
and Wu (1999) concluded the primary reason
for continued improvement in maize yields in
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Canada was enhanced resistance to stresses,
particularly during reproductive development.
Clearly, evaluating corn hybrids for greater toler-
ance to high-temperature stress during seed for-
mation and grain filling would be a beneficial
strategy for adapting to climate change. Physi-
ology studies provide a number of possible tar-
gets for selection. Once pollen is shed from the
plant, the rate at which it loses viability is a func-
tion of its moisture content and strongly depen-
dent on vapor pressure deficit (VPD) (Fonseca
and Westgate 2005). Pollen subjected to high
air temperatures loses viability more rapidly
due to the exponential increase in VPD with
temperature. Susceptibility appears to be due
to inability of mature pollen grains to produce
heat shock proteins (Dupuis and Dumas 1990;
Magnard et al. 1996). Therefore, it might be pos-
sible to sustain pollen viability by upregulating
HSP genes shown to be active earlier in pollen
development or by selecting for slower pollen
dehydration. Kernel set can be improved, par-
ticularly at high temperature, by increasing the
synchrony of pollination within and among ears
(Carcova and Otegui 2001). They observed pol-
lination gaps of 2–4 days reduce kernel number
per ear up to 51%; the impact of asynchronous
pollination was increased by exposure to high
temperatures. Higher night temperatures during
silking also negatively affect kernel set by accel-
erating ear and flower development. More rapid
development effectively decreases photoassimi-
late availability per flower, which is most critical
for the late-formed flowers at the tip of the rachis
(Cantarero et al. 1999).

Romay et al. (2010) reported that kernel depth
(size) and temperature were the primary geno-
typic and environmental covariates explaining
the variability in grain yield they observed in
maize populations grown across nine environ-
ments. Numerous physiological studies support
their findings. In vitro evidence indicates the
thermal environment during endosperm cell di-
vision phase (8–10 days postanthesis) is most
critical to the success of kernel development

(Jones et al. 1984). Temperatures of 35◦C dur-
ing endosperm cell division reduced subsequent
kernel growth rate and final kernel size, even
after the plants were returned to optimal condi-
tions (Jones et al. 1984, Wilhelm et al. 1999).
Chronic heat stress restrains seed storage pro-
cesses and disrupts starch metabolism (Wilhelm
et al. 1999). The rate-limiting enzyme in en-
dosperm starch biosynthesis, ADP-glucose py-
rophosphorylase (AGPase), is extremely heat
labile (Hannah et al. 1980). Fortunately, there
are thermally stable forms of this enzyme, and
transgenic maize lines expressing a heat-stabile
AGPase have shown increased capacity for
starch synthesis and yield (Giroux et al. 1996).
A more difficult issue to resolve, however, is the
disruption of endosperm cell division and amy-
loplast replication at temperatures above 30◦C,
which dramatically reduces potential grain size
and final yield (Commuri and Jones 2001).

Exposure to high temperatures during grain
filling affects photosynthetic efficiency; typi-
cally, leaf photosynthesis rates reach an opti-
mum between 33◦C and 38◦C (Oberhuber and
Edwards 1993; Edwards and Baker 1993; Crafts-
Brandner and Salvucci 2002). Ben-Asher et al.
(2008), however, observed highest photosyn-
thetic rates at 25/20◦C (day/night) for sweet corn
plants grown in a controlled environment cham-
ber. Rates were 50–60% lower at 40◦C/35◦C and
declined for each 1◦C increase in temperature
above the optimum. Apparently, the decrease in
photosynthesis rates at high temperature is due
primarily to the inactivation of Rubisco (Crafts-
Brandner and Salvucci 2002). While a complete
inhibition of leaf photosynthesis will decrease
the rate and duration of dry matter accumula-
tion in the grain, the primary impact of higher
temperatures at this stage of grain growth is to
hasten to onset of physiological maturity. Ac-
celerated development and premature desicca-
tion will lead to a shorter duration of grain fill-
ing, even if photosynthate is available to support
continued grain growth (Westgate 1994). The
physiological mechanisms regulating premature
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termination of grain development under high
temperature or water-deficit stress remain largely
unexplored.

Prospects for the near future

Drought remains by far the single most impor-
tant constraint to productivity for maize (and
most other crops) worldwide. And the prospects
for more widespread and frequent droughts
places even greater pressure on breeding pro-
grams to develop tolerant germplasm. Despite
the complexity of the maize plant’s responses
to water-limited conditions and the apparent re-
dundancy of physiological mechanisms to limit
seed formation, rational application of molec-
ular/genomic approaches and high-throughput
phenotyping holds promise for major genetic im-
provements in drought tolerance of this impor-
tant crop. In fact, several major seed companies
now have drought-tolerant hybrids in their devel-
opment pipelines directed towards commercial
release.

The most promising outcomes, however, will
likely accrue from the emerging collaborations
among international germplasm programs, pri-
vate institutions, and international foundations
to link basic gene discovery with improved
crop productivity in developing countries. One
prominent example is the public–private part-
nership funded by the Bill and Melinda Gates
and Howard G. Buffet foundations and coor-
dinated by the African Agricultural Technol-
ogy Foundation. The Water Efficient Maize
for Africa project (http://www.aatf-africa.org/
wema) brings together scientific expertise from
the International Maize and Wheat Improve-
ment Center (CIMMYT), Monsanto, and BASF,
and the national agricultural research centers
in Kenya, Mazambique, Uganda, Tanzania, and
South Africa. The goal is to increase yields of
locally adapted maize germplasm by 20–35%
under moderate drought over the next 10 years.
While this ambitious goal might be well within
reach of plant breeding programs using trans-
genic and genomic technologies, the ultimate

success of such endeavors will depend on greater
government support for the agricultural sector in
these countries and much greater emphasis on
small landholder involvement in evaluating and
integrating the new drought-tolerant germplasm
profitably into their production systems. As Mr.
Gates recently stated, “Small landholder farm-
ers are not a problem to be solved . . . they are
the solution.”1 Developing technologically ad-
vanced seed alone will not overcome the chal-
lenges posed by a changing climate without di-
rectly engaging those who plant and nurture the
crop.

Endnote

1. 2009 World Food Prize Symposium. Des Moines, IA.
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Chapter 14

Sorghum Genetic Enhancement for Climate
Change Adaptation
Belum V.S. Reddy, A. Ashok Kumar, Sampangiramireddy Ramesh, and Pulluru S. Reddy

Introduction

Sorghum [Sorghum bicolor (L.) Moench] is the
fifth most important cereal crop and is the dietary
staple of more than 500 million people in over
90 countries, primarily in the developing world.
It is grown on 47 m ha in 104 countries in Africa,
Asia, Oceania, and the Americas (Table 14.1).
The United States, Nigeria, India, Mexico, Su-
dan, China, and Argentina are the major sorghum
producers globally (http://faostat.fao.org/site/
567/default.aspx#ancor, accessed February 11,
2010). Sorghum grain is mostly used directly
for food (55%) and is consumed in the form of
porridges (thick or thin) and flat breads; how-
ever, sorghum is also an important feed grain
(33%), especially in Australia and the Americas.
Stover (crop residue after grain harvest) is an
important source of dry matter to both milch and
draft animals in mixed crop-livestock systems.
Sorghum is also an effective source of green
fodder due to its quick growth and high yield
and quality. Of late, sorghum with sugar-rich
juicy stalks (called sweet sorghum) is emerging
as an important biofuel crop. Thus, sorghum is

a unique crop with multiple uses as food, feed,
fodder, fuel, and fiber.

Yield and quality of sorghum is influenced
by a wide array of biotic and abiotic con-
straints. Significant biotic constraints include the
insects, such as shoot fly, stem borer, midge,
head bug, aphid, army worms, and locusts, and
the diseases, such as grain mold, charcoal rot,
downy mildew, anthracnose, rust, and leaf blight.
Striga (Striga asiatica, Striga densiflora, Striga
hermonthica) is a devastating parasitic weed
found in many regions of Africa and India.
Abiotic constraints include: problematic soils,
drought, and temperature extremes. Climatic and
edaphic changes including variable precipita-
tion, higher soil and air temperatures, and in-
creased soil alkalinity and acidity driven by
increasing anthropogenic activities are becom-
ing major global concerns threatening sorghum
production.

This chapter examines the implications of
climate change for major sorghum-growing ar-
eas and production. Inherent characteristics of
sorghum to cope with climate change effects,
the genetic options to mitigate climate change
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Table 14.1. Sorghum area, production, and productivity
in 2007 for countries with substantial area.

Area Production Yield
(m ha) (m t) (t ha−1)

World 46.9 63.4 1.4
Africa 29.5 26.1 0.9
Americas 6.5 24.6 3.8
Asia 10.1 10.8 1.1
Europe 0.2 0.7 3.6
Oceania 0.6 1.3 2.1
Sudan 9.0 5.8 0.7
India 8.5 7.2 0.8
Nigeria 7.8 9.1 1.2
Niger 2.8 1.0 0.3
USA 2.7 12.6 4.6
Mexico 1.8 6.2 3.5
Burkina Faso 1.6 1.6 1.0
Ethiopia 1.5 2.2 1.5
Mali 1.1 0.9 0.8

Source: http://faostat.fao.org/site/567/default.aspx#ancor.

effects and future strategies for genetic improve-
ment are discussed.

Climate change impacts on
sorghum production

Global warming due to climate change will affect
grain and stover yields in crops, more so in trop-
ical Africa and Asia where sorghum is a major
food crop. Most climate change models predict
rises in air and soil temperatures and sea levels,
and increased frequencies of extreme weather
events leading to unprecedented changes in agri-
cultural production in the years to come (IPCC
2007). Although both developed and develop-
ing countries will be affected, developing coun-
tries with little adaptive capacity and limited re-
sources are more vulnerable to climate change
effects. Desertification, shortages of fresh wa-
ter, soil erosion, increased salinity, changed pest
and disease scenarios, and biodiversity loss are
some of the factors that adversely affect agricul-
tural productivity. Detailed implications of cli-
mate change effects, resilience of populations,
and coping mechanisms are not fully understood
in most countries in the semiarid tropics (SAT) of

Asia and Africa (Dar 2007; Cooper et al. 2008),
which are traditional sorghum belts.

Predicted climate change effects
on crop growth and yield in major
sorghum growing areas

The world climate is continuing to change at
rates that are projected to be unprecedented in
recent human history. Global average surface
temperature increased by about 0.6◦C during
the twentieth century (IPCC 2007). According
to the Fourth Assessment Report (IPCC 2007),
most of the observed increase in the global av-
erage temperature since the mid-twentieth cen-
tury has been attributed to the observed increase
in anthropogenic greenhouse gas concentrations.
The Intergovernmental Panel on Climate Change
(IPCC) climate models predict an increase in
global average surface temperature of between
1.4◦C and 5.8◦C from 2001 to 2100, the range
depending largely on the scale of fossil fuel burn-
ing between now and then and on the different
models used. At the lower range of tempera-
ture rise (1–3◦C), global food production might
actually increase, but above this range, it would
probably decrease (IPCC 2007). However, broad
trends will be overshadowed by local differ-
ences, as the impacts of climate change are likely
to be highly spatially variable (Cooper et al.
2008). Table 14.2 describes predicted changes in

Table 14.2. Predicted changes in temperature and rainfall
in the major sorghum growing areas (based on regional
predictions for A1B scenario for the end of the twenty-first
century).

Region Season

Temperature
response

(◦C)

Precipitation
response

(%)

East Africa Oct–Dec +3.1 +11
Mar–May +3.2 +6

Southern Africa Oct–Mar +3.1 −10
West Africa Jul–Oct +3.2 +2
South Asia Jun–Feb +3.3 +11

Source: IPCC 2007.
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temperature and rainfall in major sorghum-
growing areas.

Disaggregated effects of predicted
changes in temperatures and
rainfall on sorghum yields

Preliminary cropping simulations exercises were
conducted at ICRISAT to assess the impacts of
climate change on sorghum yields in SAT areas
of Africa and Asia. The following four scenarios
were examined: potential grain yield with current
cropping constrained only by climate; percent
change in yield with current climate modified for
predicted changes in rainfall; percent change in
yield with current climate modified for predicted
changes in temperature; and percent change in
yield with current climate modified for pre-
dicted changes in both temperature and rainfall
(Table 14.3).

Initial simulations predicted that for any given
climate change scenario, the impact of climate
change could vary both in nature and in mag-
nitude from location to location, from crop to
crop, from cultivar to cultivar, and from sea-
son to season. In general, the sorghum matu-
rity period of current varieties decreases with
increased temperatures. Climate change effects
in terms of high temperatures and erratic rainfall
may drastically reduce sorghum yields in South
Asia, Southern Africa, and West Africa (Cooper
et al. 2008; Table 14.3).

The impact of climate change on insect
pests will be felt in terms of increased produc-
tion losses and reduced efficacy of management

strategies (Chakraborty et al. 2000). For all insect
species, higher temperatures below the species’
upper lethal limit could result in faster develop-
ment rates, leading to rapid increase of pest pop-
ulations as the time to reproductive maturity is re-
duced. For example, an increase of 1◦C and 2◦C
in daily maxima and minima will cause codling
moth (Cydia pomonella) to become active about
10–20 days earlier than expected. Overwinter-
ing of pests will increase as a result of climate
change, producing larger spring populations as a
base for a build-up in numbers in the following
season. There will be increased dispersal of air-
borne pest species in response to atmospheric
disturbances. Many insects are migratory and
therefore may be well adapted to exploit new op-
portunities by moving rapidly into those areas,
which becomes increasingly favorable as a result
of climate change (Hill and Dymock 1989). All
these possibilities have a significant bearing on
crop productivity.

Characteristics of sorghum
that help in coping with
climate change

Sorghum is a C4 plant with an extensive and
fibrous root system enabling it to draw mois-
ture from deep layers of soil. Sorghum requires
less moisture for growth compared to other ma-
jor cereal crops; for example, in some studies,
sorghum required 332 kg of water per kg of ac-
cumulated dry matter, whereas maize required
368 kg of water, barley required 434 kg, and
wheat required 514 kg. Sorghum has the capacity

Table 14.3. Disaggregated effects of climate change on sorghum yields.

Region
Potential grain
yield (kg ha−1)

Rainfall
effect on yield

Temperature
effect on yield

Climate change
effect on yield

East Africa short rains 3244 +10% +11% +21%
East Africa long rains 2232 +6% +42% +48%
Southern Africa 2753 −6% −16% −22%
West Africa 1896 +6% −20% −14%
South Asia 2800 +1% −38% −37%

Source: Cooper et al. 2008.
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to survive some dry periods and resume growth
upon receipt of rain (House 1985). Sorghum also
withstands wet extremes better than many other
cereal crops, especially maize. Sorghum contin-
ues to grow, though not well, in flooded condi-
tions; maize, by contrast, will die. Sorghum pro-
duces grain even when temperatures are high.
Inflorescence development and seed-set are nor-
mal at temperatures of 40–43◦C and at 15–30%
relative humidity, if soil moisture is available.
Sorghum is not as tolerant of cool weather as
some maize cultivars. Sorghum grows slowly be-
low 20◦C, but germination and growth will occur
in some varieties at temperature as low as 12◦C
(House 1985).

Climate change adaptation and
genetic options

Climate change being a threat multiplier, suit-
able strategies need to be urgently integrated
into national and regional sorghum improve-
ment programs. Some of the adaptation strate-
gies to address climate change impacts include
development of better weather forecasting sys-
tems, crop husbandry technologies and pest fore-
casting and pest management technologies, and
changes in land use and water management sys-
tems. Mitigation strategies may also include de-
velopment of technologies to achieve improved
input use efficiencies (such as fertilizer micro-
dosing and need-based application of pesticides
for pest management) but these involve recur-
ring costs. Genetic management is considered as
the most cost-effective and eco-friendly option
to mitigate the adverse impact of climate change
on sorghum production. Unlike other adaptation
strategies, genetic options do not involve recur-
ring costs. Genetic options should focus on rede-
ployment of trait-specific germplasm and breed-
ing for plant defense traits.

Redeployment of germplasm

Climate change will cause changes in the length
of the growing period (LGP) in some regions.

The LGP is defined as the number of days in
any given rainfall season, when there is suffi-
cient water stored in the soil profile to support
crop growth. The impact of climate change on
the likely change in the average LGP across
Africa has been comprehensively mapped by
ICRISAT using the General Circulation Model
HadCM3.B1 for the period 2000–2050 (Cooper
et al. 2009). The study showed that the extent
of global SAT areas will be changed through (1)
SAT areas being “lost” from their driest mar-
gins and become arid zones due to LGPs becom-
ing too short or (2) SAT areas being “gained”
on their wetter margins from subhumid regions
through the reduction in the current LGPs in
those zones. It means sorghum could be grown in
new areas of the currently humid tropics where
sorghum is not grown at present. Large-scale
adaptation studies will be required to under-
stand soil and climate conditions, pest scenar-
ios, cropping systems, consumptions patterns,
and markets in the new areas. International agri-
cultural research centers (IARCs), agricultural
research institutes (ARIs), and national agricul-
tural research system (NARS) with large reser-
voirs of sorghum germplasm, breeding material,
and commercial cultivars could play a significant
role in deploying suitable germplasm to the new
areas. Several trait-specific, non-milo, and high-
yielding female lines developed at ICRISAT, in a
range of plant heights and maturities can be uti-
lized in producing the hybrids that are of value
to different agroecological zones (Table 14.4).
Development of crop cultivars with a maturity
duration that matches the prevailing LGP will be
one of the best strategies to cope with changes
in LGP. Retargeting of traits of local importance
should be undertaken by the NARS with the help
of other partners.

Drought tolerance

Four growth stages in sorghum have been con-
sidered as vulnerable to drought: germination
and seedling emergence, postemergence or early
seedling stage, midseason or preflowering, and
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Table 14.4. Details of the sorghum trait-specific (milo) and non-milo A-/B-pairs developed at
ICRISAT-Patancheru.

S. No. ICSA numbers Traits Total lines

1 1–103 High yielding 77∗
2 88,001–88,026 High yielding 15∗
3 89,001–89,004 High yielding 4
4 90,001–90,004 High yielding 4
5 91,001–91,010 High yielding 10
6 94,001–94,012 High yielding 12
7 201–259 Downy mildew resistant 59
8 260–295 Anthracnose resistant 36
9 296–328 Leaf blight resistant 33

10 329–350 Rust resistant 22
11 351–408 Grain mold resistant 58
12 409–436 Shoot fly resistant (rainy) 28
13 437–463 Shoot fly resistant (postrainy) 27
14 464–474 Stem borer resistant (rainy) 11
15 475–487 Stem borer resistant (postrainy) 13
16 488–545 Midge resistant 58
17 546–565 Head bug resistant 20
18 566–599 Striga resistant 34
19 600–614 Acid soil tolerant lines 15
20 615–637 Early maturity lines 23
21 638–670 Durra (large grain) lines 33
22 671–687 Tillering and stay-green lines 17
23 688–738 Non-milo (A2) cytoplasmic lines 51
24 739–755 Non-milo (A3) cytoplasmic lines 17
25 756–767 Non-milo (A4) cytoplasmic lines 12

Total 689

Source: Reddy et al. 2006.
∗The number of lines being maintained.

terminal or postflowering. Terminal drought is
the most limiting factor for sorghum production
worldwide. In sub-Saharan Africa, drought at
both seedling establishment and terminal stages
is very common. In India, sorghum is grown dur-
ing both rainy and postrainy seasons. The vari-
able moisture availability at both preflowering
and postflowering stages during the rainy season
can have severe impact on grain and biomass
yield. Climatic variability and associated geno-
type × environment interactions do not permit
clear definition of target environments. Opportu-
nities to make progress in breeding for drought
tolerance occur both in understanding the envi-
ronmental control of crop growth and in devel-
oping simplified approaches to modeling effects
of climate change (Bidinger et al. 1996).

Drought and/or heat stress at the seedling
stage often results in poor emergence, plant
death, and reduced plant stands. Severe preflow-
ering drought stress results in drastic reduction
in grain yield. Postflowering drought stress toler-
ance is indicated when plants remain green and
fill grain normally. A stay-green trait has been
associated with postflowering drought tolerance
in sorghum. Genotypes with the stay-green trait
are also reported to be resistant to lodging and
charcoal rot (Reddy et al. 2007; Fig. 14.1).

Genetic enhancement of sorghum for drought
tolerance would stabilize productivity and con-
tribute to sustainability of production systems
in drought-prone environments. The extent of
grain yield losses due to drought stress de-
pends on the stage of the crop and the timing,
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Fig. 14.1. Expression of stay-green trait (in sorghum) under receding soil moisture conditions in a vertisol (Photo courtesy:
C Tom Hash, Santosh Deshpande, and Vincent Vadez, ICRISAT).

duration, and severity of drought stress. Sorghum
responses to moisture stress at all four growth
stages have been well characterized. Variation
in these responses has been observed and found
to be heritable (Reddy et al. 2009). Since the
phenotypic responses of genotypes differing in
drought tolerance can be masked if drought oc-
curs at more than one stage, screening techniques
have been developed to identify drought-tolerant
genotypes at each of the growth stages, sepa-
rately (Reddy 1986; Blum et al. 1989; Muchow
et al. 1996; Haussmann et al. 1998; Borrell et al.
2000a, 2000b; Harris et al. 2007). Of the sev-
eral mechanisms to circumvent drought stress
in sorghum, drought escape (related to shorter
maturity durations), drought avoidance (main-
tenance of higher leaf water potential, LWP),
and drought tolerance (related to greater osmotic

adjustment, OA) are important and have been
well characterized (Reddy et al. 2009). However,
LWP and OA did not correlate well enough with
grain yield in field conditions to merit selection
based on them; in addition, screening techniques
developed based on LWP and OA were not cost
effective in sorghum breeding. Empirical screen-
ing based on imposing drought at various growth
stages and measuring plant morphological and
yield responses was the most effective approach.
Long mesocotyl in seedling establishment and
recovery from midseason stress after release by
rains are important traits that can be easily de-
ployed in lines. The stay-green trait has been
well exploited to enhance postflowering drought
tolerance in sorghum (Reddy et al. 2009).

At ICRISAT, growth-stage-specific breeding
for drought tolerance, which involves alternate



P1: SFK/UKS P2: SFK Color: 1C

BLBS082-14 BLBS082-Yadav July 12, 2011 14:34 Trim: 246mm X 189mm

332 CROP ADAPTATION TO CLIMATE CHANGE

seasons of screening in specific drought and
well-watered environments, has been used to
breed sorghum that can yield well in both
high-yield-potential environments as well as in
drought-prone environments (Reddy et al. 2009).
Since hybrids have exhibited relatively better
performance than open pollinated cultivars for
grain yield under water-limited environments,
hybrid cultivar development (including their par-
ents) should be given strategic importance for en-
hancing sorghum production in water-scarce en-
vironments (Reddy et al. 2009). The progress in
enhancing drought tolerance in sorghum through
conventional approaches is limited by the quanti-
tative inheritance of drought tolerance and yield
coupled with the complexity of the timing, sever-
ity, and duration of drought. Biotechnology ap-
pears to offer promising tools, such as marker-
assisted selection, for genetic enhancement of
drought tolerance in sorghum. Four stable and
major QTLs were identified for the stay-green
trait and are being introgressed through marker-
assisted selection (MAS) into elite genetic back-
grounds at ICRISAT, QDPI, Purdue University,
and Texas A&M University (Reddy et al. 2009).

Integration of the sorghum genetic map de-
veloped from QTL information with the physical
map will greatly facilitate the map-based cloning
and precise dissection of complex traits such as
drought tolerance in sorghum. Sorghum has a
compact genome size (2n = 20) and can be an
excellent model for identifying genes involved in
drought tolerance to facilitate their use in other
crops. Paterson et al. (2009) reported that with re-
spect to withstanding drought, sorghum has four
copies of a regulatory gene that activates a key
gene family that is present in a wide variety of
plants. Sorghum also has several genes for pro-
teins called expansins, which may be involved
in helping sorghum to recover from droughts.
In addition, it has 328 cytochrome P450 genes,
which may help plants respond to drought stress,
whereas rice has only 228 of these genes.

Some of the drought-tolerant sources identi-
fied in sorghum at ICRISAT include Ajabsido,
B35, BTx623, BTx642, BTx3197, El Mota,

Table 14.5. Sorghum germplasm and breeding lines
tolerant to drought at specific growth stages,
ICRISAT-Patancheru, India.

Growth stage Tolerant sources/improved lines

Seedling emergence IS 4405, IS 4663, IS 17595 and
IS 1037, VZM1-B and 2077 B,
IS 2877, IS 1045, D 38061, D
38093, D 38060, ICSV 88050,
ICSV 88065, and SPV 354

Early seedling ICSB 3, ICSB 6, ICSB 11 and
ICSB 37, ICSB 54, and ICSB
88001

Midseason DKV 1, DKV 3, DKV 7, DJ
1195, ICSV 272, ICSV 273,
ICSV 295, ICSV 378, ICSV 572,
ICSB 58, and ICSB 196

Terminal drought E 36-1, DJ 1195, DKV 3, DKV 4,
DKV 17, DKV 18, and ICSB 17

Source: ICRISAT 1982; Reddy et al. 2004a.

E36Xr16 8/1, Gadambalia, IS12568, IS22380,
IS12543C, IS2403C, IS3462C, CSM-63,
IS11549C, IS12553C, IS12555C, IS12558C,
IS17459C, IS3071C, IS6705C, IS8263C,
ICSV 272, Koro Kollo, KS19, P898012,
P954035, QL10, QL27, QL36, QL41, SC414-
12E, Segaolane, TAM422, Tx430, Tx432,
Tx2536, Tx2737, Tx2908, Tx7000, and Tx7078
(www.icrisat.org). ICRISAT has identified lines
that are tolerant to drought at various growth
stages (Table 14.5). Drought tolerance of M
35-1, a highly popular postrainy season adapted
landrace in India, has been amply demonstrated
(Seetharama et al. 1982).

Heat tolerance

Sorghum flowers and sets seed under high tem-
peratures (up to 43◦C) provided soil moisture is
available (House 1985). In many regions of the
world, sorghum production encounters heat and
drought stress concurrently, thus initial efforts in
breeding for temperature stress emphasized heat
tolerance. Jordan and Sullivan (1982) reported
heat and drought tolerance to be unique and in-
dependent traits. Despite the level of adaptation
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of sorghum in the SAT, seedling establishment
is still a major problem. Failure of seedling es-
tablishment due to heat stress is one of the key
factors that limits yields and affects stability of
production (Peacock 1982).

Understanding the genetic control of heat
tolerance in sorghum is a prerequisite for
formulating an appropriate breeding program.
Thomas and Miller (1979) reported that sorghum
seedlings respond differently when exposed to
varying temperatures, and genetic variation for
thermal tolerance in sorghum has been shown to
exist in certain lines that are capable of emerging
at soil temperature of about 55◦C. Peacock et al.
(1993) and Howarth (1989) discussed the need
for greater diversity in sorghum seedling toler-
ance to heat in superior genotypes, as this will
improve crop establishment in the SAT. Genetic
variability for heat tolerance among the geno-
types at the seedling stage was demonstrated by
Wilson et al. (1982). Using screening techniques
such as the leaf disc method (Jordan and Sulli-
van 1982) and leaf firing ratings by ICRISAT
breeders, genetic variability past the seedling
stage was demonstrated and positive correlations
were found between grain yield and heat toler-
ance, thus making breeding for heat tolerance a
viable option. Genetic variability for heat toler-
ance in sorghum was also reported by other re-
searchers (Sullivan and Blum 1970; Jordan and
Sullivan 1982; Seetharama et al. 1982).

Khizzah et al. (1993) studied four sorghum
parental lines RTx430, BTx3197, RTx7000, and
B35 and their F1s and F2 progenies during their
reproductive phases to assess the genetic ba-
sis of heat tolerance in sorghum. They reported
that parents were more heat tolerant compared
to their F1s and the heat tolerance is associated
with two genes with a simple additive model
and epistatic interaction. Khizzah et al. (1993)
also stated that cultivars with good late-season
drought tolerance were also heat tolerant, sug-
gesting a possible relationship between drought
and heat responses. Low to high heritability of
heat tolerance found in sorghum suggests the
feasibility of genetic enhancement of this trait.

B35 and BTx3197 could be used as sources
for heat tolerance in sorghum improvement pro-
grams (Khizzah et al. 1993). The importance of
additive gene effects over dominance effects for
heat tolerance index was reported by Setimela
et al. (2007). Further studies are needed to better
understand the inheritance of heat tolerance in
sorghum.

Selection for heat tolerance in sorghum has
had limited success as (1) laboratory techniques
to screen for heat tolerance have not been ef-
fective in increasing heat tolerance expressed in
field conditions and (2) field screening for heat
tolerance is difficult to manage and is often con-
founded with drought tolerance (Rooney 2004).

Resistance to pests and diseases

Sorghum is affected by an array of insects and
diseases worldwide. Genetic options for shoot fly
resistance and grain mold tolerance in sorghum
are discussed because of their global importance.

Shoot fly resistance

Among the insects, shoot fly (Atherigona soc-
cata) is a major grain-yield-limiting insect pest
that causes damage when sowing is delayed in
the rainy or postrainy seasons. Shoot fly infesta-
tion is high when sorghum sowings are periodic
due to erratic rainfall, which is common in the
SAT. Greater incidence of shoot fly incidence is
expected with the predicted increases in tempera-
ture due to climate change. Agronomic practices,
synthetic insecticides, and host plant resistance
have been employed for shoot fly management
to minimize losses. Host plant resistance can
play a major role in minimizing the extent of
losses and is compatible with other tactics of
pest management, including bio-control mea-
sures. ICRISAT contributed to development and
refinement of the interlard fish meal technique
and no-choice-cage technique for screening for
resistance against shoot fly and several resistant
lines with desirable genetic backgrounds have
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been identified (ICSV 702, ICSV 705, ICSV
708, PS 21318, PS 30715-1, and PS 35805)
as well as other sources (IS 18551) (Sharma
et al. 1992). Interestingly, some of these lines
turned out to be sweet sorghums with higher
Brix%, juice volume, and stalk yield. Following
a trait-based pedigree breeding approach, a
large number of shoot-fly-resistant seed parents
for both rainy season (ICSA/B 409 to ICSA/B
436) and postrainy season (ICSA/B 437 to
ICSA/B 463) adaptations were developed
(Reddy et al. 2004b; http://test1.icrisat.org/gt-
ci/Newsletters/ISMN_Specialissue/Text/ISMN-
47_SpecialIssue_text.pdf, Accessed February
17, 2010). More recently, additional sources of
resistance viz., IS 923, IS 1057, IS 1071, IS
1082, IS 1096, IS 2394, IS 4663, IS 5072, IS
18369, IS 4664, IS 5470, and IS 5636 are being
used in the development of shoot-fly-resistant
hybrid parents. In a B-line development pro-
gram, the shoot fly resistance levels in the
advanced lines (BC7s and BC9s) was high, with
low shoot dead hearts % (33–46%) compared
to the susceptible check 296B (59% SFDH)
and significantly higher grain yield (up to 10%)
compared to 296B (4.11 t ha−1) (Table 14.6).

Table 14.6. Performance of advanced sorghum B-lines
for agronomic traits and shoot fly resistance in 2008 rainy
season at ICRISAT-Patancheru, India.

Genotype

Days to
50%

flowering

Plant
height

(m)

Shoot
fly dead
hearts
(%)

Grain
yield

(t ha−1)

SP 97041 68 1.5 33 4.50
SP 97029 70 1.4 38 3.51
ABT 1007 68 1.6 39 4.52
SP 97033 70 1.6 40 3.57
SP 97035 69 2.1 45 6.09
SP 97037 68 1.5 46 5.33

Controls
IS 18551 72 3.0 31 2.57
296B 70 1.5 59 4.11
Swarna 69 1.8 44 4.86
Mean 69 1.73 46.02 4.28
CV (%) 2.95 21.33 53.93 14.00
CD (5%) 3.47 0.63 42.02 1.00

New B-lines with high grain yield and shoot fly
resistance were identified during the 2008 rainy
season at ICRISAT-Patancheru. Marker-assisted
backcrossing has been attempted at ICRISAT-
Patancheru to transfer five putative QTLs from
the donor parent IS 18551 into the genetic back-
grounds of elite shoot-fly-susceptible B-lines
BTx623 and 296B, and the introgression lines
are being evaluated (Tom Hash, unpublished).

Considering the potential risk of using a sin-
gle source of CMS for developing hybrids, sev-
eral A-lines based on diverse alternative CMS
sources—A2, A3, A4 (M), A4 (VZM), and A4

(G)—have been developed. Conclusive stud-
ies have been conducted at ICRISAT to estab-
lish the suitability of hybrids based on CMS
sources other than A1, the widely used CMS sys-
tem. Evaluation of hybrids developed involving
isonuclear alloplasmic A-lines (A1, A2, A3, A4

(M), A4 (G), and A4 (VZM) cytoplasms) each in
six nuclear genetic backgrounds (ICSA 11, ICSA
37, ICSA 38, ICSA 42, ICSA 88001, and ICSA
88004) for 2 years indicated no significant dif-
ferences between the cytoplasms for shoot fly re-
sistance in rainy and postrainy seasons (Sanjana
Reddy, ICRISAT–Patancheru, unpublished).

In the shoot fly resistance improvement pro-
gram at ICRISAT in 2009 rainy season, 11 elite
sweet sorghum hybrids with 11–42% less, 12 ad-
vanced hybrids with 5–14% less, 10 B-lines with
5–51% less, and 24 R-lines showed 5–52% less
shoot fly dead hearts than the control (SSV 84:
88–93% dead hearts) (Sharma HC, unpublished).

Grain mold resistance

Grain mold (caused by a complex of Fusar-
ium and many other pathogenic and saprophytic
fungi) is a major disease of sorghum caused
by a complex of fungi that affects grain pro-
duction and quality. The disease is particularly
important in the case of improved, short- and
medium-duration sorghum cultivars, such as the
improved/released cultivars that mature during
the rainy season in humid, tropical, and subtrop-
ical climates. With increase in temperature and
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more intensive rains due to climate change, mold
infection is expected to be more severe than at
present. Photoperiod-sensitive cultivars that ma-
ture after the rains (or at the end of rainy sea-
son) often escape grain mold infection. Sorghum
cultivars with the white grain pericarp (used as
food in India) are particularly more vulnerable
to grain mold than those with brown or red grain
pericarps. Both greenhouse and field screening
techniques have been standardized by ICRISAT
and NARS partners for effective screening for
grain mold resistance, and new sources of resis-
tance have been identified for use in breeding
programs (Thakur et al. 2006). A total of 156
grain mold tolerant/resistant lines were identi-
fied by screening 13,000 photoperiod-insensitive
sorghum germplasm lines (Bandyopadhyay et al.
1988). Resistance has been found mostly in
colored grain sorghums with and without tan-
nins and also in a few white-grain sorghums
(Thakur et al. 2006; Bandyopadhyay et al. 1988,
1998). Using the grain-mold-resistant white-

grained germplasm sources, a couple of hybrid
parents and varieties were developed. PVK 801
is one such variety developed by Marathwada
Agricultural University (MAU), India, in part-
nership with ICRISAT. PVK 801 is quite pop-
ular in the rainy season in India. Studies on
ICRISAT-developed B-lines in multilocation tri-
als by the Indian national program showed that
11 entries (ICSB 355, -376, -377, -383, -388, GM
3, ICSB 355-1-10, -393-7-1, -401-4-2, -403-4-1,
and SGMR 33-1-8-3-2) have stable grain mold
resistance across five locations, with mean pan-
icle grain mold rating (PGMR) = 2.0 (PGMR
represents the percentage of grain molded on
a panicle, recorded on a 1–9 scale, where 1 =
highly resistant and 9 = highly susceptible) dur-
ing 2006−07 (http://nrcjowar.ap.nic.in/aicsip06/
reports/pathology.pdf, accessed December 12,
2009). Recent studies at ICRISAT-Patancheru
indicated that it is possible to breed grain-mold-
resistant hybrids with grain yields comparable to
popular high grain yielding hybrids. Table 14.7

Table 14.7. Performance of selected advanced sorghum B-lines for grain mold tolerance and agronomic
traits in 2008 rainy season at ICRISAT-Patancheru, India.

Genotype
Days to 50%

flowering
Plant height

(m)
Panicle grain mold
rating (PGMR)2

Grain yield
(t ha−1)

SP 97047 71 1.9 6.0 5.13
SP 97051 71 1.8 6.0 4.79
SP 97045 70 1.9 6.7 6.37
SP 97065 69 1.7 6.7 5.19
SP 97067 73 1.7 7.0 4.94
SP 97053 68 1.8 7.0 3.81
SP 97055 71 2.0 7.0 5.24
SP 97057 70 1.8 7.0 5.68
SP 97069 70 1.6 7.0 3.57
SP 97073 73 1.5 7.0 5.14
SP 97059 72 1.6 7.3 3.58

Controls
Bulk Y (susceptible check) 50 1.3 9.0 5.54
296 B (susceptible check) 71 1.4 9.0 4.52
IS 14384 (resistant check) 72 3.1 2.0 6.58
Mean 69.50 1.75 6.98 4.95
CV (%) 1.94 7.57 7.74 9.44
CD (5%) 2.23 0.22 0.88 0.77

Source: Ashok Kumar, ICRISAT (Unpublished).
PGMR represents the percentage of grain molded on a panicle, recorded on a 1–9 scale, where 1, highly
resistant; 9, highly susceptible.
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depicts the grain mold tolerance and agronomic
traits of some of the recently developed sorghum
B-lines. In addition to these efforts, SSR marker-
based diversity assessment of grain mold resis-
tance sources has been conducted and identifica-
tion of QTLs for grain mold resistance is under-
way at ICRISAT-Patancheru and Indian national
programs.

Increased grain microdensity

Malnutrition due to micronutrient deficiency (Fe
and Zn) is alarming in Southeast Asia includ-
ing India, especially in preschool children and
pregnant women. The intensity of micronutri-
ent malnutrition is high in the SAT, the home
for millions of resource-poor people. The peo-
ple of SAT depend upon sorghum along with
other food staples for their calorie and micronu-
trient requirement. Droughts and water scarcity
diminish dietary diversity and reduce overall
food consumption and this may lead to malnu-
trition (http://www.fao.org/docrep/010/ai799e/
ai799e00.HTM, accessed February 17, 2010).
Biofortification, i.e., development and deploy-
ment of micronutrient-dense sorghum cultivars
using the best conventional plant breeding meth-
ods complemented by biotechnology tools, has
been recognized as an effective strategy to mit-
igate dietary micronutrient deficiency. Research
efforts at ICRISAT and elsewhere showed that
there is considerable genetic variability and high
heritability for grain Fe and Zn contents, and
it is possible to genetically enhance the grain
micronutrient content (Fe and Zn) in sorghum
(Reddy et al. 2005; Ashok Kumar et al. 2009).
Studies at ICRISAT identified promising Fe-
and Zn-rich donors in the sorghum core col-
lection for use in developing Fe- and Zn-rich
cultivars (Ashok Kumar et al. 2009). Signifi-
cant positive correlation was observed between
grain Fe and Zn contents (r = 0.75). Five
accessions—IS 5427, IS 5514, IS 55, IS 3760,
and IS 3283—with high grain Fe (>50 mg kg−1)
and high Zn (>37 mg kg−1) contents can be uti-
lized to increase the diversity and micronutrient

density of sorghum hybrid parents in the future
(Table 14.8). PVK 801 is a high yielding, grain-
mold-tolerant ICRISAT-MAU partnership vari-
ety possessing high grain Fe (>50 ppm) and Zn
(>35 ppm) contents.

The way forward

Climate change will modify the LGP across
the regions of interest, but this can be miti-
gated by the retargeting and redeployment of
existing germplasm. Predicted temperature in-
creases, through their effect on increasing rate of
crop development, will have greater negative im-
pact on crop production than the relatively small
(+/− 10%) changes in rainfall that are pre-
dicted to occur. Yield gap analyses at ICRISAT
and elsewhere have shown that the negative im-
pacts of climate change can be largely mitigated
through greater adoption of improved crop, soil
and water management innovations by farm-
ers, and better targeted crop improvement ap-
proaches by farmers, more explicitly focused on
adaptation to climate change. The impact of cli-
mate change on yields under low input agricul-
ture is likely to be minimal as other factors will
continue to provide the overriding constraints
to crop growth and yield. The adoption of cur-
rently recommended improved crop, soil, water,
and pest management practices, even under cli-
mate change, will result in substantially higher
yields than farmers are currently obtaining un-
der low input systems. Adoption of heat tolerant
varieties could result in complete mitigation of
climate change effects that result from temper-
ature increases. Owing to the evolutionary ad-
vantages, its genetic resources and progress in
genetic advancement, sorghum is in a unique
position to cope with climate change. Develop-
ment of medium to long duration cultivars with
heat and drought tolerance, resistance to pests
and diseases, and higher micronutrient density
in high- yielding backgrounds is the key for fu-
ture sorghum improvement programs. Tapping
alternate markets like sweet sorghum for biofuel
and fodder, grain for poultry feed and starch and
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malting will help farmers in rainfed regions re-
alize greater incomes from sorghum cultivation.
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Chapter 15

Breeding Cowpea for Future Climates
Anthony E. Hall

Introduction

Global climates are changing, and since plant
breeding programs typically operate within time
frames of decades, it is appropriate to begin
designing cultivars adapted to future climates.
Cowpea breeding strategies are examined that
could solve heat-stress problems and exploit an
opportunity that may result from global climate
change. An established feature of global cli-
mate change is the continuing increase in atmo-
spheric carbon dioxide concentration ([CO2]).
Plants with the C3 photosynthetic system, such
as cowpea, potentially should exhibit increases
in photosynthesis with increases in [CO2]. Prior
to 1900, however, plants were subjected to low
[CO2]s between 180 and 300 μmol mol−1 for at
least 220,000 years (Barnola et al. 1987; Jouzel
et al. 1993) and plants may still be adapted to
these conditions. The extent to which plants with
C3 photosynthesis are adapted either to current
[CO2]s of about 380 μmol mol−1 or the dou-
bling of [CO2] expected to occur in the future
is not known. Plant traits that might enhance the
response of photosynthesis by cowpea to ele-
vated [CO2] are discussed. Global warming of
a few degrees Celsius has been predicted to oc-
cur as a consequence of the increases in [CO2]
and other gases that absorb infrared radiation in

the earth’s atmosphere (Kerr 1986). Greater in-
creases in night temperature than in day temper-
ature were observed in some locations for several
years after 1950 (Kukla and Karl 1993), which
has particular significance to breeding cowpea
to tolerate heat. More recent data indicate, how-
ever, that from 1979 through 2004, similar in-
creases occurred in both the 24-hour minimum
and 24-hour maximum temperatures (Vose et al.
2005). Possible interactive effects on cowpea of
global warming and increases in [CO2] are ex-
amined. Problems arising from changes in hy-
drologic conditions due to global climate change
are not considered because these problems might
be solved by changes in crop management meth-
ods. This review builds on reviews by Hall and
Allen (1993) and Hall and Ziska (2000) who ex-
amined breeding strategies for all crops in the
twenty-first century by providing additional and
more recent information on cowpea.

Cultivated cowpea (Vigna unguiculata L.
Walpers) has been divided into five cultivar
groups based mainly on pod, seed, and ovule
characteristics (Pasquet 1999). Cultivars in these
groups are grown to produce dry grain (includ-
ing blackeye peas or blackeye beans), fresh peas
(including southern peas), edible pods (includ-
ing bush-types and members of cultivar group
Sesquipedalis, which also are known as yardlong

Crop Adaptation to Climate Change, First Edition. Edited by Shyam S. Yadav, Robert J. Redden, Jerry L. Hatfield,
Hermann Lotze-Campen and Anthony E. Hall.
c© 2011 John Wiley & Sons, Ltd. Published 2011 by John Wiley & Sons, Ltd.

340



P1: SFK/UKS P2: SFK Color: 1C

BLBS082-15 BLBS082-Yadav July 12, 2011 14:38 Trim: 246mm X 189mm

BREEDING COWPEA FOR FUTURE CLIMATES 341

beans, long beans, Asparagus beans, or snake
beans), and hay. Cowpeas are grown as warm-
season-adapted annuals in tropical and subtropi-
cal zones (as defined by Hall 2001) in all coun-
tries in sub-Saharan Africa and in Asia, South
America, Central America, the Caribbean, the
United States, and around the Mediterranean
Sea. In subtropical zones, temperatures are only
suitable for growing cowpea in the summer,
whereas temperatures often are suitable year-
round in tropical zones. Most of the world’s
cowpea production takes place in tropical ar-
eas of sub-Saharan Africa with about 11 million
hectares under cultivation (Singh et al. 2002).
The main production is in the Sudan Savanna
zone of West Africa (especially in Nigeria) but
with substantial production also in the semi-
arid Sahelian zone, which stretches across Africa
from Senegal in the west to the Sudan in the east.
Outside of Africa, major cowpea production oc-
curs in tropical areas of Brazil and Asia, and sig-
nificant subtropical zone production takes place
in the United States and South Africa (Singh et al.
2002).

Adaptation to elevated
atmospheric [CO2]

Under optimal temperatures, photosynthetic
rates of cowpea increase substantially with short-
term increases in [CO2] (Hall and Schulze 1980)
similar to other C3 species. Doubling [CO2] has
increased grain yield of grain legumes by 54% at
intermediate temperatures (Kimball 1983). For
the only study reported for cowpea (Ahmed et al.
1993a), pod yield was 45% greater for plants
growing at 700 μmol mol−1 [CO2] compared
with 350 μmol mol−1 [CO2]. This study was
conducted with plants in pots in growth cham-
bers with moderate light levels (530 μmol photon
m−2 s−1). Grain yield of cowpea growing under
sunny field conditions might increase more than
45% with a doubling of [CO2], providing tem-
peratures and rooting conditions are optimal. But
will current cowpea cultivars be well-adapted to
[CO2]s of 700 μmol mol−1? Cowpea like other

C3 species was subjected to [CO2]s between
180 and 300 μmol mol−1 for at least 220,000
years prior to 1990. The characteristics of the
enzyme involved in the initial fixation of CO2

in C3 plants, ribulose bisphosphate carboxylase,
may not have changed very much during this pe-
riod (Morell et al. 1992). However, it is likely
that low [CO2] resulted in evolutionary modifi-
cations to whole-plant processes, such as a high
ratio of photosynthetic source tissue to carbohy-
drate sink tissues, that would not be well-adapted
with [CO2]s of 700 μmol mol−1 where potential
rates of photosynthesis are greater. Plants with a
high ratio of photosynthetic source to carbohy-
drate sink tissue would have low values of harvest
index (the ratio of grain dry matter to total shoot
dry matter at harvest). Natural evolution tends to
favor plants with competitive canopies that also
have low harvest indexes. Consequently, it is not
surprising that the new cultivars of grain crops
developed by plant breeders for optimal condi-
tions have tended to have progressively greater
harvest indexes (Gifford 1986). Selecting for fur-
ther increases in harvest index may be effective
in increasing grain yield in future environments
with higher [CO2]s.

In some cases, downregulation of photosyn-
thetic capacity has occurred when plants were
exposed to high [CO2]s for long periods or grown
under high [CO2]. Downregulation of photosyn-
thetic capacity was apparent in cowpea grown
at 700 μmol mol−1 [CO2] compared with plants
grown at 350 μmol mol−1 [CO2] (Ahmed et al.
1993a). This downregulation could have been ei-
ther a consequence of the artificial growth con-
ditions or it may indicate that current cultivars of
cowpea are not well adapted to elevated [CO2].
Down regulation of photosynthesis has been at-
tributed to feedback mechanisms that operate
when the supply of carbohydrates from photo-
synthesis exceeds sink demands for carbohy-
drates (Allen 1994). However, as Arp (1991)
pointed out, strong downregulation of photo-
synthesis mainly has been observed in elevated
[CO2] experiments, like the one with cowpea,
where plants were grown in small pots that would
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have resulted in a much smaller root sink for
carbohydrates than occurs in most natural soil
conditions.

Adaptation to global warming

Stressful high temperatures that reduce the grain
yields of cowpea already occur in some trop-
ical and subtropical production zones. Conse-
quently, heat-tolerant cowpea cultivars are use-
ful today (e.g. Ehlers et al. 2000) and likely will
be even more valuable in the future. The web
site www.plantstress.com has a section on crop
breeding for heat tolerance and has much in-
formation on cowpea. Breeding for heat toler-
ance with all crops was reviewed by Hall (1992,
1993). This review emphasizes cowpea and pro-
vides some more recent information. Much of
the information on cowpea response to heat was
obtained in a subtropical zone. This information
will be discussed first followed by a discussion of
its relevance to tropical zones where most cow-
peas are cultivated. Then, information obtained
in tropical zones will be discussed.

Heat stress effects in subtropical zones

What stages of plant growth and development
are most sensitive to heat and are responsible
for the reductions in grain yield that occur?

For cowpea, and many other crops, reproduc-
tive stages are very sensitive to heat, while the
vegetative stage is very tolerant to high temper-
atures (Hall 1992, 1993, 2004). Most cowpea
cultivars tested grew rapidly and produced abun-
dant shoot biomass under irrigation in one of the
hottest crop production environments on earth
(during the summer in the low elevation desert in
southern California with mean daily max/min air
temperatures of 41/24◦C and long days varying
from 14 hour 50 minutes at sowing to 14 hour
16 minutes after 30 days). However, many of
these cultivars did not produce flowers and vir-
tually all of those that did produce flowers did not
produce any pods (Patel and Hall 1990; Ehlers
and Hall 1996). Several reproductive stages are

damaged by heat but low pod-set is most closely
associated with reductions in grain yield and will
be discussed first.

What aspect of hot weather is responsible
for reductions in pod-set?

Early studies with well-irrigated cowpeas sown
at different dates and years showed variations
in grain yield between 2000 and 4000 kg ha−1,
which were positively correlated with variations
in number of pods per m2 and negatively cor-
related with high temperatures expressed as de-
gree days for air temperatures above 35◦C for
30 days after the appearance of floral buds (Turk
et al. 1980). However, in subsequent growth
chamber studies, neither high day temperature
nor moderate drought caused a reduction in pod-
set, whereas, very high night temperature caused
plants to have no pod-set (Warrag and Hall
1984a, 1984b). A definitive study was conducted
in which plants in the field were subjected to dif-
ferent higher night temperatures during flower-
ing. This was achieved by enclosing large plots
with plastic covers placed over plants at sun-
set (Nielsen and Hall 1985a). Inside the covered
areas, there were fans, heaters, and differential
thermostats that increased air temperatures pre-
set numbers of degrees above the outside ambient
air temperature. Plastic covers were removed at
sunrise and fans and heaters were switched off
such that the daytime environment was not in-
fluenced by the treatments. For plots having five
mean minimum nighttime temperatures varying
from 15◦C to 26.5◦C, there was a linear decrease
in grain yield from 2.8 to 1.4 t ha−1, and a linear
decrease in pod-set from 62% to 32% (Nielsen
and Hall 1985b; Hall 1993). This represented a
4.4% decrease in grain yield per degree Celsius
increase in nighttime temperature above a thresh-
old daily minimum night temperature of 15◦C.
In a subsequent correlations study using con-
trasting field environments, cowpea exhibited a
13.6% decrease in grain yield per degree Celsius
increase in average daily minimum night temper-
ature above 16◦C during early flowering (Ismail
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and Hall 1998). In this study also the decreases
in grain yield were mainly due to decreases in
pod-set.

What is responsible for the reductions in
pod-set caused by high nighttime temperature?

Low pod-set was associated with low pollen via-
bility (Warrag and Hall 1984b), and some geno-
types that were very sensitive to heat also had
low anther dehiscence (Mutters and Hall 1992).
Artificial pollination studies demonstrated that
pistil viability was not affected by high night
temperatures (Warrag and Hall 1983). Recipro-
cal transfers of plants between growth chambers
with high or optimal night temperatures demon-
strated that the stage of floral development most
sensitive to heat stress occurred 9–7 days before
anthesis (Ahmed et al. 1992). This is after meio-
sis, which occurs 11 days before anthesis and
about the same time that the tetrads are released
from the microspore mother cell sac (Warrag
and Hall 1984b; Ahmed et al. 1992; Mutters and
Hall 1992). Premature degeneration of tapetal
tissue and lack of endothecium formation were
observed, which could have been responsible
for the low pollen viability, low anther dehis-
cence, and low pod-set under high night tem-
peratures (Ahmed et al. 1992). Tapetal tissue
plays an important role in providing nutrients to
developing pollen grains and its premature de-
generation could thereby stunt pollen develop-
ment. Mutters et al. (1989b) demonstrated that,
at pollen maturity, heat-sensitive cowpea geno-
types contained lower concentrations of proline
in pollen than heat-tolerant cowpea genotypes
under hot conditions, but similar levels as heat-
tolerant genotypes under more optimal tempera-
tures. Pollen development, membrane function
and germination, and pollen tube growth are
thought to require high levels of proline. Mutters
et al. (1989b) proposed that heat injury during
floral development of sensitive cowpea geno-
types may be due to reduced translocation of
proline from anther walls and tapetal tissue to
developing pollen. Tapetal malfunction has been

considered to be the causal mechanism of much
of the cytoplasmic and genetic male sterility oc-
curring in plant species (Dundas et al. 1981;
Nakashima et al. 1984).

Why is pod-set in cowpea sensitive to high
night temperature when much higher
temperatures occur in the day?

Growth chamber studies demonstrated that pod-
set of cowpea is sensitive to heat during the
last 6 hours of the night but not during the first
6 hours of a 12-hour night (Mutters and Hall
1992). Sensitivity of pod-set to heat is greater un-
der long days than short days, and the responses
to red light during long nights, far-red light af-
ter long days, and far-red then red light after
long days indicate that this is a phytochrome-
mediated photoperiod effect (Mutters et al.
1989a). Phytochrome-mediated events have a de-
gree of circadian control, and Mutters and Hall
(1992) hypothesized that there is a physiologi-
cal process in pollen development that is under
circadian control and only occurs during the late
night. Note that the sensitive period may stretch
into the early morning in that in growth cham-
ber studies under moderate night temperatures,
greater reductions in pod-set were observed with
a very high day temperature than with a high day
temperature (Warrag and Hall 1983). For a heat-
sensitive process that is under circadian control,
natural selection would favor plants in which the
process takes place during the coolest part of the
diurnal period, which is the late night and early
morning.

What other reproductive responses are
sensitive to high temperatures?

Under long day and very hot field conditions,
some cowpea genotypes produced floral buds,
but they did not produce any flowers (Patel and
Hall 1990). Prior to discussing growth cham-
ber studies of floral bud suppression by heat,
it is important to note that it depends on light
quality and does not occur in some hot growth
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chamber conditions. Floral bud development was
arrested by high night temperature and long days
only in growth chambers that had red (655-665
nm)/far-red (725-735 nm) ratios of 1.3 or 1.6
but not in chambers with a higher R/FR ratio
of 1.9 (Ahmed et al. 1993b). Note that growth
chambers that mainly use either fluorescent or
metal-halide lamps can have a high R/FR ra-
tio and often have been used in plant growth
studies. Few tungsten lamps were used in these
studies because even though they produce much
FR, they have the undesirable features of pro-
ducing much heat and relatively few photosyn-
thetically active photons. Also note that sunlight
has a low R/FR ratio of 1.2 above the canopy
and an even lower ratio within dense canopies.
The suppression of floral bud development under
long days with high night temperatures appears
to be a phytochrome-mediated photoperiod ef-
fect except that a night-break of red light during
a long night did not result in floral bud suppres-
sion (Mutters et al. 1989a). Suppression of floral
buds under long days occurred under hot nights
but was greater under the combination of hot
nights and very hot days (Dow El-Madina and
Hall 1986). Transfer and heat-pulse experiments
demonstrated that plants did not have a particu-
lar stage of development where they were very
sensitive to high night temperature but that the
duration of heat experience may be critical for the
suppression of floral bud development (Ahmed
and Hall 1993). Two weeks or more of consec-
utive or interrupted hot nights during the first
four weeks after germination caused complete
suppression of the development of the first five
floral buds on the main stem (Ahmed and Hall
1993). The minimum daylength required to elicit
heat-induced suppression of floral bud develop-
ment may be as short as 13 hours, including civil
twilight. Days that are longer than this minimum
occur in all subtropical and some tropical zones
during the cowpea growing season. It should be
noted that genotypes of cowpea with “classical”
sensitivity to photoperiod do not produce flo-
ral buds under long days. Under inductive short
days and high night temperatures a cultivar with

“classical” sensitivity produced floral buds, and
the buds were not sensitive to heat and devel-
oped normally and produced flowers (Mutters
et al. 1989a).

Different cowpea genotypes have pods that
produce 9–20 ovules, with many cultivars having
15, but they rarely produce these many seeds per
pod. Under optimal conditions, the average num-
ber of seeds per pod is about two-thirds of the
maximum possible number. In short-day green-
house conditions, 17 sensitive cowpea genotypes
exhibited an average reduction in number of
seeds per pod of about 50% in hot compared
with moderate night temperatures (Ehlers and
Hall 1998). In long-day conditions, cowpea also
exhibited reductions in numbers of seeds per pod
due to either hot night temperatures (Nielsen
and Hall 1985b) or hot day temperatures (Warrag
and Hall 1983). For virtually all cowpea geno-
types, it is the ovules at the blossom end of the
pod that do not produce seed when plants are sub-
jected to heat and other stresses. An exception
is the important genotype TVu4552, which has
strong heat tolerance during floral bud develop-
ment and pod-set, but a tendency to not produce
the first seed at the peduncle end of the pod. This
genotype also exhibited brown discoloration of
the seed coat when subjected to high night tem-
peratures in subtropical field conditions (Nielsen
and Hall 1985b). This seed-coat browning can re-
sult in consumer dissatisfaction with the quality
of the grain. The important thrip-resistant cow-
pea TVx3236 also exhibits unpleasant seed-coat
browning when grown in tropical regions where
night temperatures are high. High day tempera-
tures caused seed to have asymmetrical cotyle-
dons and more wrinkled seed coats but the ger-
minability of the seed was not affected (Warrag
and Hall 1984a).

What sources of heat tolerance during
reproductive development are available
in cowpea?

Accessions of cowpea from different coun-
tries were screened for heat tolerance during
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reproductive development in an irrigated low
elevation desert, summer environment in Cal-
ifornia with very hot (mean daily maxi-
mum/minimum air temperatures of 41/24◦C)
long-day (14 hour, 50 minutes at planting to
14 hour, 16 minutes after 30 days) conditions.
Only 3 out of 268 accessions were found to have
heat tolerance during both floral bud develop-
ment and pod-set and abundantly produce flow-
ers and pods in these conditions: two dry-grain
bush types from Nigeria, Prima, and TVu4552,
and one edible-pod bush type from India (Patel
and Hall 1990). Many of the accessions (71) ex-
hibited heat tolerance during floral bud develop-
ment, abundantly producing flowers but did not
set any pods. A genotypic classification of cow-
pea based on responses to heat and photoperiod
has been developed (Ehlers and Hall 1996). This
classification can help breeders choose geno-
types with appropriate juvenility, photoperiod
response, and heat tolerance for breeding pro-
grams to serve different subtropical and tropical
production zones. Out of 20 accessions studied,
two had heat tolerance during grain development
under short days, exhibiting the maintenance of
many seeds per pod: TN88-63 a grain type from
Niger and B89-600 a grain type from Senegal
(Ehlers and Hall 1998).

What is the inheritance of heat tolerance and
how can this information be used in breeding?

Sensitivity to heat during floral bud development
appears to be phytochrome-mediated. Tolerance
to heat during floral bud development appears
to be conferred by a single recessive gene when
using either Prima or TVu4552 as a heat-tolerant
parent (Hall 1993). Heat tolerance during early
floral bud development has been effectively se-
lected during the first generation (e.g., F2) by
selecting individual plants that abundantly pro-
duced flowers when subjected to hot, long days
during the first month after germination.

Sensitivity to heat during pod-set appears to
have at least two components one of which is
phytochrome mediated. Segregation of heat tol-

erance during pod-set was consistent with the
hypothesis that some heat tolerance during pod-
set is conferred by a single dominant gene in both
TVu4552 and Prima (Marfo and Hall 1992). Al-
though it is likely that at least one more gene is
involved in conferring more complete heat toler-
ance during pod-set. In addition, there were large
environmental effects on pod-set, and narrow-
sense heritability was only 0.26 while realized
heritability was only 0.27 (Marfo and Hall 1992).
Not surprisingly, at least two cycles of family se-
lection with advanced generations subjected to
hot, long days have been required to incorpo-
rate substantial levels of heat tolerance during
pod-set.

While breeding for heat tolerance during pod-
set has been effective in southern California, it
has taken several cycles of selection, and most
breeders in other regions have not had ideal
screening environments. This led to a search for
physiological features that are associated with
heat tolerance during pod-set. Several research
groups evaluated the heat-tolerant lines and the
heat-susceptible lines developed by the Univer-
sity of California, Riverside, to see if they dif-
fered in heat-shock proteins, but no differences
in heat shock proteins were found.

An indirect screening technique was evalu-
ated, involving percent electrolyte leakage from
leaf tissue sampled at the end of the dark
period following incubation at high tempera-
tures as a measure of membrane thermostability
(Ismail and Hall 1999). Genotypes with heat tol-
erance during both floral development and pod-
set exhibited less leaf electrolyte leakage than
either genotypes with susceptibility during both
early flowering and pod-set or genotypes having
heat tolerance only during floral development
(Ismail and Hall 1999).

On the basis of earlier research, leaf elec-
trolyte leakage had been proposed as a method
for screening for tolerance to heat and other
stresses (Blum 1988). More recent work with
cowpea by Thiaw and Hall (2004) will be de-
scribed in detail because this was the first time
that leaf electrolyte leakage had been related
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to a process, pod-set, that contributes to heat
resistance, which is the ability of a cultivar to pro-
duce more grain yield than other cultivars in hot
environments. A further refined leaf electrolyte
leakage technique was developed and used in
a definitive selection experiment that demon-
strated a close association between heat tolerance
during pod-set and slow leaf electrolyte leakage.
Leaf discs were sampled during the predawn pe-
riod from plants in the vegetative stage. Leaf
discs were rinsed and then incubated in deion-
ized water in a test tube for 6 hours in the pres-
ence of aeration at 46◦C with a cover to minimize
evaporation. Electrical conductivity of the solu-
tion was then measured. The test tube containing
the leaf discs was covered again and then placed
in boiling water for 45 minutes to kill the cells
and then incubated at 46◦C for 18–24 hours to
allow most of the electrolyte to diffuse out of the
leaf discs into the solution. A second measure-
ment of electrical conductivity was taken and the
percentage leakage was calculated based on the
first and second measurements. A heat-sensitive
cultivar, CB5, and a heat-tolerant breeding line,
H36, were used as parents in a selection experi-
ment. In breeding H36, CB5 had been crossed
with TVu4552, a heat-tolerant accession, and
then backcrossed with CB5. Several generations
of selection had been conducted for ability to
produce flowers and set pods in an extremely
hot, long-day environment producing line 518-2.
Then, line 518-2 had been backcrossed to CB5,
and segregating progenies had been selected for
heat tolerance in several generations, as was done
in developing 518-2, producing line H36. Line
H36 was shown to consistently have less leaf
electrolyte leakage (average of 52%) than the
heat-sensitive cultivar CB5 (average of 68%) in
tests over a range of environments with opti-
mal or extremely hot temperatures and long or
short days. Line H36 and CB5 were reciprocally
crossed and produced F1 seeds that were planted
to produce F2 seeds, from which two popula-
tions were developed. Thirty-two lines were di-
vergently selected based on low (16) and high
(16) leaf electrolyte leakage with plants grown

in optimal temperatures and long days in growth
chambers in both the F2 and F3 generations and
then advanced by single-seed descent for two
generations. One hundred and six lines were di-
vergently selected based on high pod-set (66)
and low pod-set (40) in an extremely hot, long-
day field environment in the F2 generation and
then advanced by single-seed descent for three
generations. Both populations were evaluated in
the F6 generation for their ability to set pods and
produce grain in an extremely hot, long-day field
environment and a very hot, long-day glasshouse
environment. In both environments, the 66 lines
selected in one generation for pod-set and the
16 lines selected in two generations for low leaf
electrolyte leakage had greater pod-set and grain
yield than either the 40 lines selected for low
pod-set or the 16 lines selected for high leaf
electrolyte leakage. In both environments, highly
significant negative correlations were obtained
between leaf electrolyte leakage and number of
pods per peduncle and grain yield using data
from both populations. Realized heritabilities of
leaf electrolyte leakage were 0.28–0.34, and the
genetic correlation between leaf electrolyte leak-
age and pod-set was −0.36. This provides a value
for the indirect realized heritability for enhancing
pod-set by selecting for leaf electrolyte leakage
of 0.10–0.12. The value of 0.10–0.12 is smaller
than the realized heritability for direct selection
for pod-set of 0.27 reported by Marfo and Hall
(1992). Despite the low indirect realized heri-
tability value, indirect selection for pod-set us-
ing leaf electrolyte leakage may have value in
breeding programs. Selection for leaf electrolyte
leakage could be effective with plants grown in
moderate or hot temperatures and long- or short-
day environments. Therefore, it can be used in
both summer field nurseries and in glasshouses
in off-seasons, and it would be particularly use-
ful in regions where extremely hot, long-day en-
vironments are not available for use in direct
selection for heat tolerance during pod-set.

The heat-induced seed-coat browning of the
heat-tolerant accession TVu4552 constrains its
use as a parent in breeding. Genetic studies
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demonstrated, however, that this detrimental trait
appears to be conferred by a single dominant
gene and is not linked to the recessive gene
conferring heat tolerance during floral bud de-
velopment (Patel and Hall 1988). Also, instead
of using TVu4552 as a parent, breeders can
now use lines developed at the University of
California, Riverside, such as H36 mentioned
previously, which was bred by crossing TVu4552
with CB5 and followed by extensive backcross-
ing with CB5, and it does not have the seed-coat
browning trait.

The heat-tolerant accession Prima has an
undesirable trait involving leakage of purple pig-
ment from its blackeye during cooking or can-
ning. Effective simple tests are available to elim-
inate genotypes with this trait (Hall et al. 1997).
Also, instead of using Prima as a parent, breed-
ers could use lines developed at the Univer-
sity of California, Riverside, such as the culti-
var California Blackeye 27 (Ehlers et al. 2000),
also called CB27, which had both Prima and
TVu4552 as parents and has substantial heat
tolerance.

What progress has been made in breeding
cultivars with heat tolerance for subtropical
zones, and what positive and potential negative
effects are associated with the heat-tolerance
genes?

Heat tolerance of plant processes is of commer-
cial value only if it results in a cultivar having
heat resistance, which is higher grain yields com-
pared with other cultivars in hot environments.
In addition, a heat-resistant cultivar should have
similar or greater grain yields than current cul-
tivars in moderate-temperature environments. A
heat-resistant cultivar, CB27, that has these de-
sirable traits has been bred for use in California
(Ehlers et al. 2000).

Breeding CB27 took many years. Various
California blackeye cultivars and lines were in-
tercrossed and then crossed with both Prima
and TVu4552. Heat tolerance was incorporated

by selecting progeny with ability to produce
flowers and set pods over several generations
in extremely hot, long-day field nurseries. Un-
desirable traits, such as heat-induced seed-coat
browning and pigment leaking from the black
eye, were removed and additional resistances to
diseases and pests were incorporated.

Breeding for heat tolerance can now proceed
more quickly. CB27 and lines such as H36, which
have both heat tolerance and many desirable
agronomic traits, can be used as heat-tolerant
parents. A rapid breeding procedure is available
to incorporate heat tolerance. Make the cross and
subsequently subject a large F2 generation to an
extremely hot, long-day field environment in the
summer and select plants with abundant flower
production and pod-set. This will fix heat toler-
ance during floral bud development in virtually
all selected lines. Note that if an extremely hot,
long-day field nursery is not available, a summer
glasshouse that has high night temperatures and
long days could be used. However, glasshouses
usually can accommodate fewer plants or are
more expensive to operate (per plant screened)
than field nurseries. During the fall and winter,
there would be two possibilities. If the heat-
tolerant parent had less leaf electrolyte leakage
under heat stress than the heat-susceptible par-
ent, then select plants with low leakage during
the F3 and F4 generations with plants growing
in moderate-temperature glasshouses and short
days. If this option is not possible, then simply
advance two generations by single-seed descent.
During the second summer, grow replicate fam-
ilies of the F5 generation in the extremely hot,
long-day field nursery (or glasshouse with high
night temperature) and in parallel nurseries to
screen for agronomic traits. Note that selection
for grain quality traits is particularly important
in cowpea breeding. Choose families that have
abundant flower production and pod-set, and
also suitable agronomic traits in parallel nurs-
eries, and select the best individual plants from
within these families. In the following fall and
winter, advance two generations in moderate-
temperature glasshouses and short days or in
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an off-season field nursery. Finally, in the third
summer, performance test selected F8 lines in
several hot, long-day, commercial production en-
vironments.

For any trait used in plant breeding, it is im-
portant to determine whether it has any associ-
ated traits that are either beneficial or detrimen-
tal. The positive and potential negative effects
of heat-tolerance genes in cowpea have been
evaluated (Ismail and Hall 1998). Six pairs of
cowpea lines either having or not having heat
tolerance during reproductive development but
with similar genetic backgrounds were grown in
eight field environments with average night tem-
peratures ranging from cool (17◦C) to very hot
(28◦C). Heat-tolerant lines had greater first-flush
grain yields in hot and very hot environments
and similar yields as heat-susceptible lines in
cooler environments. In hot environments, the
heat-tolerant lines had greater pod-set and har-
vest index, and dwarfing due to shorter main stem
internodes and reduced vegetative shoot biomass
when compared with heat-susceptible lines. The
heat-tolerant lines were semidwarfed in all envi-
ronments where they were tested, ranging from
being cool to very hot with the greatest dwarf-
ing in the hotter environments. These semidwarf
lines were compared with genetically similar
heat-sensitive standard-height lines at three dif-
ferent row spacings in four field environments
with moderate temperatures (Ismail and Hall
2000). Average grain yield of standard-height
lines did not respond to row spacing. Semidwarf
lines produced greater grain yield than standard-
height lines at narrow row spacing in soil condi-
tions that promoted moderate to vigorous early
plant growth. The lower grain yields of the
standard-height lines were due to impaired repro-
duction when competition for light was strong.
Plant morphological relations with heat tolerance
were studied with three heat-susceptible lines,
three lines with heat tolerance during both flo-
ral bud development and pod-set, and three lines
with heat tolerance during early floral bud de-
velopment but heat sensitivity during pod-set
(Ismail and Hall 1999). The three lines with

complete heat tolerance were dwarfed, while the
three completely heat-susceptible lines were tall.
One of the lines with heat tolerance only during
early floral development was dwarfed, whereas
the other two lines were tall. These data in-
dicate that dwarfing is caused by a gene that
has genetic linkage with the gene responsible
for heat tolerance during early floral bud de-
velopment, a linkage that can be broken, and
may not be associated with heat tolerance during
pod-set.

Reproductive activity of cowpea can be char-
acterized by two flushes of pod production sep-
arated by a period of two weeks when lit-
tle or no flowering occurs (Gwathmey et al.
1992). Cowpea growers in the southern San
Joaquin Valley of California often manage the
crop to accumulate two flushes of pods (Hall
and Frate 1996). Grain yield from the second
flush depends on the extent of plant death due to
soil pathogens after the first flush is completed
(Ismail and Hall 1998). Heat tolerance can in-
crease first-flush grain yield but may reduce plant
survival after the first flush is completed (Ismail
and Hall 1998). A delayed-leaf-senescence
(DLS) trait has been discovered, which enhances
the extent of plant survival after the first flush
in senescence-inducing soils, thereby enhancing
second-flush grain yield but with a tendency to
reduce first-flush grain yield (Gwathmey et al.
1992). Four sets with ten lines each were bred
with +/− DLS and +/− heat tolerance and eval-
uated in contrasting field environments to test for
interactions between the DLS and heat-tolerance
traits (Ismail et al. 2000). The heat-tolerance trait
increased first-flush grain yield in very hot en-
vironments and only slightly enhanced the ten-
dency for premature plant death in non-DLS lines
with no effect on lines having the DLS trait.
In senescence-inducing soil conditions, the DLS
trait greatly increased plant survival and second-
flush grain yield, and only caused a small re-
duction in first-flush grain yield. Consequently,
the DLS and heat-tolerance traits can be effec-
tively incorporated into cowpea and would have
beneficial effects on grain yield in the specific
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circumstances where they are effective with only
small detrimental interactive effects.

Five bush-type edible-pod cowpea cultivars
(750, 754, 779, 868, and 1552) were bred at
the Indian Agricultural Research Institute, New
Delhi, India (Patel and Singh 1984). When
evaluated in an extremely hot, long-day nurs-
ery in subtropical California, they exhibited heat
tolerance during floral development and pod-set
(Patel and Hall 1986). In a performance trial con-
ducted in a moderately hot, long-day field envi-
ronment, their green-pod yields varied between
25 and 28 tons ha−1, whereas the US cowpea
cultivar Snapea yielded only 13 tons ha−1 and
a snapbean (Phaseolus vulgaris) cultivar, Con-
tender, gave green-pod yields of only 6.7 tons
ha−1 (Patel and Hall 1986). The heat-tolerant
edible-pod cowpea cultivars also have a semid-
warf habit.

Can cowpea be planted early such that it
escapes heat at early flowering?

In principle, early-sown cowpeas that flower
early could escape the high night temperatures
that occur in the summer. Current cowpea cul-
tivars cannot be sown too early in the spring,
however, because they are sensitive to chilling
and require a minimum soil temperature greater
than 18◦C if they are to emerge adequately
(Ismail et al. 1997). In addition, the cool night
temperatures of spring in subtropical zones cause
cowpeas to develop slowly, and the earliest flow-
ering cultivars take about 60 days from sowing to
first flowering in cool conditions. Some progress
has been made in breeding cowpeas with chilling
tolerance during emergence. On the basis of stud-
ies with contrasting lines in chilling field condi-
tions, Ismail et al. (1997) proposed an additive
model in which chilling tolerance during emer-
gence is conferred by the presence of a specific
dehydrin protein in the seed (positive single gene
nuclear effect) and the extent of electrolyte leak-
age from seed under chilling conditions (nega-
tive maternal effect) as a measure of membrane
thermostability. Tests with backcross materials

and molecular genetic (Ismail et al. 1999) and
inheritance studies (Ismail and Hall 2002) sup-
ported the hypothesis that the dehydrin protein
confers an increment of chilling tolerance under
single nuclear gene inheritance. The dehydrin
protein effect was shown to be independent of
the seed electrolyte leakage effect (Ismail et al.
1999). The maternal electrolyte leakage effect
was shown to persist in subsequent generations,
indicating it is a nuclear-inherited seed-coat trait
(Ismail et al. 1999). Four large sets of cowpea
lines were screened for the presence of the dehy-
drin and for electrolyte leakage from seed under
chilling conditions (Ismail and Hall 2002). The
dehydrin was present in many landraces (59%
out of 140) that evolved in subtropical zones
around the Mediterranean Sea where soils often
are cool during emergence. Surprisingly, how-
ever, the dehydrin also was present in most of the
tropical accessions (88% out of 59). Only three
out of 61 US cultivars, which had been developed
in subtropical zones where soils can be cool,
contained the dehydrin protein. Many lines with
the dehydrin protein in their seed are available
for use in breeding. This trait can be screened
in individual seeds using an immunoblot assay
of a chip taken from a cotyledon in a manner
that does not harm the germination of the seed
(Ismail et al. 1999). Genotypes that have sim-
ilar slow electrolyte leakage from seeds at low
temperature as the chilling-tolerant line 1393-2-
11 were identified. Heat tolerance during pod-
set appears to have some dependence on mem-
brane properties, and chilling tolerance during
emergence may depend on different membrane
properties. Consequently, it could be hypothe-
sized that it might not be possible to combine
these traits. This does not appear to be the case
in that lines have been bred at the University of
California, Riverside, which have both chilling
tolerance during emergence and heat tolerance at
pod-set. In germplasm screening studies, no as-
sociation was seen between heat tolerance during
emergence, chilling tolerance during emergence,
and heat tolerance during flowering (El-Kholy
et al. 1997).
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Heat stress effects in tropical zones

Detecting heat stress effects on cowpea grown
in tropical zones can be difficult due to the nu-
merous pests and diseases that damage floral
buds, flowers, pod-set, and developing seeds and
pods (Hall et al. 1997). The six pairs of cowpea
lines with differences in heat tolerance during re-
productive development in subtropical environ-
ments (Ismail and Hall 1998) were evaluated by
field studies in three locations in the tropical Sa-
vanna zone of northern Ghana and three environ-
ments in the tropical Sahelian zone of Senegal
(Hall et al. 2002). Average daily minimum tem-
peratures one week prior to the start of flowering
in these tropical zones varied between 21◦C and
26◦C, which is much higher than the threshold
minimum night temperature of 17◦C for caus-
ing damage to pod-set, indicated by the studies
of Ismail and Hall (1998) in subtropical zones.
With the higher night temperatures experienced
in these studies, the heat-tolerant lines developed
in California experienced even greater dwarfing
than had occurred in the subtropical zone. In all
of the six trials in West Africa, however, there
was no significant difference in grain yield be-
tween the averages of the six heat-tolerant lines
and the six heat-susceptible lines (Hall et al.
2002). In a study that included two more trials
in Senegal, similar results were obtained, and it
was demonstrated that the grain yields of the Cal-
ifornia lines were much less than those of well-
adapted local cultivars (Cisse 2001). The con-
trasting performances of the two sets of lines may
be partially explained by the longer daylengths
experienced by the plants in California
compared with West Africa. Growth chamber
studies had shown that high night tempera-
tures can be more damaging to cowpea in long-
day than in short-day conditions (Mutters et al.
1989a). However, growth chamber studies also
showed that high night temperatures can substan-
tially reduce pod-set under short days (Mutters
and Hall 1992). The heat tolerance of contrasting
cowpea lines have been evaluated in glasshouses
with high night temperature and either long or

short days (Ehlers and Hall 1998). Heat-tolerant
California lines had much greater grain yields
than heat-susceptible California lines under hot,
long-day conditions as had been observed under
hot, long-day field conditions in California. In
contrast, in hot, short-day glasshouse conditions,
the heat-tolerant and heat-susceptible lines had
similar very high grain yields. In West Africa,
under hot, short-day field conditions, these two
sets of lines gave similar grain yields, but they
were moderate. The moderate levels of grain
yield may be explained by the fact that these
California lines are not well-adapted to West
Africa. For example, the California lines are too
dwarfed in tropical night-temperature conditions
and they are highly susceptible to wet and dry
pod rots and insect pests. On some occasions,
in West Africa, the heat-tolerant California lines
were observed to produce many pods but most
of the pods shriveled due to attacks by pests and
diseases. Screening studies have indicated that
very high temperatures can damage reproduc-
tive development of cowpea in short-day tropi-
cal conditions (Singh et al. 2002). A set of 102
breeding lines was evaluated in field conditions
at the IITA, Kano Station, from March to May
when days were short and temperatures ranged
from 24◦C to 27◦C at night and from 38◦C to
42◦C during the day. Most of the lines exhibited
much flower abscission and produced few or no
pods with the most susceptible lines not produc-
ing pollen. These heat-susceptible lines had pro-
duced high yields during the regular cropping
season (July to October) when day and night
temperatures were cooler. Out of the 102 lines,
only four lines were found that had heat toler-
ance in that they produced normal pollen and
had good pod-set and high grain yields in the
March–May field screening. One of the heat-
tolerant parents, TVu4552, used to produce the
California heat-tolerant lines, was also evaluated
in this extremely, hot short-day tropical field en-
vironment and was found to have high pod-set
and grain yield. The other heat-tolerant parent,
Prima, has been shown to have heat-tolerance in
short days in growth chamber studies (Craufurd
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et al. 1998). The genes in Prima, TVu4552, and
the California lines that confer heat tolerance
during pod-set may be able to enhance pod-set
under tropical conditions, but they need to be
combined with additional genes that confer lo-
cal adaptation, such as resistance to various pests
and pod rots. The effects of these genes on grain
yield may not be as large in hot, short-day trop-
ical environments as has been observed in hot
subtropical zones. Some other lines observed
to produce high grain yields under hot, short-
day conditions by Ehlers and Hall (1998) and
Singh et al. (2002) might prove to be more effec-
tive parents for providing heat tolerance under
tropical conditions, since they already are well-
adapted to certain regions in tropical Africa. The
heat-tolerance traits of importance in hot tropi-
cal zones include ability to set pods and ability
to maintain many seeds per pod as exhibited by
B89-600 from Senegal and TN88-63 from Niger
(Ehlers and Hall 1998). There may be a negative
correlation between these two yield components,
however, lines B89-600 and TN88-63 did have
large grain yields as well as many seeds per pod
in hot, short-day conditions.

In another approach for developing heat-
tolerant lines for tropical zones, Marfo crossed
two cultivars from Ghana, Sumbrisogla, and
Vallenga, with two heat-tolerant lines developed
at the University of California, Riverside, 518-
2 and 148-1, which had TVu4552 and Prima as
sources of their heat tolerance. He screened seg-
regating populations in an extremely hot, long-
day field nursery in California, selecting for abil-
ity to produce flowers and set pods. He then
screened the selections in northern Ghana for
agronomic traits, subjected them to multiloca-
tion performance trials, and selected and released
two cultivars (Padi et al. 2004a, 2004b). From
a breeding standpoint, this approach was effec-
tive, but it is not known whether the two new
cultivars have any heat tolerance that is effective
in Ghana.

Empirical selection for grain yield in hot re-
gions of tropical Africa has produced some cul-
tivars (and lines) that glasshouse studies under

short days with high night temperatures (Ehlers
and Hall 1998) indicate have some heat toler-
ance (e.g., Mouride, B89-600, TN88-63, 58-57,
and Suvita 2) and some cultivars that do not (e.g.,
Melakh, N’diambour, KN-1, and Sumbrisogla).
Apparently, selection for grain yield in hot re-
gions of tropical Africa does not necessarily
incorporate heat tolerance, but it has produced
some cultivars that may be useful donors of
heat-tolerance traits. The heat-tolerant cultivars
have good vegetative vigor and have produced
large grain yields in the Sahelian zone, espe-
cially Mouride (Cisse et al. 1995). In addition
to having high pod-set, B89-600 and TN88-63
have the ability to maintain many seeds per pod.

Empirical selection for high pod yield in
northern India under very hot, long-day field
environments produced bush-type cultivars of
edible-pod cowpeas that were shown to have
heat tolerance during floral bud development and
pod-set (Patel and Hall 1986). Some of these
lines have performed well in tropical conditions
in Tanzania (Patel et al. 1982). Consequently,
these lines may be useful sources of heat toler-
ance when breeding bush-type edible-pod cul-
tivars for both subtropical and tropical zones.
They may not be useful sources of heat tolerance
for the Sesquipedalis edible-pod cultivars that
are extensively used in Asia because of large
differences in growth habit. The Sesquipedalis
cultivars have a vining habit with very long pods
and are grown on trellises, while the heat-tolerant
cultivars are semidwarfs with a bush habit and
short pods.

Interactive effects of increases in
atmospheric [CO2] and global warming

If heat stress effects on reproductive develop-
ment of cowpea are caused by heat-induced re-
ductions in carbohydrate supply, elevated [CO2]
might reduce the heat stress effects through in-
creases in photosynthesis. In contrast, if heat
stress directly affects reproductive development,
then the reduction in demand for carbohydrate
could make plants less responsive to elevated
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[CO2] due to negative feedback effects on pho-
tosynthesis. These contrasting hypotheses were
tested in a study in which three cowpea lines
differing in heat tolerance were subjected to two
levels of [CO2], 350 or 700 μmol mol−1, and two
day/night temperatures, 33/20◦C or 33/30◦C, in
growth chambers with long days and plants
growing in pots (Ahmed et al. 1993a). Under
350 μmol mol−1 [CO2] and intermediate night
temperature (20◦C), all lines set substantial num-
bers of pods, whereas at high night temperature
(30◦C), one completely heat-sensitive line did
not produce flowers, the partially heat-sensitive
line produced flowers but did not set pods, and
the heat-tolerant line abundantly set pods. With
elevated [CO2] and high night temperature, the
completely heat-sensitive line still did not pro-
duce flowers, the partially heat-sensitive line pro-
duced many flowers but still did not produce
pods, and the heat-tolerant line produced 43%
more pods than at ambient [CO2]. These results
do not support the hypothesis that heat stress
effects on reproductive development are caused
by a shortage of carbohydrates, and direct mea-
surements of carbohydrates in tissues supported
this conclusion. With elevated [CO2] and inter-
mediate night temperature, the heat-tolerant line
produced 50% more pods than it did at ambi-
ent [CO2] and 58% more pods than the heat-
sensitive lines did at elevated [CO2] and inter-
mediate night temperature. The overall results
are consistent with the hypothesis that heat stress
is directly affecting reproductive development in
heat-sensitive lines, making them less respon-
sive to elevated [CO2]. A completely unexpected
and important result was the fact that the heat-
sensitive line was more responsive to elevated
[CO2] under intermediate as well as high night
temperatures. This result is consistent with the
observation that the heat-tolerance genes cause
cowpea plants to be semidwarfed with higher
harvest indexes in intermediate as well as hot
temperatures (Ismail and Hall 1998, 2000). Ap-
parently, the heat-tolerance genes are enhancing
the reproductive-sink demand of cowpeas grow-
ing under a range of temperatures. Consequently,

by developing cowpeas with greater heat toler-
ance during reproductive development, it may
be possible to breed cultivars with greater grain
yield response to elevated [CO2] under interme-
diate or high night temperatures. This important
conclusion is based on the results from only one
study with only three cowpea lines growing in
pots in growth chambers (Ahmed et al. 1993a).
More studies of [CO2] × temperature interac-
tions are needed with a larger number of cowpea
lines and, if possible, they should be conducted
under field conditions.

Conclusions

For subtropical zones, effective methods and
breeding lines that will facilitate breeding cow-
pea for future climates have been developed. A
cowpea cultivar and various lines that are heat
tolerant during floral bud development and pod-
set have been bred, and they may also be more
responsive to elevated [CO2] in terms of grain
yield. This cultivar and the lines are semidwarfs
and appear to be most effective when grown at
narrower row spacing than is the current prac-
tice. Edible-pod cowpea cultivars that have heat
tolerance and abundantly produce pods in hot
environments have been bred. They also have
a semidwarf habit. Cowpea cultivars that have
heat tolerance during reproductive development
and also are more vegetatively vigorous than
the semidwarfs should be bred. This might be
achieved by using, as a parent, one of the lines
that was identified as having heat tolerance dur-
ing floral bud development, no dwarfing, and ad-
equate vegetative vigor. Vegetatively vigorous,
heat-tolerant cultivars would be useful in many
parts of the subtropical zone and in the tropi-
cal zone. However, the high reproductive sink
to photosynthetic source hypothesis predicts that
vegetatively vigorous heat-tolerant cultivars may
not be as responsive to elevated [CO2] as the
heat-tolerant semidwarfs, but more tests of re-
sponses to elevated [CO2] by contrasting cowpea
cultivars are needed to more comprehensively
test this hypothesis.
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For tropical zones, the main priorities for cow-
pea breeders should be to breed for resistances to
current biotic stresses, especially in West Africa,
where there is the major area of cowpea produc-
tion. In West Africa, there are many insect pests,
and some diseases, that damage floral buds, flow-
ers, pod-set, and grain and pod development.
Once resistances to the major insect pests and
diseases have been pyramided into cultivars, it
would be appropriate to begin breeding for heat
tolerance. One objective would be to breed heat-
tolerant cowpeas that also have adequate vegeta-
tive vigor. The most effective donors of heat tol-
erance for tropical zones should be determined,
including evaluating lines identified as having
high pod-set, numbers of seed per pod, and grain
yield in hot, short-day field and glasshouse en-
vironments that also are vegetatively vigorous.
Possibly, lines with heat tolerance during floral
bud development should be avoided since this
trait may have little value in short-day tropical
environments and may be associated with dwarf-
ing through close genetic linkage in some geno-
types. In tropical zones, the useful heat-tolerant
traits include high pod-set and maintenance of
many seeds per pod. Ideally, breeding and selec-
tion for these traits should be conducted in the
region where the cultivar will be grown. If any
parents differ in leaf electrolyte leakage under
heat stress, this test should be used to try to in-
corporate heat tolerance during pod-set because
direct selection for high pod-set can be difficult
in much of West Africa due to the presence of
several biotic stresses that influence pod-set. Ef-
fective field selection for pod-set and many seeds
per pod might be possible during the cropping
season in the Sahelian zone, where there usually
are fewer pests and diseases of cowpea than in
the wetter Savanna zones. Also, field selection
for pod-set and for many seeds per pod might be
effective in the dry season, with irrigated plants,
in locations and times when temperatures can
be very high, such as Kano, Nigeria, between
March and May. In these field nurseries, pests
and diseases that damage reproductive devel-
opment should be controlled or it may not be

possible to detect differences in heat tolerance
reliably.
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Chapter 16

Genetic Improvement of Common
Beans and the Challenges of
Climate Change
Stephen Beebe, Julian Ramirez, Andy Jarvis, Idupulapati M. Rao, Gloria Mosquera,
Juan M. Bueno, and Matthew W. Blair

Introduction

Some of the most important impacts of global
climate change will be felt among “subsistence”
or “smallholder” farmers in developing countries
(Morton 2007). An analysis based on statistical
crop models and climate projections for 2030
from 20 general circulation models suggested
that South Asia and southern Africa could suffer
negative impacts on several important food se-
curity crops in 12 food-insecure regions (Lobell
et al. 2008). Developing countries could experi-
ence unprecedented heat stress because of global
climate change (IPCC 2007; Battisti and Naylor
2009). Fifteen major farming systems affected
by drought stress and poverty, especially South
Asia, the Sahel, and eastern and southern Africa,
were identified as targets for international devel-
opment (Hyman et al. 2008). This paper explores
the likely effects of climate change for abiotic
and biotic constraints of common bean, and op-
tions for genetic improvement.

Crop evolution and context

Common bean (Phaseolus vulgaris L.) is
the most important food legume in tropical
Latin America and East and southern Africa
(Table 16.1). Originating in the mid-altitude,
subhumid, premontane forests of the neo-tropics,
bean was domesticated one or more times in two
principal centers, the Middle American and the
Andean (Chacón et al. 2005), creating two ma-
jor cultivated gene pools that have been subdi-
vided into races (Blair et al. 2009). The adapta-
tion range and physiology of cultivated common
bean reflects in part its origin in the mid-altitudes
with moderate temperatures, organic soils, and
seasonally abundant rainfall (Beebe et al. 2008).
Compared to other legumes such as cowpeas,
beans are less adapted to extreme environments
of very low rainfall, high temperatures, or low
fertility acid soils. However, gene pools and races
within gene pools differ in adaptation ranges.
The Andean gene pool typically is adapted to

Crop Adaptation to Climate Change, First Edition. Edited by Shyam S. Yadav, Robert J. Redden, Jerry L. Hatfield,
Hermann Lotze-Campen and Anthony E. Hall.
c© 2011 John Wiley & Sons, Ltd. Published 2011 by John Wiley & Sons, Ltd.
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Table 16.1. Reported national tonnage of countries with more than 25,000 metric tons (MT) of bean production, according
to FAO (2005).

LATIN AMERICA MT AFRICA MT EUROPE MT

Argentina 171,000 Angola 108,120 Belarus 111,294
Bolivia 34,250 Burundi 220,000 Moldava 40,700
Brazil 3,021,500 Cameroon 206,603 Poland 28,743
Chile 44,600 D.R. Congo 165,280 Romania 41,733
Colombia 138,230 Egypt 53,000 Serbia-Montenegro 58,726
Cuba 106,200 Ethiopia 176,000 Ukraine 40,200
El Salvador 65,110 Kenya 418,490
Guatemala 97,110 Malawi 134,000 ASIA MT
Haiti 61,000 Rwanda 199,650 Chinaa 1,610,500
Honduras 63,220 South Africa 78,680 Indiaa 2,660,000
México 1,200,000 Tanzania 342,000 Iran 216,131
Nicaragua 210,560 Uganda 568,000 Japan 104,600
Paraguay 67,000 Kyrgyzstan 44,251
Peru 88,570 NORTH AMERICA MT Myanmara 1,550,000
Venezuela 43,180 Canada 318,900 Nepal 32,260

United States 1,234,770 Pakistan 130,337
Thailanda 202,318
Turkey 225,000

aAlthough significant bean production exists in South Asia and China, data in the FAOSTAT database are assumed to reflect
production of several grain legumes of which Phaseolus vulgaris is a small proportion.

mid to high altitudes (1400–2800 meters above
sea level (masl)), i.e., cooler climates, with
race Nueva Granada being more heat tolerant
than race Peru. The Mesoamerican gene pool
is adapted to higher temperatures at low (400
masl) to medium altitudes (2000 masl), with race
Durango being adapted to the semiarid highlands
of Mexico.

Common bean is cultivated largely by
resource-poor farmers, often on soils that are
deficient in important plant nutrients, especially
nitrogen (N) and phosphorus (P) (Table 16.2).
Several of the high-poverty farming systems
identified by Hyman et al. (2008) include beans,
such as the maize–bean systems of Central
America and Africa. Climatic and edaphic con-
straints cause severe yield losses of bean given
that they are widespread, often intense, and occur
every year in the case of heat and soil problems
(Wortmann et al. 1998; Thung and Rao 1999).
Fertilizers that would improve plant vigor, root
growth and access to soil moisture, or irrigation
that would counter drought, are seldom viable

options for resource-poor farmers. While pro-
grams to subsidize such inputs merit consider-
ation, crop improvement through plant breed-
ing will probably be the cornerstone of adapting
beans to climate change. A modeling exercise
was, therefore, carried out to estimate the distri-
bution and relative importance of climatic con-
straints to bean yields, and the potential value of
genetic improvement.

Modeling approach and expected
climatic changes

Analyses were carried out on (1) global cli-
matic changes in bean growing environments,
(2) current climatic suitability, (3) current cli-
matic constraints, (4) expected future changes
in current bean environments, and (5) expected
benefits from improved drought and heat toler-
ance. The first analysis queried future scenario
data (Fig. 16.1), and the latter four analyses em-
ployed the EcoCrop model (Hijmans et al. 2002).
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Table 16.2. Major production constraints of common
bean.

Regional importance

Constraint
Latin America-

Caribbean

East–west-
southern

Africa

Abiotic constraints
Drought ∗∗∗ ∗∗∗
Heat ∗∗∗ ∗∗
N deficiency ∗∗ ∗∗∗
P deficiency ∗∗∗ ∗∗∗
Acid soil toxicities
(Al, Mn)

∗∗ ∗

Viral diseases
BCMV / BCMNV ∗ ∗∗
BGMV / BGYMV ∗∗∗

Fungal diseases
Angular leaf spot ∗∗ ∗∗∗
Anthracnose ∗∗ ∗∗
Pythium ∗ ∗∗∗
Fusarium ∗ ∗∗
Rust ∗∗ ∗∗

Bacterial diseases
Common bacterial
blight

∗ ∗

Insect pests
Bruchids ∗∗ ∗∗
Bean stem maggot ∗∗∗
Ootheca ∗
White flies ∗
Apion sp. ∗

BCMV, bean common mosaic virus; BCMNV, bean
common mosaic necrotic virus; BGMV, bean golden
mosaic virus; BGYMV, bean golden yellow mosaic virus
∗, low; ∗∗, moderate; ∗∗∗, high.

Climate data

The baseline climatic data employed long-term
averages (1960–2000) of monthly maximum,
minimum and mean temperatures, and total
monthly precipitation (Hijmans et al. 2005), at
30-arcsecond (∼1 km) spatial resolution. Sur-
faces were aggregated to a 5-arcminute (∼10 km)
resolution using a cubic interpolation to reduce
computing time. Future climates corresponded to
statistically downscaled outputs of four selected
Global Circulation Models (GCMs; Ramirez and
Jarvis 2008) from the third and fourth reports of

the Intergovernmental Panel on Climate Change
(IPCC 2001, 2007), for the 2010–2039 time
slice (further referred to as the 2020s), and the
emission scenario SRES-A2 (business as usual).
This scenario approximates the period in which
current breeding programs might produce new
varieties.

Modeling approach

The EcoCrop model uses mean and minimum
monthly temperatures and monthly precipitation
data to evaluate the crop suitability of a partic-
ular combination of monthly parameters. It first
defines the growing season duration (90 days)
and evaluates the crop suitability on a monthly
basis by using temperature and precipitation
marginal and optimal ranges. Based on analy-
sis of current bean sites in Latin America and
Africa (Wortmann et al. 1998), beans expire with
temperatures below 0◦C (Tkill = 0◦C), reduce
growth markedly below 13.6◦C (Tmin) or above
25.6◦C (Tmax), and have optimum growth be-
tween 17.5◦C and 23.1◦C (Topmin and Topmax,
respectively). For precipitation, growth of beans
is severely limited with less than 200 mm (Rmin)
or more than 710 mm (Rmax) during the growing
season, and have optimum growth between 363
and 450 mm (Ropmin and Ropmax, respectively).
Beyond the absolute thresholds (Tmin, Tmax, Rmin,
Rmax), conditions are deemed unsuitable (white
area, Fig. 16.2b). Between absolute and optimum
thresholds (light gray to dark gray, Fig. 16.2b),
there is a linear trend of suitability from 1% to
99%, and within the optimum conditions (black
area, Fig. 16.2b), suitability is 100%. Calcula-
tions for precipitation and temperature were done
separately, and the final suitability score is their
product.

Current bean distribution appears in
Fig. 16.2a, and current suitability was calculated
on baseline data (Fig. 16.2b). Current climatic
constraints were identified by modifying each
of the eight marginal and optimum growing
parameters by 5% and recalculating suitability
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Fig. 16.1. Expected changes in annual precipitation and temperature (a) in bean growing areas of the
top 50 producing countries and (b) for selected important growing regions within countries by 2020s,
for the SRES-A2 emission scenario as average of four GCM patterns. ARG, Argentina; BRA, Brazil;
CAN, Canada; CHN, China; ETH, Ethiopia; MEX, Mexico; MOZ, Mozambique; MWI, Malawi; TZA,
Tanzania; UGA, Uganda; USA, United States of America.

with each modification (8 runs in total). The
parameter producing the maximum difference
with the original calculation indicates the most
constraining factor (Fig. 16.2). Expected future
changes were calculated for each of the four
GCMs; the four changes in suitability were
averaged (Fig. 16.2); and the coefficients of
variation (CV) were computed as a measure

of uncertainty. The impacts of breeding were
estimated by altering Topmax for heat tolerance,
and Ropmin for drought tolerance, in stepwise
fashion (5% for precipitation and 0.5◦C for
temperature). The single alteration causing
the greatest future gain in suitability (or least
loss in negatively impacted areas) was deter-
mined for each location, and the cumulative
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Fig. 16.2. (a) Current distribution of bean production; (b) Predicted suitability of current climatic conditions for bean
cultivation; (c) distribution of Tmax (heat) and Rmin (drought) as current climatic constraints for bean cultivation, and
(d) predicted future suitability (2020) using an ensemble (average) of four GCM patterns.
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Fig. 16.3. Expected impacts of breeding technologies in beans. Reduced susceptibility to drought (left)
and improved heat tolerance (right) were found to have the greatest impact on suitable, marginal, and
unsuitable areas.

area benefiting from such technologies was
calculated using FAOSTAT (2009) census data
allocated through a maximum entropy algorithm
(You and Wood 2006; Fig. 16.3).

Expected future climates in bean
growing environments

Predicted temperature and rainfall trends in bean
producing countries and regions within countries
are presented in Fig. 16.1. Precipitation changes
range from −200 to +351 mm. Central America
and the Caribbean may suffer the greatest de-
creases, from 60 to 200 mm less rainfall, while
some Asian countries may have increased rain-
fall and risk of waterlogging (351 mm more
rainfall in Nepal, for example). Temperature in-
creases range from 0.7◦C to 2.1◦C, but only four
countries may experience increases above 2◦C
(Estonia, Russia, Kyrgyzstan, and Kazakhstan),
of which only Kyrgyzstan has even modest bean
production (Table 16.1). Some 39% of coun-
tries could have increases less than 1◦C. Trop-
ical countries show less increase in temperature
than northern countries, with the CV being under

15% for 95% of the growing areas, and ranging
from 7.4% to 33%.

Current and future suitability,
and climatic constraints

According to the model, highly suitable envi-
ronments for growing beans (Fig. 16.2b) are
distributed widely in the Andean highlands, cen-
tral and southern Brazil, eastern Mexico, Cen-
tral America, the Caribbean, highlands in India,
China, Ethiopia, and in much of East Africa and
southward to South Africa and Angola. Potential
area estimated by this model is greater than cur-
rent bean production areas, in part because some
areas with acceptable climate are limited by soil
characteristics that are not contemplated by the
model. Interpretations are, therefore, most rele-
vant with regard to the relative effects of climate
in known production zones. Many areas in Latin
America are most limited at present by maxi-
mum temperatures (dark gray areas, Fig. 16.2c).
Minimum temperatures (cold stress) are a con-
straint for limited areas in northern India, in some
highlands of Ethiopia and the Andes and in the
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southern cone of South America. Areas con-
strained by minimum rainfall (i.e., drought; black
areas in Fig. 16.2c) are located throughout cen-
tral Mexico; in northeastern Brazil; and in most
suitable areas of South Africa, northern Tanza-
nia, southern Kenya, and low altitude Ethiopia.
Areas constrained by maximum rainfall and wa-
terlogging are few in Latin America, but in Africa
occur in Cameroon, south-central D.R. Congo,
central Angola, and northern Mozambique.

Although most absolute changes in tempera-
ture and precipitation are predicted to be modest
(Fig. 16.1), these could have significant effects.
Average global area of suitability for growing
beans may be reduced by 6.6% by the 2020s
but could range from −87% to +66% across
regions, and have great in-country variability
(Fig. 16.1b). The average CV among predictions
of the four GCMs was 15.6%. Most reduction
in area could occur on the margins of suitable
areas that are most limited by high temperature
and become less suitable as temperatures rise.
Production areas of this type include northern
Uganda, south-central D.R. Congo, most areas
of West Africa, Nicaragua, El Salvador, central
Brazil, and Cuba. Central Mexico and parts of
Central America, which are already dry areas,
could suffer even less rainfall (Fig. 16.1). A few
areas could suffer more than 50% decrease in
suitability, e.g., central Chihuahua in Mexico.
Areas currently limited by minimum tempera-
tures could become more suitable for bean pro-
duction (e.g., Uttar Pradesh in India). The high
areas of the Andes, Ethiopia, and Mexico could
increase from 1% to 40%, and low-latitude areas
in Argentina, Uruguay, and Paraguay could in-
crease up to 80%, a trend that has already been
observed in Canada due to a longer growing
season.

Potential impact of breeding
technologies

Breeding drought resistance into bean could im-
prove suitability of some 3.9 million hectares of
current bean area (the equivalent of 31% more

area classified as >80% suitable), and would
add another 6.7 million hectares currently not
suitable (Fig. 16.3). Heat tolerance could benefit
7.2 million hectares (some of which could also
benefit by drought tolerance), and could increase
highly suitable areas (>80%) by some 54%
(Fig. 16.3). Thus, both drought resistance and
heat tolerance are important objectives for ge-
netic improvement. Although heat tolerance may
offer wider impact, drought can cause great year-
to-year yield variability and can induce famines,
and must also be given priority.

Interaction of climate change
with specific constraints

The above analyses refer to predicted changes in
rainfall and temperature and their predicted ef-
fects on current and potential distribution of bean
production. Understanding the biological effects
of these changes on specific constraints will aid
plant breeders to design breeding strategies to
confront climate change.

Water: drought and waterlogging

Water requirements for maximum production of
a 60–120 day bean crop vary from 300 to 500
mm depending on its environment and nutrition
(White et al. 1995; Allen et al. 1998). Adap-
tation to drought stress encompasses morpho-
logical, physiological, and biochemical mecha-
nisms (Rao 2001; Hall 2004), including a deeper
root system, stomatal control, and improved pho-
tosynthate remobilization under stress (Beebe
et al. 2008; Rao et al. 2007, 2009). Data on
stomatal conductance and canopy temperature
depression confirm that deep rooting genotypes
access more water, but partitioning to roots can
be at the expense of grain production (CIAT
2007, 2008; Beebe et al. 2010). It may be neces-
sary to breed for roots that use the same biomass
more efficiently, for example, through longer
root hairs, greater specific root length, or greater
organic acid exudation (Nord and Lynch 2009;
Beebe et al. 2009; Rangel et al. 2009), while
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maintaining or increasing partitioning to grain.
Genotypes with more root whorls and basal roots
(Nord and Lynch 2009) may access more soil
moisture in the upper soil profile and be better
adapted to intermittent drought. Fitting the right
root system to each production environment will
be a major research challenge of adapting to cli-
mate change.

Other regions could receive greater precipita-
tion. Excess rainfall, waterlogging, and associ-
ated root rots may increase in east-central Africa
and the northern Andes. The lack of oxygen to
roots inhibits both symbiotic N2 fixation and
N uptake, reducing root growth and nodulation.
Tolerant genotypes may have different adaptive
responses (Colmer and Voesenek 2009). More
adventitious roots and/or aerenchyma in roots,
nodules, and base of the stem may contribute to
tolerance. Rapid, reliable screening methods are
needed to evaluate waterlogging tolerance.

Heat stress

High temperatures currently limit productivity
and could soon become more severe, exacer-
bating drought in several areas. Rising temper-
atures will affect the altitudinal range of geno-
typic adaptation, reduce root growth and acceler-
ate mineralization of soil organic matter, making
drought stress more acute. Beans are grown over
a wide range of latitudes with mean air temper-
ature of 14–35◦C. Day temperatures >30◦C or
night temperatures >20◦C can result in yield re-
duction (Rainey and Griffiths 2005; Porch 2006).
High night temperatures at early flowering (and
to a lesser degree, high day temperatures) cause
flower bud, flower and pod abortion, reduced
pollen viability, impaired pollen-tube formation
in the styles, and reduced seed size (Gross and
Kigel 1994; Porch and Jahn 2001; Hall 2004).
Acclimation to occasional high night tempera-
tures may be a genotypic resistance mechanism
(Hall 1992; Wahid et al. 2007). A pollen-based
method to evaluate heat tolerance in soybeans
(Salem et al. 2007) might be useful for screen-
ing common bean genotypes for tolerance to

nocturnal heat stress. However, beans also suf-
fer vegetative stress and slower metabolism at
high temperatures (Rainey and Griffiths 2003).
If respiration rate surpasses that of photosynthe-
sis, beans may lose biomass (Maestri et al. 2002).

Soil constraints

Effects of drought and high temperatures are
more severe when combined with low P supply
and/or aluminum (Al) toxicity. Low soil fertil-
ity is a major constraint to bean production in
the tropics (Thung and Rao 1999). An estimated
50% of bean production suffers from low-P avail-
ability, while 40% may suffer from Al toxic-
ity. Significant progress has been made in im-
proving adaptation of beans to low fertility soils
(Beebe et al. 2008, 2009). In the tropics, high
air temperature is often accompanied by high
soil temperature in the rooting zone (top 20 cm
of soil), leading to poor root formation. Temper-
atures of air, rooting zone, and subsoil may influ-
ence days to flowering, seed germination, and tap
or lateral root formation (White and Montes-R.
1993). Tepary bean “Sonora 32” (P. acutifolius)
is more tolerant of high temperatures at germina-
tion than common bean. High temperatures also
inhibit N2 fixation, and bush-type common beans
are widely regarded as poor in nodulation and N2

fixation (Graham and Ranalli 1997). Beans are
also sensitive to soil compaction, and improved
genotypes with vigorous root systems are needed
that can penetrate compacted soil layers to access
moisture.

Fungal and viral diseases

Climate change will likely alter distribution
and local severity of pathogens and diseases.
Changes in precipitation and temperature could
cause some diseases to decrease and others to in-
crease (Garret et al. 2009). The emergence of to-
tally unknown pathogens is possible, especially
viruses if insect vector populations change sig-
nificantly, as observed in the appearance of new
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recombinant geminiviruses (Blair and Morales,
2008).

Most pathogenic fungi affecting beans require
high humidity for infection and establishment.
Increases in precipitation are predicted for the
2020s in many African countries that are impor-
tant bean producers (Fig. 16.1). Under this sce-
nario and based on the current distribution of spe-
cific diseases (Wortmann et al. 1998), Rwanda,
Burundi, and some regions of Tanzania, Uganda,
Kenya, and Malawi could be more affected by
angular leaf spot (caused by Phaeoisariopsis
griseola), while anthracnose (caused by Col-
letotrichum lindemuthianum) could increase in
Rwanda, Burundi, and Kenya. Root rot diseases
(Pythium and Fusarium spp.) are already severe
in parts of Rwanda, Burundi, Kenya, and Uganda
where conditions could become even more favor-
able to these diseases. This could also occur in
the Andes where rainfall may increase.

Regions affected by drought will be less prone
to attack from fungal pathogens, with a few
exceptions such as Fusarium yellows and char-
coal rot, caused by Fusarium oxysporum f.
sp. phaseoli and Macrophomina phaseolina, re-
spectively. These pathogens can be destructive
under conditions of high temperature and
drought (Abawi and Pastor-Corrales 1990).
Fusarium yellows has variable importance in Bu-
rundi and Rwanda (Wortmann et al. 1998), and
greater precipitation may reduce the incidence
of this disease. In contrast, a predicted decrease
in rainfall in Mexico and South Africa where the
Fusarium yellows pathogen is present at low lev-
els could result in higher risk from this disease
and also from charcoal rot.

This analysis is based on current distribution
of bean production and diseases, and it is more
challenging to predict the pattern of diseases for
new geographical zones that could become suit-
able for bean production as a result of climate
change. Disease pressure in these regions will
depend upon seed quality in the case of seed-
borne pathogens, the extent to which climatic
conditions are favorable for the disease, and the
genetics of the bean cultivars that are grown.

Insect pests: the example of whiteflies

Whiteflies rank among the most serious insect
pests of beans. The most important species is
Bemisia tabaci (Gennadius), which is a pest of
over 200 crops, and a vector of more than 150
crop viruses (Anderson and Morales 2005). Tri-
aleurodes vaporariorum (Westwood) is a pest
of roughly 250 plant species and a vector of
some economically important viruses (Morales
et al. 2006). T. vaporariorum excretes honeydew
that stimulates the growth of saprophytic fungi
that can further inhibit plant growth (Cardona
et al. 2005). Temperature is a key determinant of
the distribution and abundance of these species
(Cardona 2005). B. tabaci has been limited in
Latin America to areas below 1000 masl with
mean temperatures of 25–28◦C (Morales et al.
2006), while T. vaporariorum thrives at eleva-
tions between 1000 and 3000 masl and with mean
temperatures of 16–22◦C. These respective tem-
perature ranges presumably bound the optimum
temperature for each whitefly species (Gerling
1990; Cardona 2005).

Precipitation also influences heavily the abun-
dance of whiteflies, although it seems not to af-
fect their distribution. Both B. tabaci and T. va-
porariorum occur in tropical areas with a mean
annual precipitation of 600–1700 mm per year.
An ongoing monitoring program at the CIAT
campus for the past 30 years revealed that white-
fly densities during the dry season are roughly
three times those of the rainy season (CIAT, un-
published data), an observation attributed to the
influence of rainfall as a direct mortality factor
of adult whiteflies (Bueno et al. 2005). Many
farmers and agronomists in Colombia recog-
nize rainfall as “the best natural insecticide of
whiteflies.”

Several scenarios of the response of whiteflies
to expected changes in temperature and precipi-
tation are plausible. First, warming could expand
the distribution of B. tabaci and T. vaporario-
rum to higher elevations, possibly with increased
overlap in their distribution—requiring that the
species be managed jointly. The emergence or
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spread of whitefly-vectored geminiviruses in
higher altitude bean production areas would re-
quire breeding for virus resistance in those ar-
eas (Blair et al. 2007c). Second, warming could
lead to either an increase or a decrease in the
abundance of whiteflies, depending on whether
new temperatures in a given area are closer to
or further from their temperature optimum, and
favor or disfavor their intrinsic rate of growth.
Finally, reductions in precipitation are likely to
increase whitefly pressure, as they would relax a
putatively important source of mortality for adult
whiteflies.

Novel and more effective solutions to white-
fly problems may be needed. No common bean
resistant to whiteflies is known to date. Efforts to
identify germplasm resistant to B. tabaci, T. va-
porariorum, and the viruses they vector are war-
ranted and should broadly consider the Phaseo-
lus genus and also the tools of molecular biol-
ogy (Blair and Morales 2008). It is imperative to
disseminate research findings on insecticide-use
safety and efficiency (e.g., action thresholds for
whitefly control) across production regions that
are at risk of greater whitefly problems.

Potential for crop improvement

Exploitation of genetic variability and applica-
tion of knowledge to genetic improvement of
common bean is in different stages for the sev-
eral stresses associated with climate change.
Breeding for drought resistance has a long
history in CIAT-Colombia, EMBRAPA-Brazil,
INIFAP-Mexico, and Zamorano-Honduras, and
has recently been extended to East and southern
Africa. Cultivars with improved drought resis-
tance have been released in Mexico, Nicaragua,
and Rwanda. Based on current constraints and
predictions of reduced rainfall, Central America,
Mexico, the Caribbean, northeast Brazil, south-
ern Africa, Ethiopia, and possibly other countries
will require more intensive efforts in breeding
drought-resistant beans.

Most breeding for drought resistance has been
within the Mesoamerican gene pool, based on

grain yield under stress. White et al. (1994) sug-
gested yield testing of population bulks as an effi-
cient system for breeding for drought resistance.
Schneider et al. (1997a) examined yield under
drought, yield potential, drought susceptibility
index, harvest index, and geometric mean yield
as measures of drought resistance. Geometric
mean grain yield of the drought and nondrought
treatments was the best indicator of performance
over both treatments. Schneider et al. (1997b)
found four quantitative trait loci (QTLs) in one
population and five in another that were associ-
ated with yield with or without drought, and/or
geometric mean yield across environments.

Sources for drought resistance originated
from Jalisco and Durango, Mexico (Teran and
Singh 2002). Race Durango accessions have
been a primary source of genes, both in highland
Mexico (Acosta-Gallegos and Kohashi 1989;
Acosta-Gallegos and Adams 1991) and for
the lowland tropics (Beebe et al. 2008). Race
Durango and some other race Mesoamerica ac-
cessions such as G21212 express substantial re-
mobilization of photosynthates to grain under
drought, and selection for well-filled grain under
stress has served to recover this trait (Beebe et al.
2008). Interracial crosses and recurrent selection
within the Mesoamerican gene pool have led to
increased drought resistance in combination with
other traits such as improved disease resistance
(Singh 1995; Frahm et al. 2004; Beebe et al.
2008). Drought-resistant lines also had greater
yield in nondrought environments, in some cases,
perhaps due to increased remobilization of pho-
tosynthates to grain (Beebe et al. 2008).

BAT 477 has been a source of the deep rooting
trait, but phenotyping roots is difficult, and root
traits have not been selected in segregating popu-
lations. However, greenhouse evaluations of root
traits may contribute to selecting parental mate-
rial. Marker-assisted selection would be a valu-
able tool for selecting rooting depth in segre-
gating populations once QTL for the trait are
identified. Less is known about breeding beans
of the Andean gene pool for drought resistance,
but progress has been made through pedigree
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breeding and recurrent selection (Makunde et al.
2007; CIAT 2008). The same principles of com-
bining more vigorous roots with greater remo-
bilization of photosynthates to grain may also
be effective in breeding Andean cultivars with
enhanced drought resistance.

Genetic analysis and transformation are be-
ing used to create enhanced tolerance for abi-
otic stress, including drought, in several crops
(Iwanaga 2002), although common bean trans-
formation remains a challenge. Some functional
and regulatory genes involved in drought adap-
tation in beans have been elucidated (Montero-
Tavera et al. 2008; Nayak et al. 2009). No work
has been reported on improving waterlogging
tolerance in bean.

Little systematic breeding has been carried
out for high temperature tolerance in dry-bean
type common beans; although our estimates sug-
gest that improving this trait could have substan-
tial beneficial impact (Fig. 16.3). Common bean
genotypes adapted to heat stress include G122,
G5273, BAN26, Brio, CELRK, HT20, Ven-
ture, and Negro Argel (Arndt and Gepts 1989;
Shonnard & Gepts 1994; Rainey and Griffiths
2003). Lines bred for an elevation of 400–1000
masl have been tested near sea level in the coastal
area of Central America, obtaining yields that
were acceptable but still under 1 MT/ha (metric
ton per hectare) (J.C. Rosas, personal communi-
cation). Large-seeded beans of the Andean gene
pool are less tolerant of heat stress than the small-
seeded beans of the Mesoamerican gene pool
and climbing beans appear to be the most sensi-
tive. CIAT has created climbing beans with im-
proved heat adaptation for environments where
bush beans grow, but not beyond the current
range of the species (Blair et al. 2007b). Given
the current temperature constraints and expected
impact of higher temperatures on bean adap-
tation in several areas of eastern and southern
Africa, central Brazil, and Central America, and
the limited genetic variability identified to date,
high temperature tolerance may be the biggest
single challenge of adapting to climate change.
Tolerance to low temperatures is not a priority in
most regions.

Additional gains in drought and heat adap-
tation may be derived from the secondary and
tertiary gene pools of common bean. Runner
bean (P. coccineus) expresses thick roots that
might be able to penetrate soil with higher bulk
density to access moisture. Aluminum resis-
tance has been introgressed from runner bean
and this should permit greater root penetration
in Al toxic soils (Beebe et al. 2009). However,
the most useful traits for drought and high tem-
perature adaptation are found in tepary bean
(P. acutifolius). Simple crosses of common bean
and tepary require embryo rescue, followed by
a backcross to common bean, although alter-
nate intercrossing among the two species has
been proposed to improve chromosome pairing
(Haghighi and Ascher 1988). In spite of diffi-
culties, tepary-common bean progenies display
significant genome introgression (Muñoz et al.
2004). Some lines express unique traits that must
be studied for their value for drought resistance
and heat tolerance. In the long run, the heat tol-
erance of tepary may be its most unique and
valuable trait.

Breeding for biotic constraints is well ad-
vanced, and marker-assisted selection is em-
ployed to select for disease and insect resistance
(Blair et al. 2007a; Miklas et al. 2006). However,
in areas of high rainfall, the secondary gene pool
may be a useful source of resistance genes. For
example, P. dumosus is highly resistant to Phoma
spp. Interspecific crosses of common bean with
the secondary pool have seldom produced use-
ful progenies due to the aggressive growth habit
and low harvest index of these species. Crosses
to common bean with superior photosynthate re-
mobilization have helped to tap the secondary
pool by increased conversion of biomass to grain
(Beebe et al. 2009).

Future perspectives

Impacts of abiotic and biotic stresses on the
bean crop are influenced by interactions with
other components of the environment. For exam-
ple, soil characteristics of texture, organic mat-
ter content, and aggregate stability affect water
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infiltration, soil water-holding capacity, and the
ability of roots to acquire moisture and nutrients.
Soil fertility influences plant vigor and root de-
velopment for accessing soil moisture. Cropping
systems influence organic matter accumulation
and competition for water and nutrients. Higher
temperatures accelerate the mineralization of or-
ganic matter. Cropping patterns that previously
were relatively free of pests may experience pest
buildups if higher temperatures or extended dry
periods permit year-round survival of pests. In-
tegrated pest management and integrated soil,
water, and nutrient management require coor-
dinated action across a community and have a
social dimension. Optimal management of abi-
otic stress and some biotic constraints is, there-
fore, a multidimensional problem that requires
a farming systems approach. The interactions
that are implicit in these factors may overshadow
the genetic gains of a breeding program. On the
other hand, addressing these factors may com-
plement genetic gains and result in synergistic
interactions.

Current climate-crop models predict that heat
and drought will cause widespread losses in
yields of common beans and this justifies more
emphasis on breeding to increase heat tolerance
and drought resistance (Fig. 16.3). Also, im-
proved understanding of future target environ-
ments is needed to better define priorities, and
set objectives and goals of breeding programs.
More detailed data on the response of pests and
pathogens to changing temperature and rainfall
patterns are required. Addressing interactions of
soil-related factors with climate will be espe-
cially challenging. In addition, recent experience
suggests that year-to-year variability in weather
will be more extreme, and addressing this vari-
ability may be the greatest challenge of all to
minimizing crop failure. It is fully possible that
in some areas bean varieties will need to confront
the limitations of both suboptimal and excess
rainfall.

Combining multiple stress resistance will re-
quire a multidisciplinary approach. In the long-
run, genomics and transgenics could contribute
to the solution of many of these problems, es-

pecially as results from other crops inform us
about which genes and mechanisms are most
promising. In the short to medium term, conven-
tional genetic improvement will be required and
this will necessitate sustained funding for plant
breeding and complementary basic research, in-
cluding aggressive programs of recurrent selec-
tion with physiological analysis of root and shoot
components, and marker-assisted selection for
disease and insect resistance.
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Chapter 17

Improving Soybean Cultivars for Adaptation
to Climate Change and Climate Variability
Kenneth J. Boote

Introduction

The editors of this book have described the
aspects of future climate change associated with
increases in greenhouse gases of which CO2 is a
significant contributor. The rise in CO2 is a clear
trend over the past 50 years that will continue
because of the continued demand for fossil fuel.
Depending on different scenarios of increase
in greenhouse gases, the Global Circulation
Models predict global temperature increases
of 1.1–5.4◦C by 2100 and variations in rainfall
patterns that may lead to increased frequencies
of drought (IPCC AR4 2007). This temperature
rise is in addition to the 0.6◦C rise in global air
temperature already experienced during the past
century. For hypothetical simulation of genetic
improvement in this paper, future climate will
assume temperature rise of 2◦C and CO2 level
of 500 ppm (about 50 years from now), for
comparison to historical weather from the 1980s
and 1990s at 350 ppm CO2.

Soybean genetic improvement,
technology trends, and CO2 rise over
past 80 years

Soybean improvement in the United States has
been ongoing for the past 80 years, with reported

rates of genetic yield improvement being about
0.5% per year of plant breeding improvement
for midwestern MG 00 to 4 cultivars (Wilcox
et al. 1979; Specht and Williams 1984; Vold-
eng et al. 1997; Morrison et al. 1999, 2000)
and about 0.7% per year for southern MG 6, 7,
and 8 cultivars (Boerma 1979). Yield trends over
time can be attributed to management, technol-
ogy, and genetics, as well as to rising CO2 and
climate change. Wilcox (2001), comparing elite
lines in old to new variety trials over 60 years
time, found increases of 21.6–30.6 kg ha−1

year−1 across MG 00 to 4 (mean of 27.9 kg ha−1

year−1), but this was confounded over technol-
ogy and climate change. Farmer-produced soy-
bean yield in the United States has increased
22.6 kg ha−1 year−1 or about 1.0% per year (if
divided by 2260 kg ha−1 mean national yield in
1990) from all factors over the period 1924–1997
(Specht et al. 1999). Of this, at least 50% has
been attributed to genetic improvement or re-
lease of new cultivars, based on estimates of
11 kg ha−1 year−1 (Voldeng et al. 1997) and
12.5 kg ha−1 year−1 (Specht and Williams 1984)
in carefully set up trials that compared old and
new cultivars in present-day tests. That would
leave about 50% to technology improvement or
other factors including CO2 increase and climatic
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factors. Indeed, Specht et al. (1999) highlighted
that soybean yield improvement did come from
technology improvement and CO2 increase, al-
though they argued that genetic gain was faster in
recent years and contributed a higher percentage
in recent years. However, simulations with the
CROPGRO-Soybean model (Boote et al. 2003)
indicate that soybean yield in Iowa should have
increased by 9.1% just from the CO2 increase
from 315 ppm in 1958 to 370 ppm in 2000, or
0.22% per year. Adding 0.22% (CO2 effect) to
0.50% (genetic improvement) gives 0.72% per
year, which is 72% of the 1.0% per year that
actual farmer yields have increased, which does
not leave much for nongenetic technology but
maybe that is not surprising since N fertilization
is unimportant for this legume. These same sim-
ulations indicate that small rise in temperature
over the past century would have had a small
positive effect on yield at least in the midwestern
United States, where the current temperature is
still near the optimum 23–24◦C mean for soy-
bean (Boote et al. 2003; Hatfield et al. 2008).
On the other hand, temperatures in the southern
United States are near 26–27◦C mean during the
reproductive period and are already above the
optimum.

Genetic improvement, can soybean
breeders keep up with climate change?

Has genetic improvement been fast enough to ac-
commodate climate and technology change over
the past 80 years and will it be fast enough to
accommodate future climate change? As high-
lighted in Chapter 15 (in this volume), prior
to 1900, plants were adapted to growing under
low CO2 of 180–300 ppm for at least the prior
220,000 years (Barnola et al. 1987; Jouzel et al.
1993), and plants under low CO2 would likely
have had a higher ratio of source (leaf canopy)
to reproductive sink tissue to be competitive.
But now, the higher CO2 creates more source
supply and that represents opportunity for plant
breeders. Boote et al. (2003) suggested that it is

highly likely that genetic improvement over the
past 70–80 years took advantage of improved
soybean production technology (narrow row
spacing, higher fertility, much improved weed
control, etc.) as well as the CO2 increase over the
same period. In simulations of genetic improve-
ment (Boote et al. 2003), selecting for longer
grain-filling period increased yield, but the ear-
lier onset of reproductive growth quickly ran
into problems of too low leaf area index (LAI),
which was solved by narrow rows, higher sow-
ing densities, improved fertility, and rising CO2

(Fig. 17.1). Changes in technology and CO2 in-
crease would act to stimulate total growth, re-
sulting in excessive LAI and vegetative growth,
given no genetic change. So, it is not surprising
that the genetic increase of 0.5% in yield and
0.5% increase in harvest index (per year since
release) reported by Morrison et al. (1999) is as-
sociated with 0.38% decrease in LAI (per year of
release), reduced leaf area ratio (LAR), as well as
0.52% increase in leaf photosynthesis and 0.48%
increase in stomatal conductance. The increase
in leaf photosynthesis and stomatal conductance
was associated with decreased specific leaf area
as well as decreased LAR. Morrison et al. (1999)
stated that in response to narrow row widths and
higher population densities, plant breeders may
have selected cultivars with lower leaf area per
plant. In fact, Cober et al. (2005) observed that
more recently released cultivars were not only
more tolerant of high plant populations, but were
more responsive and required higher plant pop-
ulations to achieve their higher yields. Morrison
et al. (1999) did not determine the causes for
lower LAI and higher HI, but I believe it came
from selection for earlier more rapid onset of
reproductive growth.

If we look toward the rest of this century,
the CO2 rise allows the opportunity for plant
breeders to take advantage, so CO2 rise is not a
problem. However, if the temperature rise is too
rapid and goes above the optimum, the net effect
may become negative. One could speculate that
genetic improvement may not be fast enough
to neutralize yield decreases caused by rising
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Fig. 17.1. Simulated soybean seed yield response to varying filling period
duration (beginning seed R5 to physiological maturity) at Ames, Iowa, for
1980–1996 rainfed weather, under two scenarios (year 1958, 315 ppm CO2,
0.91-m row spacing, 25 plants m−2; year 2000, 370 ppm CO2, 0.18-m row
spacing, 30 plants m−2). (Adapted from Boote et al. (2003).)

temperature, especially if genetic variation in
heat tolerance is minimal.

The present as a good predictor of
future response to climate change
and variability

What approach should we take to ensure that soy-
bean cultivars are improved in time to accommo-
date future climate change? Will we have time?
Certainly, there should be future research on
temperature tolerance, CO2 responsiveness, and
drought tolerance of germplasm as individual
plant breeding objectives. Nevertheless, I be-
lieve that adaptation to future climate change
should take many lessons from how we are cur-
rently improving soybean cultivars for adapta-
tion to current climate variability, particularly so
for drought, because drought cannot be reliably
studied in pots or chambers. I agree with Cutforth
et al. (2007) that resilience of grain legumes to
present-day weather extremes is the best predic-
tor of their adaptation to future climate change.

We should study weather variability to under-
stand the probabilities of drought and elevated
temperature incursions per season, as well as
freeze risks (because sowing date may be part
of adaptation). Thresholds of elevated tempera-
ture damage should be considered. The proba-
bilities of drought or temperature incursions are
best studied with long-term historical weather
records, but with an eye to how climate change
may change those frequencies. Crop simulation
models are proposed as valuable tools to use with
long-term weather records to determine the yield
response probabilities for hypothetical cultivars
under climatic stresses and with elevated CO2.

Crop system models as tools to
hypothesize genetic improvement

We will use the CROPGRO-Soybean model
(Boote et al. 1998b; Jones et al. 2003) as a
tool to hypothesize genetic improvement rel-
ative to climate change factors and CO2 in-
crease. CROPGRO-Soybean is a mechanistic
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ecophysiological model that has been widely
tested over the past 20 years and shown to pre-
dict reasonable yield responses to weather and
management for different maturity groups with
genetic coefficients throughout the United States
(Boote et al. 1997, 2003; Boote and Tollenaar
1994;). The model considers mechanistic car-
bon balance with photosynthesis inputs at leaf
level, with hedgerow canopy assimilation using
canopy LAI, canopy height and width for light
capture. The leaf and canopy assimilation mod-
ule developed by Boote and Pickering (1994)
was tested and shown by Alagarswamy et al.
(2006) to accurately predict photosynthetic re-
sponse to CO2 for soybean. The model has ex-
plicit nodule growth and N-fixation and con-
siders energy costs for synthesis of protein and
oil and other compounds in vegetative and seed
structures (Boote et al. 1998a, 1998b; Boote
et al. 2008). Addition of pods and seeds is based
on assimilate supply and carrying capacity. The
model considers N mobilization and canopy self-
senescence as features during seed filling. It has
a well-tested phenology subroutine that is sensi-
tive to daylength and temperature, with genetic
coefficients for MG 00 to 9 solved from exten-
sive data on soybean (Grimm et al. 1993, 1994;
Mavromatis et al. 2001, 2002). The model has
been tested intensively with time-series growth
analyses as well as extensive final yield data sets
(Boote et al. 1997; Piper et al. 1998). Sensitivity
of the model to water stress was recently re-
viewed by Boote et al. (2009) and the ability
of the model to accurately simulate N-fixation
was documented for soybean by Boote et al.
(2008). Use of CROPGRO-Soybean to study ge-
netic improvement in soybean yield has been il-
lustrated in several papers (Boote and Tollenaar
1994; Boote et al. 2001, 2003). Other papers
have demonstrated the model use for solving ge-
netic coefficients from field data on phenology,
yield, and seed size (Mavromatis et al. 2001,
2002), or reproducing gene effects on crop de-
velopment and yield (Messina et al. 2006). Boote
et al. (2003) highlighted that crop modeling ap-

proaches were important in predicting genetic
improvement, because of the need to satisfy the
laws of conservation of mass and energy (i.e.,
balance of C, N, and water). They also illus-
trated how genetic coefficients in crop models
could be used to evaluate genotype by environ-
ment interactions, which is highly appropriate to
the variables of climate change (CO2, tempera-
ture, and drought).

In order to illustrate genetic improvement for
different environments, the CROPGRO-Soybean
model will be used with long-term historical
weather and typical soils data for two locations
with CO2 and temperature change projected for
each site: (1) Ames, Iowa, with good soils and
good current climate, (2) Gainesville, Florida,
with low water-holding capacity soils and warm
climate. Historical weather records for 20 and
25 years were used for Ames and Gainesville, re-
spectively. Comparisons were made at 350 ppm
CO2 (representing values in 1980s–1990s) and
500 ppm CO2 (representing levels projected
about 50 years from now). Temperatures were
contrasted across sites and for 2◦C projected tem-
perature increase within each site. A 2◦C tem-
perature shift is close to the naturally occurring
variation from warm to normal seasons, so the
evaluation will be instructive for current weather
as well.

Elevated carbon dioxide and
genetic improvement of soybean

Let us discuss first, the primary effects of CO2

or temperature or drought on growth and yield
characteristics, in order to understand how we
may take genetic advantage of CO2 rise or geneti-
cally minimize damage from drought or elevated
temperature. The rise in CO2 is beneficial for
soybean, because soybean is a CO2-responsive
C-3 species that also fixes N2, which removes
the N fertility constraint that limits CO2 respon-
siveness of nonlegumes. This is especially im-
portant for legume enhancement of N supply to
following cereal rotation crops on infertile soils
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in the tropics. Soybean grown in natural soil (not
in pots) is quite responsive to CO2, showing
about 38% grain yield response to a doubling
of CO2 from 330 to 660 ppm or from 350 to
700 ppm (Ainsworth et al. 2002). As shown in
Table 17.1, a doubling of CO2 increases leaf pho-
tosynthesis about 39%, canopy assimilation by
36%, biomass by 37%, and grain yield by 34–
38% (data only from large >1m2 crop stands
grown in soil). These are summarized metadata
based on literature reviewed by Ainsworth et al.
(2002) and updated in Hatfield et al. (2008),
where the soybean yield response to doubled
CO2, for example, was reestimated to be 34%
(based on data and interpretation by Allen and
Boote (2000)). There is limited evidence (Ziska
and Bunce 2000; Ziska et al. 2001) of differen-
tial grain yield responses of soybean cultivars
to doubled CO2, but this is difficult to under-
stand considering the conservative nature of C-
3 leaf photosynthesis response to CO2 and the
fact that these authors did not find any cultivar

differences in response of leaf photosynthesis
to CO2.

The primary effect of higher CO2 is to stimu-
late leaf and canopy photosynthesis. Except for
a small transpiration reduction (that will be dis-
cussed later), everything else is secondary, such
as increase in mass of leaf, stem, root, pod, and
seed, as well as an increase in C supply for N-
fixation (Allen and Boote, 2000). Figure 17.2 il-
lustrates the time course of LAI, crop mass, and
seed mass over time as influenced by 500 ver-
sus 350 ppm CO2 for a soybean crop grown in
Ames, Iowa, with 1995 weather (relatively free
of water deficit). For example, how plant breed-
ers take advantage of the increased leaf mass and
increased LAI. For the past 220,000 years under
low CO2, a high ratio of vegetative canopy to
reproductive was advantageous for competition,
but that is not the case for grain yield of agricul-
tural plants in monoculture under higher CO2.
As hypothesized by Boote et al. (2003) and gen-
erally confirmed by Morrison et al. (1999), plant

Table 17.1. Effect of doubled CO2 (usually 350–700 ppm, sometimes, 330–660 ppm) on rates, vegetative states, and
reproductive states of soybean crops, taken from Ainsworth et al. (2002), except as qualified (a, b).

Type Process or variable
Percent

change (%) Qualification

Rate
Leaf-photosynthesis (Asat) +39
Stomatal conductance (gs) −40
Rubisco per unit area −10 Average of N-fixing and nonnodulated
Canopy assimilation 36 (Corrected for chamber leakage, other data not used)
Canopy transpiration −9 Allen et al. (2003)a

Vegetative
Total biomass +37
Leaf area index +25 (At peak LAI, Ainsworth)
Specific leaf area −25
Specific leaf nitrogen −6 +8% for N-fixing, −16% for nonnodulated soybean
Leaf area ratio −20
Root : shoot ratio −1

Reproductive
Seed yield +34 Sown in ground in >1 m2 land area, not potsb

Seed size +1
Seed harvest index −9

aAllen et al. (2003), Jones et al. (1985a), and Bernacchi et al. (2007)
bExcluding potted plants that had much lower seed yield response to doubled CO2, presumably from root-bound condition,
and were not considered reliable. Allen and Boote (2000) reported 34% response to doubled CO2.
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Fig. 17.2. (a) Leaf area index and (b) crop biomass and grain yield over time for MG
3 soybean grown rainfed with Ames, Iowa, 1995 weather at 350 and 500 ppm CO2, as
simulated by the CROPGRO-Soybean model.

breeders have already taken advantage of nar-
row row spacing, higher plant density, improved
fertility, and rising CO2, by selecting for cul-
tivars with a lower leaf area per plant (because
LAI had now become excessive). Lower leaf area
per plant is probably an indirect result of selec-
tion for higher yield associated with earlier start
and longer duration of seed fill. Likewise, CO2

enrichment will give more stem mass (again,
maybe excessive). This promotion of vegetative
growth allows plant breeders to select for culti-
vars that have less leaf area and partition more
to reproductive sooner. This advantageous trend
can be further exploited as CO2 increases. In-
creased root mass (with CO2 increase) may be
an advantage, either to enhance exploration and
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uptake of water and nutrients, or for breeders
to reallocate that limited amount of root assim-
ilate to grain (which is an outcome of selecting
for earlier flowering and seed set). Elevated CO2

generally increases specific leaf weight (SLW),
which by itself would normally increase photo-
synthesis capacity; however, elevated CO2 may
cause a downregulation of the amount of rubisco
protein, especially in cereals. Downregulation
in soybean is minimal as leaf N concentration
shows only a slight decrease (Campbell et al.
1988; Allen et al. 1988). Under doubled CO2,
the SLN (specific leaf N content per unit area) of
N-fixing soybean was actually 8% greater under
doubled CO2, but 16% lower for non-nodulated
“laboratory” plants (Ainsworth et al. 2002). The
reported 10% reduction in rubisco per unit area
summarized by Ainsworth et al. (2002) was aver-
aged over non-nodulated and N-fixing soybean,
and is thus not representative of field-grown N-
fixing soybean. Thus, it appears that much of
the increased SLW comes with increased total
leaf N (SLN) along with increased carbohydrate
(Ainsworth et al. 2002) and small decrease in
leaf N concentration (per unit mass). The mech-
anism for increase in SLW and SLN may be in-
creased cell number per unit leaf area observed
in soybean under CO2-enrichment (Thomas and
Harvey 1983; Vu et al. 1989). Increased SLW,
if it also increases SLN, is a good feature that
would allow the canopy to carry more total leaf
N mass per unit land area in the same amount
of LAI. How can this be genetically manip-
ulated to take advantage? New soybean culti-
vars already have higher SLW than older ones,
which results in increased single leaf photosyn-
thesis capacity (Dornhoff and Shibles 1970; But-
tery et al. 1981; Morrison et al. 1999). Elevated
CO2 has been shown to enhance N-fixation by
soybean to such an extent (Hardy and Havelka
1975) that it appears to provide sufficient N-
fixation to match the CO2-enhanced amount of
assimilate. However, this is beneficial only if the
increased N-fixation goes toward seed growth.
Elevated CO2 causes short-term carbohydrate
accumulation, but this accumulation is usually

used or disappears by the end of seed filling
(Allen et al. 1988, 1991). Plant breeders probably
do not want to encourage more accumulation of
carbohydrate, as the assimilate should be used to
set and carry more seeds rather than be stored for
later use.

Elevated CO2 causes partial stomatal clo-
sure with a 40% reduction in leaf-level conduc-
tance for a doubling of CO2 (Ainsworth et al.
2002; Morison 1987). The effect is minimized at
canopy level, because the canopy must balance
the incoming energy to that lost to latent heat or
sensible heat. The reduction in leaf conductance
causes warmer leaf temperature, which increases
the leaf-to-air vapor-pressure gradient in a feed-
back loop to maintain transpiration only slightly
reduced. As a result, transpiration of a closed
soybean canopy may only be reduced 9–12%
with a doubling of CO2 (Hatfield et al. 2008),
and this applies for a canopy that is not dramat-
ically larger in size. Jones et al. (1984, 1985c)
reported a 12% reduction in transpiration for
soybean canopies at 330 versus 660 ppm CO2,
which were relatively similar in size. But for soy-
bean canopies much different in size (grown and
measured at 800 versus 330 ppm CO2, giving
LAIs of 6.0 versus 3.3), the transpiration ranged
from 2% less (Jones et al. 1985a) to 11% more
(Jones et al. 1985b). So, the reductions in canopy
transpiration will be influenced by the degree to
which the increase in CO2 increases the LAI.
Doubled CO2 causes about 25% increase in soy-
bean LAI at the peak prior to rapid seed growth
(Baker et al. 1989; Ainsworth et al. 2002). If LAI
increases from 4.0 to 5.0 (25%), the increase in
LAI alone is enough to increase transpiration
by 6% (using an energy extinction coefficient of
0.50). A negative consequence of partial stom-
atal closure is that the crop canopy will warm up
by about 1–2.0◦C with doubling of CO2 (Allen
et al. 1994; Pan 1996; Allen et al. 2003). Fo-
liage warming in itself can have second-order
effects, depending on the ambient temperature.
If temperature is already too warm, the fur-
ther temperature rise may inhibit photosynthesis,
pod-set, and reproductive development. If the
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temperature is relatively cool, the temperature
rise may enhance photosynthesis and accelerate
development.

Hypothetical genetic improvement to
take advantage of rising CO2

The CSM-CROPGRO-Soybean model was used
to simulate hypothetical genetic improvement in
yield for an increase in CO2 from 350 to 500
ppm, starting with the default MG 3 at Ames,
Iowa, or the default MG 7 cultivar at Gainesville,
Florida. The average grain yield for the default
MG 3 cultivar at Ames was 3403 kg ha−1 at 350
ppm and 4084 kg ha−1 at 500 ppm (Table 17.2)
sown at 25 plants m−2 in 0.20-m row spacing.
Yield improvement of hypothetical cultivars is
shown as % increase in yield over the default
MG 3 cultivar. For example, longer grain-filling

period (FP) was obtained by a 10% increase in
duration from beginning seed to beginning ma-
turity (R5–R7), while reducing the time to begin-
ning seed, thus holding crop maturity constant.
Determinate cultivar was created by shorter du-
ration to end of main-stem leaf appearance (26
to 9 photothermal days (PTD)), shorter duration
to end of leaf expansion on branches (from 26
to 18 PTD), shorter duration for pod addition
(from 10 to 7 PTD), and consequent reduction
in height (fewer MS nodes). Other traits such as
SLW, Pmax, and N mobilization rate (stay-green)
were varied by 10%. Traits were also varied in
combinations.

At the lower 350 ppm CO2 at Ames, Iowa,
longer grain fill and increased Pmax, as singular
changes, increased yield by 5.3% and 5.9%, re-
spectively, while other traits such as determinate
or SLW or combinations of determinate did not

Table 17.2. Simulated soybean yields with genetic modifications with CO2 rise from 350 to 500 ppm for Ames, Iowa, and
Gainesville, Florida, with long-term historical weather (20 years at Ames and 25 years at Gainesville), using
CSM-CROPGRO-Soybean V4.5. Sown May 1 in Ames and May 20 in Gainesville at 25 plants m−2 in 0.20-m row spacing.
Nicollet clay loam (Ames) and Millhopper fine sand (Gainesville), with deep rooting profiles to 2.0 m.

Ames, Iowa Gainesville, Florida

350 ppm 500 ppm 350 ppm 500 ppm

Genetic trait kg ha−1 % kg ha−1 % kg ha−1 % kg ha−1 %

Standard (MG 3 or MG 7) 3403 4084 3241 4040
Determinate (Dt) 3413 0.30 2.25
+10% Filling period (FP) 3583 5.29 6.00 3372 4.02 3.73
+10% SLW 3439 1.06 1.37 3252 0.33 0.43
+10% Pmax 3605 5.94 4.93 3408 5.14 4.46
10% slower N mobilization 3517 3.36 2.81 3370 3.96 3.26
Dt+FP 3481 2.30 5.26
Dt+FP+SLW 3496 2.74 5.81
Dt+FP+Pmax 3709 9.00 11.30
FP+SLW 3619 6.34 7.31 3384 4.40 4.13
FP+Pmax 3800 11.67 11.43 3547 9.44 8.42
Dt+FP+Nmob 3629 6.65 9.71
Dt+FP+SLW+Nmob 3650 7.26 10.27
Dt+FP+Pmax+Nmob 3869 13.70 15.82
FP+SLW+Nmob 3750 10.19 10.87 3522 8.66 7.83
FP+Pmax+Nmob 3920 15.19 14.77 3681 13.55 11.58
+15%FP+Pmax+Nmob 4006 17.73 17.45 3748 15.62 13.78
+15%FP+15%Pmax+Nmob 4104 20.59 19.84 3824 17.96 15.66
+15%FP+15%Pmax+Nmob and
+10% leaf N conc.

4217 23.93 21.82 3926 21.11 17.85
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increase yield much (Table 17.2). It is impor-
tant to highlight how the small response (0.3%)
for the determinate trait is caused by the much
lower LAI (4.6 versus 6.2), which reduces light
interception and overwhelms the benefit of more
rapid pod-set. The higher SLW and longer FP
trait reduced LAI to 5.8 and 5.9 and had minor
negatives. However, when placed in 500 ppm
CO2, the LAI of the determinate trait (or higher
SLW) was considerably recovered (now 5.5 ver-
sus 6.8 for the standard) and the response to de-
terminate trait was 2.3% and the responses of
determinate combined with other traits was en-
hanced. Responses in bold in Table 17.2 indi-
cate greater response to a genetic trait change
at 500 ppm than at 350 ppm CO2. Thus, ele-
vated CO2 or technologies such as narrow row
spacing or higher sowing densities allow plant
breeders to take advantage of traits such as de-
terminacy, greater SLW, and lower LAR to im-
prove yield (obtained by earlier more rapid pod-
set and longer grain filling duration). Responses
to genetic traits at the Florida site were generally
somewhat less, and yield benefits of traits were
similar across the CO2 levels.

Genetic traits were particularly valuable in
combinations. For example, a stay-green trait
(10% slower N mobilization) was valuable in
nearly all combinations with longer FP, deter-
minacy, higher SLW, and higher Pmax because it
helped sustain photosynthesis during the longer
FP (Table 17.2). Yield improvements of 15%
were easily simulated with three and four-way
combinations of traits, with increases in seed
harvest index (HI) coming from increases in
grain-filling duration, determinacy, and slower
N mobilization (with these three in combination,
HI increased from 0.471 to 0.519 for MG 3, for
example). Stretching the range to 15% for FP and
Pmax along with 10% slower N mobilization and
10% higher leaf N concentration allowed yield
increase as high as 21–24% for Florida and Iowa,
respectively. The 10% variation of the traits is
well within the possible genetic range, which
leads to the conclusion that additional yield
improvement may be possible by increasing the

range of traits tried and including combinations
of traits not considered here. Boote et al. (2001)
presented an example of 15–19% yield improve-
ment for Kruger 2828 and Stine 3660 compared
to the older cultivar Williams 82, in which yield
improvement was associated with combinations
of at least five traits, 30% faster pod addition,
8–11% longer grain filling (SD-PM), 7–9%
longer single seed growth (SFDUR), 9%
higher Pmax, and 10% slower N mobilization.
Understanding the limits to yield improvement
will depend on knowing the feasible ranges of
genetic traits to explore in combinations. For
example, the range of reported light-saturated
leaf Pmax is 0.82–1.39 mg CO2 m−2 s−1 across
soybean cultivars on a leaf area basis (based on
field-measured Pmax of eight authors, summa-
rized by Boote and Tollenaar, 1994). The range
was 48% on a leaf area basis, but only 17% on a
leaf weight basis (Dornhoff and Shibles, 1970).
Today’s best cultivars likely already have higher
photosynthesis rates. The range of Pmax solved
by inverse modeling techniques among cultivars
was 0.93–1.11 mg CO2 m−2 s−1 (Northern
regional trials, Boote et al. 2003) or 0.96–
1.11 mg CO2 m−2 s−1 (Southern regional trials,
Mavromatis et al. 2002) where the model started
with value of 1.03 mg CO2 m−2 s−1.

Effects of elevated temperature
on soybean reproductive
processes and yield

Rising temperature will generally be a negative
factor for soybean yield in most regions of the
world except in the northern tier of states in the
United States, China, Japan, and Europe. The re-
sponse to temperature will depend on current re-
gional mean temperature during the reproductive
phase, relative to soybean’s optimum mean tem-
perature of 23–24◦C during reproductive growth
for grain yield. Piper et al. (1998) found an op-
timum mean air temperature of 22◦C for grain
yield per day, solved against very extensive field
yield trial data over the United States. Season-
long controlled environment studies have shown
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Fig. 17.3. Soybean seed yield response to mean temperature for MG 3 cultivar, grown at 350 and 500 ppm CO2, as
simulated by the CROPGRO-Soybean model, using a constant Tmax and Tmin over the entire season, with a 10◦C differential
(Tmax 10◦C greater than Tmin).

an optimum temperature of 26/20◦C (day/night)
or 23◦C for grain yield (Huxley et al. 1976;
Sionit et al. 1987), although the optimum could
potentially be higher at higher light intensities
(Baker et al. 1989). Gibson and Mullen (1996)
concluded that day temperature increase (30/20
to 35/20◦C) was more damaging to yield (re-
ducing yield and seed size) than was increase
in night temperature (from 20 to 30◦C), but
this was a low-light chamber study (300 micro-
mole photon flux density m−2 s−1). Dorenbos
and Mullen (1991) found that increasing tem-
perature from 29/20◦C (day/night) to 34/20◦C
during seed fill reduced grain yield, seed num-
ber, and seed size. The reported optimum tem-
perature for soybean single seed growth rate
is 23.5◦C (27/22◦C day/night), and seed size
was also largest at that temperature (Egli and
Wardlaw 1980).

The CROPGRO-Soybean model predicts soy-
bean yield is highest at 22–24◦C mean temper-
ature (Fig. 17.3) using Tmax 10◦C above Tmin.
The model’s temperature optimum is attributed
in part to use of the Egli and Wardlaw (1980)
function for single seed growth rate sensitivity
to temperature along with temperature effects on
functions affecting photosynthesis, seed-filling
duration, leaf expansion, and maintenance respi-
ration. The mean air temperature in midwestern
United States during July, August, and Septem-
ber is presently about 1◦C below this 23◦C opti-
mum, so soybean yield in the midwestern United
States will be relatively unaffected. Hatfield et al.
(2008) actually projected yield in that region
to increase 1.7% for a small temperature rise
of 0.8◦C. On the other hand, the corresponding
temperature is nearly 26–27◦C during the repro-
ductive period in Arkansas, Louisiana, Texas,
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and southeastern states of the United States,
where increase in temperature will reduce soy-
bean yield. In this region, Hatfield et al. (2008)
projected a 2.4% yield decrease with 0.8◦C tem-
perature increase. This is supported by Lobell
and Field (2007) who estimated a 1.3% decline
in soybean yield per 1◦C increase in temperature,
on the basis of global soybean production against
global average temperature in July–August,
weighted by production area (the small effect
is because they averaged over cool and warm
regions). Photosynthesis at canopy level is rela-
tively unaffected over a broad range of daytime
temperatures from 26 to 36◦C (Campbell et al.
1990; Jones et al. 1985a), so that is not the major
cause for yield variation. We believe the primary
effect of temperature is really on grain-filling
duration and seed-set. The main reason soybean
yield is highest at relatively cool temperature is
that moderately cool temperature during grain
filling prolongs the grain-filling period (and in-
creases seed size), whereas warmer temperature
accelerates and shortens the grain-filling period
and reduces seed size (Egli and Wardlaw 1980).
Soybean seed size is largest at 23◦C (Egli and
Wardlaw 1980; Baker et al. 1989; Pan 1996;
Thomas 2001), and is reduced as temperature
increases above 23◦C (Baker et al. 1989; Hes-
keth et al. 1973; Huxley et al. 1976; Pan 1996;
Thomas 2001). As mean temperature rises above
23◦C, seed growth rate, seed size, and intensity
of partitioning to seed (seed HI) are decreased,
reaching zero at 39◦C (Pan 1996; Thomas 2001;
Boote et al. 2005). Up to about 28◦C, increase in
seed number compensates considerably for re-
duced seed size (Baker et al. 1989), but as mean
temperature rises above 28◦C, the soybean plant
sets progressively fewer and smaller seed and
takes longer to add a seed load, while extending
its vegetative growth and delaying final seed ma-
turity (Pan 1996). The failure point of 39◦C mean
air temperature for seed yield and seed HI in soy-
bean is quite high (Pan 1996) and is about 4–5◦C
higher than the failure temperatures of rice,
sorghum, cotton, and presumably corn (Boote
et al. 2005; Hatfield et al. 2008). So, soybean

already has considerable tolerance to high tem-
perature with yield being highest at 23◦C, then
being reduced gradually, and then more rapidly,
as mean air mean temperature increases from
23◦C, finally reaching zero at 39◦C mean tem-
perature (Pan 1996). The CROPGRO-Soybean
model was not parameterized from the Pan
(1996) data, but the temperature response surface
for grain yield in Fig. 17.3 is quite comparable
and shows failure at 39◦C mean temperature.

Extent of heat tolerance in soybean
germplasm?

What can be done to improve the heat tolerance
of soybean, recognizing that soybean is already
one of the most heat-tolerant crops, with simi-
lar heat tolerance of reproductive processes as
peanut (Pan 1996; Thomas 2001; Prasad et al.
2003). Pollen viability of soybean is first reduced
as instantaneous temperature exceeds 30◦C with
initial slow reductions and a long decline slope
to total failure at 47◦C (2007). Pollen number
per anther and pollen germination were reduced
32% and 56%, respectively, for soybean grown
at 38/30◦C (day/night temperature) from 10 days
after sowing through flowering, compared to
30/22◦C control (Salem et al. 2007). The prob-
lem of heat stress for soybean may be cumulative,
from reduced pollen production, pollen germi-
nation, and pollen tube elongation (Salem et al.
2007), as well as delays in reproductive onset
(Pan 1996; Thomas 2001). Borthwick and Parker
(1940) reported that floral initiation is inhibited
above 32◦C. The consequence is that seed-set
will be reduced gradually above 30◦C, and then
more rapidly, finally causing zero seed yield and
HI at 39◦C mean temperature (Pan 1996). Opti-
mum temperature for seed-set should not be con-
fused with optimum temperature for grain yield
in Fig. 17.3 as the latter is lower because it con-
siders individual seed growth rate, grain-filling
duration, leaf senescence, canopy assimilation,
and maintenance respiration.

What is the extent of genetic variation in
heat tolerance of reproductive traits of soybean?
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Salem et al. (2007) collected pollen from 44
cultivars from MG 3 to 6 grown under normal
summer field conditions at Starkville, MS,
and determined temperature effect on pollen
germination in the laboratory. They reported
that Topt for pollen germination ranged from
27.7–31.2◦C, with a mean of 30.2◦C, while the
failure point ranged from 46.1–48.7◦C, with a
mean of 47.2◦C. The genetic variation among
these 44 soybean cultivars was quite small
(usually less than 2–3◦C) for the optimum tem-
perature and the upper failure point for pollen
viability and pollen tube germination (Salem
et al. 2007). There was no correlation of pollen
germination tolerance to temperature with leaf
membrane stability, and there were no relation-
ships of thermal tolerance to maturity group.
Data collected on a set of 22 cultivars in MG 00 to
4 and 20 cultivars in MG 5 to 8 in temperature-
gradient hoop greenhouses (Boote, Allen,
Prasad, unpublished data) confirm the following
findings: (1) soybean is quite heat tolerant, with
minor reductions in yield at 4–5◦C above 27◦C
ambient (the same conditions that cause major
80% reductions in fertility and yield of rice), (2)
minimal cultivar variation in heat tolerance ex-
ists as measured by seed HI and seeds per pod in
the 4–5◦C warmer greenhouse cells. So, we are
left with following two questions: Does signifi-
cant additional heat tolerance exist among other
soybean germplasm not tested in the above trials
(since some 80 cultivars were already compared,
but probably with overlapping genetics)? Is
more genetic variation in heat tolerance needed?

Hypothetical genetic improvement
to minimize stresses of elevated
temperature

So, how can we genetically minimize the nega-
tives or consequences of superoptimum tempera-
ture? One option is to practice escape by sowing
date and cultivar management to avoid critical
high-temperature periods. An adaptation man-
agement practice to “escape” heat stress would
be to sow the crop at earlier or later sowing

dates such that the elevated temperature effect
on seed-set is avoided. There are problems with
this approach, because very early sowings risk
freeze damage in spring and very late sowing ex-
poses the crop to frost and freeze risk in late fall,
as climate change may not minimize frequen-
cies of cold incursions. In addition, late sown
crops would typically fill grain during much
lower solar radiation conditions, which would
limit yield potential. For the Iowa and Florida
examples in Table 17.3, early sowing was advan-
tageous (3.9–8.5% higher yields) under both cur-
rent historical weather and 2◦C warmer weather.
Early sowing was always better than later sow-
ing, possibly because the late-sown crops were
shorter in life cycle (caused by daylength effects)
and experienced lower solar radiation. Switch-
ing MG cultivars is another strategy, but ear-
lier MG cultivar was never better under current
weather or 2◦C warmer conditions at either loca-
tion. For the Florida example, the later MG 8 was
higher yielding for current and warmer weather.
In the southern United States (Texas, Arkansas,
Mississippi), the escape strategy already has
been used for the past 20 years on millions of
acres to avoid hot dry weather of August, where
MG 3 and 4 cultivars (much earlier than typical)
are sown very early, so that pod-set is completed
before hot dry weather occurs (Heatherly and
Elmore 2004).

A second option of adaptation is to improve
physiology and genetics. Leaf photosynthesis is
quite tolerant of warm temperature if water sup-
ply is adequate, so we are less concerned about
genetic tolerance of photosynthesis to high tem-
perature, particularly since CO2 increase will en-
hance photosynthesis. Rising temperature may
stimulate LAI and vegetative growth, but that
can be overcome by selecting for earlier flow-
ering (earlier MG). Warmer temperature also
causes earlier flowering and pod-set, resulting
in shorter vegetative growth duration, especially
for the less daylength-sensitive cultivars grown
in the Midwest (5–6 days earlier flowering and
lower LAI is simulated for Iowa example in
Table 17.3).
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Table 17.3. Simulated rainfed soybean yields with projected 2◦C temperature rise (with CO2 at 350 ppm) for Ames, Iowa,
and Gainesville, Florida, with long-term historical weather (20 years at Ames and 25 years at Gainesville), using
CSM-CROPGRO-Soybean V4.5. Sown May 1 in Ames and May 20 in Gainesville, at 25 plants m−2 in 0.20-m row spacing.
Nicollet clay loam (Ames) and Millhopper fine sand (Gainesville), with deep rooting profiles to 2.0 m.

Ames, Iowa Gainesville, Florida

Current + 2◦C Current + 2◦C

Genetic trait kg ha−1 % kg ha−1 % kg ha−1 % kg ha−1 %

Std, MG 3 (MG 7) 3403 3444 3241 2722
Sow 15d early 3584 5.32 3.92 3519 8.55 5.54
Sow 15d later 3126 −8.14 −8.18 2940 −9.30 −8.15
MG 2 (MG 6 in Florida) 3117 −8.34 −12.01 3141 −3.10 −1.85
MG 4 (MG 8 in Florida) 3284 −3.50 −0.91 3293 1.59 1.84

Dt 3413 0.30 −1.63
+10% FP 3583 5.29 5.62 3372 4.02 4.18
+10% SLW 3439 1.06 0.57 3252 0.33 0.09
+10% Pmax 3605 5.94 5.33 3408 5.14 5.01
10% slower N mobilization 3517 3.36 3.22 3370 3.96 3.77

Dt+FP+SLW 3496 2.74 0.16 3384 4.40 4.33
Dt+FP+Pmax 3709 9.00 6.10 3547 9.44 9.45
Dt+FP+Pmax+Nmob 3869 13.70 10.63 3681 13.55 13.76

+2C Topt,Tx on SGR,Pdset 3389 −0.41 0.75 3293 1.57 3.34

What if the problem is temperature-induced
failures in seed-set as well as delay in repro-
ductive progression after anthesis? In contrast to
preanthesis development that is accelerated up
to 30◦C, the postanthesis development of soy-
bean (R1–R8), including pod addition is delayed
(slowed) at temperatures warmer than 23◦C (Pan
1996) or 25◦C (Gibson and Mullen 1996). Mean
temperature is typically below 23◦C during the
first 6–8 weeks of the season in the Midwest
United States, but if postanthesis temperature is
warmer than 23◦C (and that is more common),
then we anticipate slower and extended repro-
ductive progression. It may be possible to use
photoperiod genes to regulate the rate of postan-
thesis progression, using genetics from earlier
MG, but can heat tolerance of seed-set be in-
corporated? In either respect, plant breeders will
work to answer this dilemma by selecting for op-
timum plant life cycle, seed-set, and plant type
to best use the season in their performance trials
under future climate situations.

Simulated genetic improvement under
warmer weather was evaluated using the current

and 2◦C-warmer weather of Iowa and Florida
(Table 17.3). There were generally no surprises,
in that longer FP or higher Pmax gave 4–5%
yield increases at both locations with current
or warmer weather, and slower N mobilization
gave 3–4% yield increases. Combinations of
traits also resulted in additive effects on yield
and seed HI under both ambient and warmer
weather. One hypothetical genetic trait evalua-
tion in Table 17.3 is noteworthy. A 2◦C increase
in the optimum and failure point temperatures
for pod addition (stand in for pollination) and
single seed growth rate were simulated to mimic
the 2–3◦C range of heat tolerance observed
among soybean germplasm (Salem et al. 2007).
For the Iowa location, there was no benefit from
this trait under current weather, and a small
(0.75%) benefit under 2◦C warmer weather. But
for Florida where the temperature is already
3–4◦C warmer, this temperature-tolerance trait
increased yield 1.57% for current weather and
3.34% for 2◦C warmer weather. This illustrates
the potential benefit of selecting for heat
tolerance in soybean germplasm.
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An important point to highlight is that +2◦C
warmer weather at Gainesville reduced yield
about 16%, illustrating the yield reduction
caused by adding +2◦C to Florida’s weather
(current temperature of 26–27◦C is already
above the 23◦C optimum for soybean in
Fig. 17.3), although some of this may be
attributed to the higher evapotranspiration (ET)
demand and water stress for rainfed soybean at
Gainesville caused by use of the Priestley–Taylor
equations. The 2◦C warmer weather for Iowa
actually increased yield about 1.5%, illustrating
that climate change effects are site specific.

Drought and genetic improvement
of soybean

Altered rainfall frequency and increased drought
occurrence are possible consequences of antici-
pated global climate change. Are there ways to
genetically minimize soybean yield losses from
plant water deficit? First, I believe that cultivar
performance under drought in the field under cur-
rent weather variability is the best indicator of
what plant breeders should be doing to be ready
for increased drought frequency under climate
change. Specht et al. (2001) concluded that ge-
netic selection for soybean yield performance
under drought was best achieved by selecting for
high yield (across all environments, especially
emphasizing high-yield environments) because
the response to water supply is so strongly tied to
cultivar yield potential. Moreover, cultivar com-
parisons in potted plant studies in greenhouses
and phytotrons have little to offer because they
are unrealistic in the rate of drying. This cau-
tion also applies for those who would screen
molecular genetic traits on young plants under
the same unrealistic environments. Evaluations
of cultivars (or molecular genetic traits) should
be made under natural field and soil conditions
with naturally occurring droughts or managed
droughts (Manavalan et al. 2009). Strategies to
minimize drought stress are as follows (Ludlow
and Muchow 1990; Turner et al. 2001; Man-
avalan et al. 2009): (1) escape, (2) dehydration

avoidance by maintaining water uptake or reduc-
ing water use, or (3) dehydration tolerance. Soy-
bean breeders and producers generally are not
interested in the third strategy where tolerance
comes mostly at the expense of yield.

What are the consequences of drought? The
consequences of drought are as follows: reduced
leaf area expansion, reduced height and width,
reduced leaf and canopy photosynthesis, con-
sequently reduced pod-set and seed filling, and
accelerated senescence and maturity. Drought ef-
fects on these processes lead to decreased yield.
The exact yield reduction from drought depends
on the timing and duration of drought during the
life cycle, with the greatest reductions occurring
from droughts that occur during pod addition and
early seed filling (Doss et al. 1974), very simi-
lar to the effect of timing of defoliation stresses
on soybean yield (Timsina et al. 2007). In the
following sections of this chapter, I will use the
CROPGRO-Soybean model simulations to illus-
trate how genetic improvement or management
can minimize drought and warmer temperature
effects under a hypothetical future climate that
is 2◦C warmer, 500 ppm CO2, and 20% lower in
rainfall for Iowa and Florida.

Escape strategies

One strategy is to select cultivars and manage-
ment practices that escape drought (completes
life cycle during period of sufficient water supply
before drought begins). This has been done with
early sowing in March–April of early-maturity
group cultivars in Arkansas, Texas, Missis-
sippi, to take advantage of cooler temperature,
lower evaporative demand, and wetter weather in
spring and avoiding the heat and drought of late
summer during August–September (Heatherly
and Elmore 2004). Depending on weather pat-
terns, this strategy may become even more im-
portant under climate change. A simple shift of
15 days in simulated sowing dates in Iowa or
Florida (Table 17.4) showed that early sowing
increased yield 4–8%, while a 15-day delay de-
creased yield 7–9%. Another escape strategy in
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the Deep South, depending on weather patterns,
could be to sow much later with late MG types
to move the grain-filling period into cooler, pos-
sibly wetter fall, but sowing later or using a later
MG did not increase yield except for the case
of MG 8 in Florida for current weather. A gen-
eral “escape” strategy may be to select shorter
life-cycle cultivars that minimize drought effects
by reducing season-long transpiration via shorter
life cycle, but this would work only on soils with
excellent water-holding capacity. This strategy
would also limit yield potential.

Dehydration avoidance strategies

Dehydration avoidance includes the following
strategies: (1) maintaining root water uptake by
deeper rooting (faster root depth increase or a
shift in profile shape), or (2) reducing water loss
or improving water-use efficiency (WUE). Re-
ducing water loss can be encouraged by lower
LAI and lower stomatal conductance, but this
is at the expense of reduced yield. But there
may be some combinations of lower LAI along
with increased SLW with higher leaf N that
may improve WUE. There is some evidence
with C isotope data that soybean cultivars vary
slightly in WUE (Mian et al. 1996a, 1996b, 1998)
usually associated with thicker leaves (greater
SLW) and same or higher leaf N concentration
(greater SLN).

Specht et al. (2001) conducted a two-year
study of 236 recombinant inbred lines of soy-
bean grown under different irrigation levels in
Nebraska. They found significant genetic differ-
ences in yield response to water applied (beta) as
well as genetic differences in yield. Significant
genotype by water interactions for beta (slope of
yield versus water applied) were strongly asso-
ciated with genetic increase in yield. They con-
cluded, the best strategy was to select for high
mean yield and water-responsive (high beta)
genotypes, and they cast doubt on the value of se-
lecting for yield only in droughted environments
(yield in nonstressed environment was predic-
tive of yield in the water-stressed environment).

They also studied quantitative trait loci (QTLs)
for yield in this same study, and interestingly,
the most important QTLs were those affecting
crop life cycle and determinacy in the following
order: (1) maturity genes not related to E loci,
(2) maturity genes related to E1, and (3) Dt1Dt1
versus dt1dt1. Mostly, these are the same genes,
and QTL that were predictive of maturity and
yield in the CROPGRO-Soybean model linkage
to genetics reported by Messina et al. (2006).
Specht et al. (2001) in the same study reported
a relatively low genotypic correlation (r = 0.26)
of leaf “delta C-13” with beta (water responsive-
ness), and they concluded that genetic selection
for C isotopic discrimination may not improve
WUE of yield. More negative leaf isotope dis-
crimination (higher transpiration efficiency) was
most strongly related to a QTL linked to Dt1. Dt1
likely influences leaf thickness. There may be
some genetic improvement possible, especially
since the WUE of soybean populations studied
by Mian et al. (1996a, 1996b, 1998) also showed
linkage to the Dt1 gene.

Rooting traits to improve water uptake

Under the dehydration avoidance strategy, the
primary means of genetic improvement to in-
crease root water uptake are as follows: (1) more
rapid rate of root depth progression (presuming
that the soil is deep and that it is recharged by
rainfall), (2) improved distribution of root length
density (RLD) into deeper layers as opposed to
upper layers, (3) increased length per unit root
mass (to increase total RLD at same amount
of root mass), (4) “constitutive” (all the time)
increased assimilate partitioning to roots (to
increase total RLD) at expense of leaf and stem
growth, (5) “adaptive” increase in partitioning
to roots from leaf and stem to increase RLD but
only when induced by onset of water deficit,
and (6) delayed onset of seed growth to increase
assimilate to roots (to increase RLD). For these
dehydration avoidance strategies to work, one
must have a reasonably deep soil that “refills”
from rainfall at points during the season.



P1: SFK/UKS P2: SFK Color: 1C

BLBS082-17 BLBS082-Yadav July 12, 2011 15:5 Trim: 246mm X 189mm

386 CROP ADAPTATION TO CLIMATE CHANGE

These strategies will be illustrated with the
CROPGRO-Soybean model for different
regions, soils, and climate scenarios.

Before doing simulations, it is important to
consider the published evidence of genetic range
of variation for these traits. There is evidence
for genotypic variation for rate of root depth in-
crease (2.24–2.74 cm day−1) among seven culti-
vars grown in outdoor rhizotron (Kaspar et al.
1978). The results showed clear evidence of
slower growth early, presumably associated with
cool soil temperature. Kaspar et al. (1984) found
genotypic variation, with 27–37% range in rate
of rooting depth for 104 genotypes within MG
1, 2, and 3, studied in root tubes in a green-
house. They also compared four rapid to four
slower rooting-depth cultivars in a field study on
a Castana silt loam soil. The fast rooting culti-
vars were found to have 9 –11 cm deeper rooting
depth, with greater RLD below 1.0 m, twofold
greater RLD below 1.5 m, and threefold more be-
low 2.0 m. Under field conditions, the root depth
progression of the fast cultivars was 7% faster
(2.41 versus 2.25 cm d−1). This effect was tested
in model simulations in Table 17.4. It is very

likely that improved soybean cultivars already
have this improved trait. Boyer et al. (1980) re-
ported that newer, higher yield soybean cultivars
in midwestern United States had less negative
water potential at midday than did older, lower
yielding cultivars, and found this associated with
greater RLD for the newer, higher yielding cul-
tivars, especially at the 1.0–1.4 m soil depth. In-
creased partitioning to deeper roots was shown to
be associated with cooler canopies and increased
yield of wheat under drought conditions (Lopes
and Reynolds 2010).

The CROPGRO-Soybean model presently
uses a single value for rate of root depth in-
crease, 2.5 cm photo thermal day (PTD)−1.
The rate is temperature dependent. We will as-
sume a possible genetic range in rate of root
depth progression from 2.0 to 3.0 cm PTD−1,
based on the 37% range reported by Kaspar
et al. (1984). The soybean model uses a single
value for length-to-mass ratio for soybean culti-
vars, 7500 cm g−1, but this can be varied, and
Pantalone et al. (1996) reported differences in
this trait. Figure 17.4 (from Boote et al., 2003) il-
lustrates hypothetical yield response of Williams
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Fig. 17.4. Simulated soybean yield and standard deviation for yield as af-
fected by rate of root depth progression (cm PTD−1), averaged over 17 rainfed
seasons at Ames, Iowa, for 1980–1996. Horizontal bar represents feasible ge-
netic range for rate of root depth progression about the default reference point.
(Adapted from Boote et al. 2003.)
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82 cultivar to rate of root depth progression av-
eraged over 17 rainfed seasons at Ames, Iowa,
on a deep Nicollet soil with good water-holding
capacity. Yield increased and yield variability
was reduced as rooting depth increased; however,
the response tended to become asymptotic above
2.5 cm PTD−1, in the middle of the feasible ge-
netic range. As shown in Table 17.4, a 10% in-
crease in rate of root depth above 2.5 cm PTD−1

increased yield 4.0–4.5 % in Iowa and 1.7– 2.2%
in Florida, whereas a 10% decrease in rate of root
depth reduced yield 6.3–7.4% in Iowa and 2.2–
2.4% in Florida.

For the same total RLD for the same soil
depth, there is also the possibility of increased
water extraction by having a RLD profile shape
that places a greater fraction of the total RLD
in deeper layers, say, below 0.3 m, and a lower
fraction of RLD in more shallow layers. There
is limited evidence of genetic variation for this
(Kaspar et al. 1984). Pantalone et al. (1996) hy-
pothesized that drought tolerance of PI416937
was related to its large fibrous root system, but
it is very possible that the drought tolerance
of this cultivar is associated with its root toler-
ance to Al (Carter and Rufty 1993; Carter et al.
1999), which would be a large advantage to ex-
tend rooting depth in soils with acid subsoils that
limit effective rooting of cultivars not tolerant to
Al. Simulating a more shallow rooting distribu-
tion reduced yield in Iowa by 1.3–1.5% and by
3.8–3.9% in Florida. The profile shape for those
two soils (Nicollet clay loam and Millhopper fine
sand) was already quite deep (based on calibra-
tion to measured rooting and root water uptake),
and is much deeper than the DSSAT default ex-
ponential root profile shape.

Increased partitioning of assimilate to roots
is a possible way to increase RLD and increase
water extraction and enhance dehydration avoid-
ance. But this could be a negative influence on
yield for soybean grown in a favorable environ-
ment. Soybean, like many plants, will increase
partitioning to roots and increase root length
when the crop is under water deficit (Huck et al.
1983). This will be called “adaptive” partition-

ing to root. The CROPGRO-Soybean model al-
ready has adaptive partitioning to roots; but if
this feature is turned off, then yield is reduced
3.2–3.4% in Iowa, with smaller reductions in
Florida (Table 17.4). So, adaptive partitioning
is a good genetic feature. Another scenario is if
partitioning to root is increased all the time until
seed growth dominates and uses all the assimi-
late, then the result will be less leaf (area) and less
stem, which will reduce canopy assimilation, to-
tal crop dry matter, and possibly also grain yield.
This will be called “constitutive” partitioning to
root. Increased partitioning to root (2% more all
the time) reduced yield in Iowa by 0.4–0.9%,
but increased yield 1.7–2.2% in Florida presum-
ably where vegetative growth is more excessive
and also where the opportunity periods of incip-
ient water stress to enhance partitioning to root
are shorter because of sandy soil. Lastly, there
is the “life cycle” means to increase the dura-
tion of partitioning to root growth, by selecting
for cultivar that has later onset of pod and seed
growth. Because of its greater rooting, this “late-
onset” cultivar may perform well in a drought
environment. But when grown in a good envi-
ronment, this “late-onset” cultivar will yield less
than a “normal early onset” cultivar, because it
has later and shorter grain-filling duration (prob-
ably the case of PI416937). The yield penalty
for a longer vegetative phase and shorter filling
period (to achieve deeper rooting) is exempli-
fied by the 4–5% yield increase obtained with
10% longer FP (Table 17.4). In addition, the
later MG cultivars (MG 4 or 8) did not improve
yield over the optimum MG types. Manavalan
et al. (2009) proposed that molecular tagging
would facilitate breeding for root-related traits,
but they were unable to give any examples for
soybean, so progress in this respect might be
slow for lack of good phenotyping under field
conditions.

The simulated crop transpiration averaged
over all seasons was 324 and 395 mm for
Iowa and Florida, respectively, and was barely
changed with the “future” weather situation (333
and 405 mm, respectively), because the 2◦C
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warmer weather offset the reduction in transpi-
ration associated with higher CO2. As expected,
simulated transpiration was less with slower
rooting depth progression (−3.1 and −3.4% for
Iowa) and increased with faster rooting depth
progression (+1.7 and 2.3% for Iowa). The
shallower profile reduced transpiration 2.1% for
Florida. The lack of adaptive partitioning re-
duced transpiration by about 1.8–3.9% depend-
ing on site and climate condition.

Delaying leaf senescence and extending
maturity

Under the dehydration-tolerance category, there
are several phenomena that may allow faster re-
covery after drought is relieved. Soybean typ-
ically accelerates leaf senescence, accelerates
maturity, and shortens single seed-fill duration
in response to water deficit during reproduc-
tive growth (Meckel et al. 1984; Desclaux and
Roumet 1996; de Souza et al. 1997; Ruiz-
Nogueira et al. 2001). There are differences
among soybean cultivars on how fast the crop
senesces and matures under water deficit. Fred-
erick et al. (1991) reported that older culti-
vars had greater drought-induced acceleration
of reproductive growth than did modern culti-
vars. We equate this to a “stay-green” charac-
teristic, where the foliage senesces more slowly
under drought stress, and the net effect would
be to sustain normal grain-filling period, to ex-
tract as much water as possible and giving a
chance of higher yield if late rains occur. Wa-
ter deficit accelerates the onset of reproductive
growth of early MG (00–1) cultivars (Desclaux
and Roumet 1996; Ruiz-Nogueira et al. 2001).
However, water deficit delays the onset of repro-
ductive growth of MG 7 and 8 soybean cultivars
(Boote, unpublished), so it is possible that culti-
vars differ in the acceleration of early reproduc-
tive growth, although soil and climatic factors
were different.

There are two traits in the CROPGRO-
Soybean model that can mimic these behaviors.
The first of these traits is built into the phenology

prediction, whereby reduced plant turgor (TUR-
FAC) in the model is used to accelerate rate of
progress to final maturity. A scalar on the wa-
ter stress effect on progression to maturity can
be used to mimic more rapid or slow progress
to maturity. Slowing the acceleration from be-
ginning seed to maturity (from 0.70 to 0.50) in-
creased yield by 0.4–1.2% (Table 17.4). The sec-
ond model trait “SENDAY” is the fraction of leaf
area abscised per day under severe water deficit.
A lower value for SENDAY (from 0.06 to 0.04
per “total stress” day) resulted in more sustained
LAI, and increased yield 1.0% in Iowa, but de-
creased yield 2.5–4.2% in Florida (Table 17.4).
Early in the crop cycle even before grain filling
is rapid, the ability to maintain existing leaf area
during a water-deficit period may also be an ad-
vantage, because this allows the crop to recover
light interception and production more quickly
after the water deficit is relieved. Remember that
a cultivar difference in rooting depth for root
water extraction would act to reduce leaf ab-
scission and slow the acceleration of progress to
maturity. So, these traits may have linkages to
rooting traits.

The yield improvement traits simulated pre-
viously for CO2 increase only or temperature in-
crease only, had similar yield-influencing effects
when simulated in the weather that was modified
to combine 2◦C warmer, 500 ppm CO2, and 20%
lower rainfall (see Tables 17.2–17.4).

Increasing water-use-efficiency

Improved WUE at leaf level is a highly de-
sired genetic trait, but one that has little range
of feasibility, primarily because C-3 species are
so conservatively alike in their photosynthetic
processes. There is a small amount of genetic
variation in WUE of soybean that has been char-
acterized relative to markers and causes (Mian
et al. 1996). Farquhar and Richards (1984) in-
dicate, on the basis of theory and experiment,
that lower isotopic discrimination and increased
WUE are associated with lower intercellular
CO2 concentration of C3 leaves. A lower Ci/Ca
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ratio and lower isotopic discrimination are gen-
erally attributed to a greater sink for internal
CO2 per unit leaf area (caused by greater SLN
in rice (Makino et al. 1988) and tomato (Wang
et al. 2010), and greater SLW in peanut (Wright
et al. 1988), which causes a steeper gradient for
CO2 uptake, despite no increase in water va-
por loss dependent on energy balance. With this
clearer understanding, it is obvious that any fac-
tor increasing soybean leaf photosynthesis per
unit leaf area (SLW, N concentration, or other
traits) has the potential to increase WUE. Mian
et al. (1996) found four markers for WUE in
F4-derived lines from a cross of “Young” (high
WUE line) with “PI416937” (high water uptake
but relatively low WUE line). Hufstetler et al.
(2007) compared WUE of six PIs, eight breeding
lines derived from the PIs, and nine cultivars, in
a potted plant lysimeter system. They found sig-
nificant differences among soybean genotypes
for WUE, with a range of 20% in WUE (com-
parable to that reported by Mian et al. 1996).
Recent cultivars and breeding lines (Dillon, N98-
7625, Boggs, Young, Hutcheson, and Holliday)
were among those with higher WUE, while the
older cultivars and PIs, especially the reported
slow-wilting PI416937, had lower WUE. This
suggests that plant breeders have already been
selecting inadvertently over the past 70 years for
WUE or that poor lines were not advanced. Only
one PI, 471938, was among the high WUE lines.

In a practical sense, it takes a large change
in the SLW (or SLN) of a cultivar to shift WUE
much. Williams and Boote (1995) used an energy
balance model with Ci/Ca linked to SLW (SLN)
for peanut, and reported a 42% increase in tran-
spirational WUE with an increase in SLW from
15 to 60 g m−2 (but this is a huge nonrealistic
increase in SLW). Peanut yield was not highest
at the highest SLW because the LAI was too low.
With intermittent rainfall, high SLW was a disad-
vantage because it limited LAI and light capture
during the good times (although that could be
compensated by narrow row spacing and high-
sowing density). If we assume that soybean SLW
can be increased by 3 units from 24 to 27 g m−2

and the response is linear from Williams and
Boote (1995), then the increase in transpirational
WUE is 2.8% (about 1% per g m−2 increase in
SLW). This is biomass WUE, and there could
be increases or decreases in grain yield depend-
ing on whether the increase in SLW increases
or decreases canopy photosynthesis and depend-
ing on the pattern of water deficit. So, the effect
is present, but I come to the same conclusion as
Specht et al. (2001) that the effect is too small for
plant breeders to get excited about. More recent
soybean cultivars generally have increased SLW
(Morrison et al. 1999), which is consistent with
an increase in WUE for the SLW reason alone.

Leaf epidermal conductance (gc) may be an
additional contributor to WUE, particularly since
the reported maximum 20% increase in transpi-
rational WUE is much greater than that feasible
from Ci/Ca theory alone. Leaf epidermal con-
ductance when stomata are closed (in the dark)
has recently been shown to differ among soy-
bean genotypes (Hufstetler et al. 2007; Paje et al.
1988). Most interesting is that there was a strong
negative correlation (r = −0.74) between gc
and WUE (Hufstetler et al. 2007), which im-
plies that an important component of WUE may
be the ability of stomata to completely close at
night and during water-deficit periods to mini-
mize water loss. This is a highly logical explana-
tion. What is surprising is that physiologists had
apparently ignored this possibility. Perhaps not
surprising is the fact that there were many good
cultivars among those with low gc, so there was
no need to search for exotic lines to get this trait.
Hufstetler et al. (2007) observed that almost all
genotypes with highest WUE and gc were re-
leased cultivars, and they cautioned breeders to
be wary of using plant introductions to obtain
high WUE, low gc, or slow wilting trait. In fact,
Hufstetler et al. (2007) indicated that the slow
wilting PI416937 was conservative in reducing
transpiration at relatively high soil water content
in their study, and in the field, its slow wilting na-
ture may well derive more from its acid-subsoil
tolerance (Al tolerance) as reported by Carter
et al. (1999).
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Effects of root-produced growth
regulators

Under some drought situations, reduced stomatal
conductance has been reported to be associated
more closely with increase in xylem ABA, and
occurring before a significant reduction in leaf
turgor (Davies et al. 2002; Liu et al. 2003). It
is possible that ABA increase is associated with
root impedance caused by natural soil hardpans
or soil texture that causes increased impedance
with moderate decrease in soil water, even while
soil water status is adequate for transpiration.
This leaves open the possibility that soil char-
acteristics other than plant water status per se,
may regulate transpiration and WUE via growth
regulator signals like ABA. Partial stomatal clo-
sure under the influence of increased xylem ABA
may result in slightly higher WUE with mini-
mal reductions in dry matter accumulation rate
(Davies et al. 2002). Partial root-zone irriga-
tion of tomato was found to increase WUE of
tomato, in association with consistently higher
levels of ABA in xylem sap (Wang et al. 2010).
Liu et al. (2004) investigated whether assimila-
tion decrease or ABA increase was the cause for
reduced pod-set of soybean under drought. They
concluded that drought-induced decrease in as-
similation was primary in inducing pod abortion
(pod-set was first reduced when assimilation had
decreased 40%); however, effects of ABA on
pod-set could be partially related to ABA effects
to reduce leaf conductance and photosynthesis.

Sensitivity of N-fixation to drought

Sustaining N-fixation of soybean under drought
conditions has been proposed by Sinclair et al.
(2007) as a component for enhancing soybean
yield under drought conditions. Sinclair et al.
(2007) reported efforts to cross an N-fixation
drought-tolerance trait from an old low-yielding
parent (Jackson) into improved soybean culti-
vars. After selection for the N-fixation drought-
tolerance trait and yield testing for 7 years, they
found one line that yielded better under water-

limited environments (but not in high-yield en-
vironments), and one line that was 11% higher
yielding. Still, progress appears to be elusive, in-
cluding whether the sustained N-fixation may
have come from enhanced root water uptake.
In contrast to earlier suggestions of Sinclair’s
group that soybean nodules are directly sensi-
tive to surrounding soil-water status, I believe
that sensitivity of N-fixation of soybean nodules
is remarkably connected to plant-water status,
and hence to root-water uptake. Simulations in
Table 17.4 illustrate that making N-fixation less
sensitive to plant-water status (from the cur-
rent “more sensitive,” to having the same sen-
sitivity as photosynthesis), increased yield only
1.1–1.4%.

Benefits of N-fixation of soybean under
CO2 and climate change in the tropics

The CO2 responsiveness of soybean growth and
N-fixation may be very beneficial in tropical low-
lands, where the promiscuous soybean cultivars
can fix N2 without constraints from soil N sup-
ply, then provide a good portion of that fixed N in
crop residue for subsequent nonlegumes in farm-
ing system rotations. There is no knowledge as to
whether promiscuous tropical soybean lines have
greater heat tolerance or CO2 responsiveness, but
in general, soybean’s heat tolerance and CO2 re-
sponsiveness would appear to be sufficient to
effectively serve that role with few limitations in
tropical cropping systems.

Interaction of CO2 enrichment
and drought

The beneficial effects of elevated CO2 will be
greater under drought stress. Partial stomatal
closure with increasing CO2 will reduce tran-
spiration. There is a 40% reduction in stomatal
conductance with doubling of CO2 at leaf level,
but this translates into barely 10% reduction in
canopy transpiration (at fixed LAI) because re-
duced transpiration causes warming of the fo-
liage, which feeds back on transpiration to bal-
ance the canopy energy budget. Typically, the
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crop canopy is 1–2◦C warmer under doubling of
CO2 (Allen et al. 1994, 2003; Pan 1996), which
could lead to adverse effects on reproductive pro-
cesses, if temperature is above the optimum. A
10% reduction in transpiration will give the crop
one extra day per 10 days of drying cycle be-
fore running out of water. This is important, as
rain may fall before the stress becomes severe.
Reduction in soybean crop transpiration was es-
timated at 4.2% for a CO2 increase from 380–500
ppm (Hatfield et al. 2008). Crop model simula-
tions, for these reasons, indicate greater response
to CO2 under water limitation than under irriga-
tion, and this is confirmed in field studies on soy-
bean and corn (Illinois Free Air CO2 Enrichment
(FACE) study, Bernacchi et al. 2007), sorghum
and wheat in Arizona FACE study (Ottman et al.
2001; Wall et al. 2001, 2006) as discussed in
Hatfield et al. (2008). With a longer time to adapt
to the water deficit allowed by elevated CO2, the
crop may also have more time to grow roots to
adapt to the drought situation.

The benefits of CO2 enrichment under
drought provide are twofold as follows: reduced
transpiration to delay onset of water stress, and
also higher photosynthesis that allows enhanced
partitioning to roots to explore for more water
and partitioning to nodules to sustain N-fixation.
Serraj et al. (1998) showed that soybean nod-
ule number, mass, and N-fixation under soil
water deficit were sustained better under CO2

enrichment than at ambient CO2. Under water
deficit, ureides accumulated in leaves and peti-
oles of soybean signifying that growth was in-
hibited by stress; however, ureide accumulation
was less under CO2 enrichment, maybe because
of enhanced C supply for growth. There was
a strong negative correlation of ureide concen-
tration with total nonstructural carbohydrates in
leaves and nodules for both water-limited and
water-sufficient plants (Serraj et al. 1998; Serraj
and Sinclair, 2003).

Drought stress cannot be easily separated
from heat stress, because the partial stomatal
closure causes reduced transpiration and warm-
ing of the canopy. Furthermore, regional drought

causes warmer air temperature, resulting in a
synoptic correlation. Genetic improvements in
stress tolerance may be possible (antioxidants,
stay-green, etc.) that serve to reduce the rate of
leaf N mobilization and rate of leaf senescence.
The consequence is very important for subse-
quent recovery of photosynthesis and reproduc-
tive function after the drought or heat stress is
relieved. The use of molecular markers for ge-
netic expression of traits that affect these leaf-
level and whole-plant reactions is surprisingly
scarce considering the importance of the soybean
crop. Most of the genes discussed by Manavalan
et al. (2009) were for unimportant traits that af-
fect survival under severe drought stress rather
than those affecting productivity under moderate
drought.

Conclusion and future challenges

The CO2 rise along with technology has assisted
genetic improvement of soybean over the past
50 years, and genetic improvement will simi-
larly take advantage of future CO2 rise, provid-
ing good opportunities for genetic traits such as
longer grain filling, more rapid pod-set, and in-
creased SLW that tend to limit LAI and light cap-
ture under ambient CO2. Optimum mean tem-
perature for soybean yield is 23◦C during grain
filling, and yields in the upper Midwest United
States where temperature is about 22◦C, will not
be adversely affected by a 2◦C increase. By con-
trast, mean temperature of 26–27◦C during the
reproductive period in subtropical regions is al-
ready limiting soybean yield. Rising tempera-
ture effects that shorten grain-filling duration,
reduce pod-set, and reduce seed growth rate will
be more difficult to overcome with genetics. Ge-
netic improvement under warmer temperatures
will come from the same type of genetic traits
as selected for in the past, although efforts to
move the optimum and upper failure point tem-
peratures for pod-set and seed growth rate will
be beneficial. Pollination and fertility of soybean
are remarkably tolerant of elevated temperature,
which is fortunate, as there is little reported
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genetic variation. For climate change that in-
cludes reduced rainfall, increased temperature,
and rising CO2, the most promising genetic traits
would include more rapid rate of root depth pro-
gression, a deeper shape of the rooting profile,
adaptive partitioning to root if under water stress,
slower leaf abscission under water deficit, slower
N mobilization, less acceleration of maturity un-
der water deficit, increased SLW/increased N
concentration to improve WUE, and cultivars
with low leaf conductance in darkness. Litera-
ture review and simulations assisted these con-
clusions, with the CROPGRO-Soybean model
using historical weather patterns for Ames, Iowa,
and Gainesville, Florida.

Future research is needed to more fully ex-
plore the aspects of elevated temperature and
heat tolerance of soybean, to include genetic
variation and knowledge of process responses.
Future research on improved rooting for drought
tolerance is needed, to include root growth under
multiple types of soil stresses. Research in pots
on seedlings with emphasis on survival rather
than productivity in the field is questionable. The
relevant research must be field based.
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Chapter 18

Genetic Adjustment to Changing
Climates: Vegetables
Robert C. de la Peña, Andreas W. Ebert, Paul A. Gniffke, Peter Hanson,
and Rachael C. Symonds

Global warming and vegetable
productivity in the tropics

Vegetables are important sources of vitamins,
minerals, and micronutrients, and thus play an
important role in supplying the daily require-
ments for human nutrition. Vegetable farming
provides resource-poor farmers with greater op-
portunities for increasing income per unit area
than staple crops (Weinberger and Lumpkin
2007). Most vegetables are produced and con-
sumed in Asia. The total vegetable production in
Asia increased from 270 million tons in 1990 to
656 million tons in 2007 from a harvested area of
18.4 million hectares and 38.0 million hectares,
respectively (FAO 2008). In tropical South and
Southeast Asia, this translates to an average 3.6%
annual increase in vegetable production. South-
east Asia had the lowest productivity, which can
be attributed largely to its hot, humid tropical
environment.

Crop adaptation to global warming

Changes in the global environment are expected
to have a significant impact on vegetable pro-
duction systems worldwide, making adaptation

necessary (Fischer et al. 2002). Meeting the chal-
lenges posed by climate change is a complex
undertaking; developing countries in the tropics
that are highly dependent on natural resources
and agriculture will be at particular risk. Tropi-
cal environments for vegetable production vary
according to season (dry or wet) and altitude
(low (<200 masl), medium (200–700 masl), and
high (>700 masl). Production may increase in
highland areas when higher temperatures occur
but decrease in the lowland tropics, as elevated
temperatures severely affect vegetable crop per-
formance and the quality of the produce.

It is projected that between now and 2100,
the average temperature will increase by about
2◦C (FAO 2001). This corresponds to a latitu-
dinal shift of climates of about 200 km toward
the poles, with a concomitant reduction of per-
mafrost areas (FAO 2001). A poleward shift of
crop zones caused by increased surface temper-
atures will have favorable effects on agriculture
in the cold northernmost regions in continental
Asia (FAO 2004). However, agricultural produc-
tivity in the equatorial regions will be affected
significantly by prolonged dry spells and thermal
stress from heat-wave conditions during critical
growth stages of the crop. Yield losses due to

Crop Adaptation to Climate Change, First Edition. Edited by Shyam S. Yadav, Robert J. Redden, Jerry L. Hatfield,
Hermann Lotze-Campen and Anthony E. Hall.
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temperature stress will affect agricultural pro-
ductivity in general and will be especially detri-
mental to the supply of quality vegetable prod-
ucts. Thus, the development of varieties adapted
to higher temperatures will become an increas-
ingly crucial and important task for plant breed-
ers to sustain vegetable productivity.

Abiotic stress research at AVRDC

Research on abiotic stress has gained worldwide
attention due to concerns about the effect of in-
creasing temperatures and lack of suitable irri-
gation water for crop production. From its in-
ception in 1971, AVRDC—The World Vegetable
Center—has emphasized the development of im-
proved vegetable varieties and low-cost manage-
ment and production practices to address tropical
constraints of high temperatures, water limita-
tion, and flooding (de la Peña and Hughes 2007).
AVRDC conducts conventional and technology-
facilitated breeding to transfer traits from more
hardy and resilient wild species to modern veg-
etable cultivars so that they are better able to
withstand the environmental stress brought about
by climate change. Research involving introgres-
sion of genes from wild species—particularly
those thriving in extreme environments—is cur-
rently a major endeavor at AVRDC. Advances
in plant genomics have provided molecular tools
that allow better understanding of the biochem-
ical and molecular mechanisms of stress toler-
ance. Genome sequencing facilitated the devel-
opment of thousands of genetic markers, which
make plant breeding more efficient and success-
ful in selecting the best genotypes. These molec-
ular tools are invaluable for improving the ability
of crops to adapt to production stresses antici-
pated with a changing climate. Advanced molec-
ular breeding technologies are used to identify
the key genetic factors conferring tolerance to
abiotic stresses and are important elements in
breeding strategies to develop new cultivars for
sustainable productivity during periods of ad-
verse climatic conditions.

Genetic variability and
development of heat tolerance
in selected vegetables

Effects of heat stress on productivity of
vegetables and effects on plants

High growing temperatures in vegetable pro-
duction areas can have dramatic impacts on
productivity, farm incomes, and food security.
Twenty-three Global Climate Models predict
a high probability (>90%) by the end of the
twenty-first century; average growing season
temperatures in the tropics and subtropics will
exceed the most extreme seasonal temperatures
recorded from 1900 to 2006 (Battisti and Naylor
2009). Plant injuries due to high temperatures
generally result in reduced productivity of crops
grown in both tropical and temperate regions
(Peet and Wolfe 2000). Elevated temperatures
not only cause excess evaporation but also speed
up plant development, with consequent reduc-
tions in crop yields (Battisti and Naylor 2009).
At the cellular level, high temperature can cause
a reduction of photosynthetic activities and in-
creased respiration leading to the depletion of
accumulated photosynthate products. It may also
lead to metabolic disturbances, such as denatu-
ration of proteins and inactivation of enzymes
(Blum 1988).

Plants can be damaged by either high day or
high night temperatures and by either high air
or high soil temperatures. High soil temperature
can reduce plant emergence. For solanaceous
vegetables (tomato, pepper, eggplant) and cu-
curbits (cucumber, squash, melons), the temper-
ature range for germination (13–25◦C) is much
higher than for cool season vegetables (Peet and
Wolfe 2000). During vegetative stages, develop-
ment is faster as temperature increases, although
high air temperatures can have direct negative
effects on plant tissue and affect photosynthe-
sis. Indirectly, high temperature reduces water
availability in plants due to high transpiration
rates.

High temperatures also accelerate repro-
ductive development and shorten periods of
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seed-filling and fruit maturation in vegetables,
resulting in smaller harvests (Jain and Kharkwal
2004). In severe cases, reproductive processes
do not proceed at all (Peet and Wolfe 2000).
High temperatures and insufficient moisture re-
duce plant vigor in tomato and cause flower drop,
resulting in poor fruit set and quality, and ul-
timately low yields (Stevens 1978). High tem-
peratures limit tomato fruit production due to
impaired pollen production and development,
fertilization, and fruit development. The few
fruits that develop are often physiologically dam-
aged with blossom-end rot or cracking render-
ing them unmarketable (Opeña et al. 1987). In
pepper, fruit setting is deterred by high temper-
ature after pollination has been completed but
elevated temperatures do not affect the viability
of pistil and stamen at preanthesis stage, sug-
gesting that only the fertilization phase is being
affected (Erickson and Markhart 2002). In let-
tuce and spinach (Spinacia oleracea L.), high
temperatures and long days induce early bolt-
ing and affect harvest quality; the leaves become
tough and strong tasting. High temperature de-
lays flowering in beans, while in cucumber it
leads to higher production of male flowers. In cel-
ery, high temperature during seed development
results in lower seed quality (Peet and Wolfe
2000).

Effects on incidence of pests
and diseases

Warmer temperatures will have a significant im-
pact on the incidence and severity of pests and
diseases affecting vegetables in the tropics. In-
directly, higher temperatures may favor changes
in some insect pest and pathogen populations,
accelerate development of new variants, and
prompt migrations following the paths of tem-
perature shifts leading to their establishment in
new areas. Warmer temperatures and milder win-
ters favor higher incidence of insect pests; dis-
ease pressure from plant pathogens may increase
in areas with frequent precipitation and elevated
humidity. On the other hand, diseases favored by

moist and cool environments such as tomato late
blight may be reduced.

Mechanisms of heat stress tolerance

Plants resist high temperature stress through
avoidance mechanisms, such as transpirational
cooling, reflection of solar radiation through in-
creased leaf hairiness, and wax deposition, that
enable the plants to keep their temperature be-
low ambient temperature (Jain and Kharkwal
2004). High temperature tolerance is achieved
through biomembrane saturation, synthesis of
specific isozymes of enzymes such as catalase
and peroxidase, and by protection of biomem-
branes, molecules, and organelles through the
action of heat shock proteins (HSPs). Heat stress
induces the expression of specific heat shock
genes, which lead to the synthesis of a new set of
so-called HSPs. These proteins are synthesized
from newly transcribed mRNAs within 5 minutes
of exposure to heat stress (Kumar et al. 1999).
HSPs may prevent accumulation of aberrant pro-
teins induced as a consequence of high tempera-
ture stress. Repair of heat damaged or denatured
protein is essential for both survival and recovery
from heat stress.

Developing heat-tolerant vegetables

Crop adaptation research aims to mitigate the ef-
fects of global warming on agricultural produc-
tivity in the tropics. Stress-tolerant varieties of-
fer the most sustainable, cost-effective approach
to combat the effects of increasing global tem-
perature. Genetic resources and modern breed-
ing tools are critical for exploiting novel vari-
ation and developing new cultivars adapted to
elevated temperatures. In breeding, accurate phe-
notyping is essential to identify heat-tolerant
phenotypes. This includes dissection of the tol-
erance trait to component traits to identify indi-
vidual factors that are significantly correlated to
heat tolerance, thereby facilitating quantitative
and accurate measurements. The key to breeding
for stress tolerance is to perform the selections
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under adverse conditions that are likely to be en-
countered with climate change, rather than solely
making selections under favorable environments
(Boyer 1982).

Tomato

Reduction of fruit set due to high temperatures
is a major cause of low tomato (Solanum lycop-
ersicum L.) yields in the tropics and subtrop-
ics (Opeña et al. 1989). Fruit set is favored at
mean temperatures of 21–24◦C (Geisenberg and
Stewart 1986) and declines as mean temperatures
rise above 25◦C (Peet et al. 1997). High temper-
atures adversely affect fruit setting at all stages,
including flower formation, gamete formation,
anther development, pollination and fertilization,
and fruit development (El-Ahmadi and Stevens
1979; Abdul-Baki and Stommel 1995; Kinet and
Peet 1997; Peet et al. 1997; Peet et al. 1998).
In addition to reduced fruit set, high tempera-
tures impair fruit quality, including reduced fruit
weight, poor color development and increased
incidences of fruit cracking, blossom-end rot,
and other fruit defects.

Significant genetic variability exists for high
temperature fruit set, and some lines developed
by AVRDC demonstrated relatively high lev-
els of heat tolerance (Abdul-Baki and Stommel
1995; Hanson et al. 2002). For example, fruit
set (measured as the number of fruit set divided
by the number of flowers) of heat-tolerant line
CL5915-94D4 was 30% compared to 1% for a
heat sensitive variety grown at mean maximum/
minimum temperatures of 33◦C/25◦C. Heat-
tolerant lines such as CL5915-223 had higher
yields than nonheat-tolerant varieties under high
temperatures, but yields of other heat-tolerant
varieties were generally low (Ortiz et al. 2007).
Heat tolerance often shows high levels of dom-
inance, and hybrids developed from crosses of
heat-tolerant lines to large-fruited lines some-
times result in heat-tolerant hybrids of accept-
able fruit weight and sufficient foliage to protect
fruit from sun damage (Scott et al. 1986).

Marker-aided selection methods for tomato
Improved selection methods facilitate exploita-
tion of existing genetic variability for heat tol-
erance. Selection for heat tolerance usually is
performed in the field, where heritability can be
low and confounded with the effects of other
stresses. Mapping heat tolerance genes and de-
sign of markers for marker-assisted selection
could greatly improve the efficiency of selection
and deepen our understanding of relationships
between genes conditioning heat tolerance and
genes associated with other economically im-
portant traits. Current levels of heat tolerance in
cultivated tomato are inadequate to achieve eco-
nomical yields under supraoptimal temperatures,
and introduction of new genetic variation from
wild tomato species such as Solanum chilense of-
fers the best prospects for raising overall levels
of heat tolerance in cultivated tomato. Availabil-
ity of introgression lines with marker-defined re-
gions derived from wild species and incorporated
into the genetic background of elite varieties
(Eshed and Zamir 1995) greatly facilitate identi-
fication and use of new alleles from wild species.
Using an introgression line approach, Gur
and Zamir (2004) identified three alleles from
Solanum pennellii that increased tomato yield
by 50%. A deeper understanding of the physi-
ological bottlenecks limiting fruit set and yield
in highly heat-tolerant lines such as CL5915-
223 may offer insight into the best approaches
to exploit genetic variation to increase heat
tolerance.

Pollen production and viability as selection
criteria for heat tolerance in tomato
High and moderately high temperatures decrease
both pollen production and pollen viability (Levy
et al. 1978; Vara Prasad et al. 1999; Porch and
Jahn 2001). Tomato plants subjected to elevated
day temperatures show a decreased amount of
both pollen viability and pollen germination,
which in turn reduce fruit set (Firon et al. 2006).
Total pollen amount and viability can be a useful
tool in screening germplasm for improved heat
tolerance and distinguishing between different
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heat-tolerant tomato cultivars (Sato et al. 2000;
Firon et al. 2006).

Recent physiological studies carried out by
AVRDC and its research partners on the ef-
fect of heat stress on cultivated tomato con-
firmed these findings. Experiments under field
conditions using AVRDC heat-tolerant cultivars
CL5915-93D4 and CLN621L, a heat-susceptible
cultivar CA4, and their F1 hybrids have shown
that total pollen is reduced by approximately
90% in the heat-sensitive cultivar compared to
both CL5915-93D4 and CLN1621L, while their
F1 hybrid had an intermediate phenotype (D
Musmann, personal communication).

Experiments under controlled temperature
conditions have shown that the heat-sensitive
cultivar CA4 produces a larger amount of pollen
than the heat-tolerant cultivar under optimal tem-
peratures. However, heat stress caused a 65%
reduction in total pollen per flower in the CA4
cultivar (Fig. 18.1a). There was a simultaneous
decrease in the amounts of viable and nonvi-
able pollen indicating that reduced fruit set under
heat stress (Fig. 18.2) was the result of both re-
duced total pollen, and reduced pollen viability
(Fig. 18.1b). Cultivar CL5915-93D4 exhibited
no reduction in either total pollen or pollen via-
bility as a result of the heat stress treatment, while
its F1 hybrid had an intermediate phenotype
(RC Symonds, unpublished data). These results
demonstrate that screening for pollen amount
and pollen viability can be a useful surrogate
trait when selecting for heat tolerance under field
conditions.

Under normal greenhouse conditions (con-
trol), percent fruit set was similar in the heat-
sensitive cultivar CA4, the heat-tolerant cultivar
CL5915-93D4, and their F1 hybrid. However,
there was a 15% reduction in fruit set in CA4
due to heat stress, while no reduction was seen in
either CL5915-93D4 or its F1 hybrid (Fig. 18.2).
Total flower number did not decrease in CA4
due to heat stress, indicating that total pollen
count and viability rather than reduced flower
number was responsible for the lower fruit set
(RC Symonds, unpublished data).

Mapping populations (recombinant inbred
lines) with cultivar CL5915-93D4 as the heat
tolerance source are being developed to iden-
tify quantitative trait loci (QTLs) associated with
heat tolerance (K Palchamy, personal communi-
cation). In a parallel strategy, the allelic varia-
tion of major genes involved in heat tolerance
is being characterized between cultivar CL5915-
93D4 and heat sensitive cultivar CA4.

Pepper

Pepper (Capsicum annuum L. var. annuum) re-
quires moderate temperatures for the best pro-
ductivity, estimated at 25 ± 5–7◦C with differing
optima at different developmental phases (So-
mos 1984). Differences in day–night tempera-
ture regimes impact vegetative and reproductive
growth parameters (Bakker 1989). Net photo-
synthesis is depressed by even brief exposure
(20 minutes) to temperatures greater than 40◦C
(Wu et al. 2001). Stress from both biotic and abi-
otic sources appears to elicit similar alterations
in plant metabolism, growth, and development.
Molecular sequences stimulated by infection of
Xanthomonas campestris (bacterial spot) in pep-
per were isolated and found to also be elicited
by drought and elevated salinity (Sohn et al.
2006). These abiotic stresses are related to other
environmental parameters that may characterize
climate changes such as relative humidity, light
intensity (shading vs. relative cloud cover, or in-
tercropping interactions), and water quality.

Production of sweet pepper in the humid low-
land tropics is possible only with heat-tolerant
varieties. Key yield components that show sig-
nificant responses to temperature are fruit size
and ultimate fruit weight. High temperatures re-
duce fruit set by reducing pollen fertility and/or
pollen tube growth (Reddy and Kakani 2006).
Pollen viability can be used to screen for heat
tolerance (Han et al., 1996). High night temper-
atures and low light intensity increase rates of
floral abscission (Rylski and Spigelman 1982;
Usman et al. 1999). (Aloni et al. 1994), Fac-
tors contributing to this process are increased
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Fig. 18.1. (a) Total number of pollen grains per flower for three genotypes of Solanum lycopersicum (CA4,
CL5915-93D4, and CL5915-93D4/ CA4 (F1)) at two temperature regimes: 26◦C/18◦C day/night (control) and
30◦C/ 28◦C day/night (heat stress) under a controlled temperature glass house environment. Error bars represent
standard error. (b) Percent pollen viability for three genotypes of S. lycopersicum (CA4, CL5915-93D4,
and CL5915-93D4/ CA4 (F1)) at two temperature regimes: 26◦C/18◦C day/night (control) and 30◦C/28◦C
day/night (heat stress) under a controlled temperature glass house environment. Error bars represent standard
error.

ethylene production and sensitivity of the flowers
to ethylene (Aloni et al. 1991), and a depletion of
reducing sugars (Marcelis et al. 2004). Average
fruit weight is negatively impacted by elevated
temperatures, possibly due to higher respiration
rates or reduced seed-set caused by pollen inhibi-
tion (Erickson and Markhart 2002; Pagamas and

Nawata 2008) but little has been reported con-
cerning genetic variability for this trait. Numer-
ous sweet pepper accessions have been evaluated
at AVRDC under the contrasting cool–dry season
temperatures and warm–humid wet season tem-
peratures, and a few have been selected for use
as parents in breeding programs. Several lines of
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Fig. 18.2. The effect of two different temperature regimes, 26◦C/18◦C day/night (control)
and 30◦C/28◦C day/night (heat stress), on percent fruit setting for three genotypes of Solanum
lycopersicum (CA4, CL5915-93D4, and CL5915-93D4/ CA4 (F1)) under a controlled temperature
glass house environment. Error bars represent standard error.

the squash fruit shape peppers (“Zolotoy Ubilev”
and “Piknik” developed in Central Europe) have
been noted to set large numbers of fruit during the
warm summer season trials, and have been used
extensively in crosses targeting heat tolerance.
Efforts are underway to characterize genes re-
sponsible for the high fruit set of “Zolotoy
Ubilev” in hot and humid summers of Tai-
wan. Candidate heat-tolerant lines have been
developed and included in AVRDC’s Interna-
tional Sweet Pepper Nursery arrays, which are
distributed to cooperators globally. One en-
try (PP0537-7061), which includes “Zolotoy
Ubilev” in its parentage, had the least decline
in yield under high temperatures (Spring Trial)
compared to cool conditions (Fall Trial) (Gniffke
et al. 2009).

Pathogens and pests of pepper
Global warming may simultaneously change the
array of pathogens that attack the crop, and
modulate the effectiveness of disease resistance
genes. Genetic resistance to tospovirus, for ex-
ample, is neutralized at elevated temperatures
(Roggero et al. 1996; Moury et al. 1998). In
recent years, Taiwan vegetable producers have
witnessed a shift of pathotypes in tomato late

blight (caused by Phytophthora infestans) and
fusarium wilt (caused by Fusarium oxysporum f.
sp. lycopersici). The A2 mating type of Phytoph-
thora capsici emerged in pepper following a par-
ticularly wet growing season in 2008; this patho-
type has a significantly higher optimum temper-
ature than the complementary A1 mating type,
but their presence together provides the mech-
anism for recombination among the pathogen
isolates and accelerated the evolution of new
pathotypes (Sheu et al. 2009). New, highly ag-
gressive pathotypes of the anthracnose-causing
pathogens Colletotrichum capsici (Than et al.
2008) and Colletotrichum acutatum (Park et al.
2009) have emerged in recent years. The bego-
movirus tomato yellow leaf curl virus—Thailand
strain (ToYLCV-Thailand) has attacked tomato
in Taiwan for many years, but only recently has
been detected in Taiwan peppers (WS Tsai, per-
sonal communication); this is the first incidence
of that class of viruses to attack Capsicum in Tai-
wan. Pepper varieties reported to display resis-
tance to pepper-infecting begomoviruses in In-
dia, Thailand, and Indonesia are being tested
against this new virus strain. Whether these
emerging plant disease variants are related to
climate change remains to be determined, but
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they illustrate the volatile nature of the biotic en-
vironment of a vegetable crop, and highlight the
task of the plant breeder to anticipate and address
potential trends as the climate changes.

Sweet pepper breeding program at AVRDC
The sweet pepper breeding program at AVRDC
routinely establishes trials in two or three grow-
ing seasons each year to expose populations and
advanced generation selections to optimally cool
temperature conditions and stressful warm con-
ditions in the summer months. Lines selected for
distribution must display adequate performance
under both conditions to suit a broad range of
growing conditions. Arrays of advanced lines
developed at AVRDC are distributed to coopera-
tors for evaluation in their locations, with the re-
quest to return performance data as well as envi-
ronmental data. This allows stability analyses to
identify potential AVRDC lines with broad adap-
tation and stable performance across geographies
(P Gniffke, personal communication). Candidate
lines are generated progressively for introduction
into new or environmentally impacted locations.

The breeder plays a key role in anticipating
and addressing the stress likely to be imposed
on sweet peppers. Genetic variability exists and
can be manipulated as tool to exploit sources
for heat tolerance, drought tolerance, and flood-
ing tolerance, and disease resistances continue
to be developed and refined. Access to genetic
resources and cooperation across ecological gra-
dients will assure timely response and adaptation
to environmental changes.

Chinese cabbage

Chinese cabbage (Brassica rapa L. subsp.
pekinensis (Lour.) Hanelt) is typically a crop
adapted to temperate climates, where it grows
well under cool and dry conditions. In tropical
Asia, production is confined mainly in the high-
land areas as the crop fails to produce marketable
yield when grown in lowland tropics. In the
early 1970s, AVRDC started developing Chinese

cabbage with general adaptation to hot and hu-
mid tropical environments. Heat-tolerant and
disease-resistant breeding lines have been devel-
oped with subsequent release of adapted, tropical
varieties worldwide; extensive testing in national
programs resulted in the successful cultivation of
Chinese cabbage in the lowland tropics.

Heat tolerance in Chinese cabbage is de-
fined in terms of compact head formation under
high temperatures (Opeña and Lo 1981). This
is based on field screening at AVRDC during
the hot and wet period, from May to Septem-
ber, during which the minimum temperatures are
normally above 21◦C (Opeña et al. 1998). The
evaluation of gene bank accessions for heat tol-
erance enabled the selection of genetic materials
as sources for trait-specific breeding. Heat tol-
erance in Chinese cabbage is simply inherited,
making it relatively easy to transfer the trait into
commercial varieties (Opeña et al. 1988). How-
ever, other important traits such as yield and
disease resistance must be retained in the final
product.

Physiological responses of Chinese cabbage
to heat stress
Studies of Chinese cabbage revealed the accu-
mulation of proline in the anthers of heat-tolerant
cultivars with increasing temperature and a surge
in proline translocation from anther to pollen
just before anthesis (Ye et al. 1996). This was
associated with better pollen tube growth in
heat-tolerant varieties. Similarly, proline accu-
mulation in leaves of Brassica species, such as
Chinese cabbage, in response to high temper-
ature seems to be a plant response that may
suppress heat-stress-induced injury. Heat toler-
ance in Chinese cabbage also seems to be associ-
ated with specific morphological features, such
as longer and thicker leaves with thicker pal-
isade cells, more leaves per plant, higher chloro-
phyll a/b ratio, and early bolting (Kuo et al.
1988; Ye et al. 1996). Heat-tolerant varieties have
greater water uptake at the onset of head forma-
tion than susceptible varieties. Other distinctive
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traits in heat-tolerant plants are higher leaf
sap electrical conductivity and chlorophyll con-
tent, lower stomatal number, and vigorous root
growth. High enzymatic activities at supraopti-
mal temperatures may be an indication of heat
tolerance. The activities of superoxide dismu-
tase (SOD), catalase, and ascorbic acid perox-
idase (ASP) increase in heat-tolerant Chinese
cabbage cultivars under high heat stress tem-
peratures, while SOD and ASP decrease in sus-
ceptible varieties. Population breeding has been
used to improve the yields of heat-tolerant open-
pollinated varieties of Chinese cabbage (Opeña
and Kuo 1994). A study undertaken by Zheng
et al. (1998) indicated that the phosphogluco-
mutase (PGM-2) locus could be used as genetic
marker for heat tolerance in Chinese cabbage. A
heat shock responsive gene was isolated after dif-
ferential screening of the cDNA library prepared
from cabbage plants grown for 6 weeks at high
temperature. This gene encoded a putative pro-
tein related to a 22 kDa protein that is induced
through drought and salt stress and belongs to
the family of proteinase inhibitors (Padmanaban
et al. 1999).

Mungbean

Mungbean (Vigna radiata (L.) R. Wilczek var.
radiata) is one of the most important pulses in
Asia. It is a tropical plant requiring warm tem-
peratures (30–36◦C) throughout its 65–100 days
of growth. A relatively drought-tolerant plant,
mungbean germinates well in fairly dry soil and
performs best on fertile, sandy loam soils with
good internal drainage and a pH of 6.2–7.2.
Adaptation to warmer environments and mini-
mal agronomic requirements make mungbean an
ideal crop for planting in marginal and arid areas
where other crops are not able to grow produc-
tively. Direct seeding of mungbean as a short-
cycle rotation crop produces yields equivalent to
those grown under conventional tilled production
systems, thus significantly saving crop produc-
tion resources.

Mungbean research at AVRDC
AVRDC undertook mungbean research and de-
velopment activities beginning in 1973. For the
past 35 years, the Center has been actively in-
volved in a coordinated, multidisciplinary effort
to improve mungbean. The major objectives are
the development of high yielding, large-seeded
varieties that display synchronous maturity,
reduced sensitivity to photoperiod and temper-
ature, and improved quality suitable for the trop-
ics and subtropics. Genes for resistance to mung-
bean yellow mosaic virus and bruchid have been
identified and markers developed to facilitate se-
lection of resistant mungbean genotypes.

In the 1980s, AVRDC was designated by the
International Board for Plant Genetic Resources
as the international agricultural research center
with responsibility for the maintenance of the
global base collection of mungbean. This collec-
tion consists of 5908 well-characterized acces-
sions (Ebert 2011). The entire Vigna collection of
AVRDC comprises approximately 10,700 acces-
sions, including 13 different species. A majority
of the collection has been evaluated for mor-
phological and agronomic characteristics, nutri-
tional components, and resistance or tolerance to
major pests and diseases under a series of repli-
cated yield trials both at AVRDC and in many
parts of the world. Significant genetic divergence
was found when comparing AVRDC mungbean
lines with local varieties grown in India, offer-
ing a good basis for further varietal improvement
(Prakash et al. 2007).

Because of mungbean’s natural adaptation to
high temperature growing conditions, it is ideal
as an alternative crop for areas where the produc-
tion of primary vegetables is affected by global
warming. Furthermore, many mungbean vari-
eties are of short duration and would, therefore,
fit well in production systems where cropping
patterns have been modified due to changes in
climate. As a legume, mungbean provides pro-
tein to diets in parts of developing Asia. Planting
mungbean improves soil properties and provides
additional nitrogen to farmland.
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Indigenous vegetables

Indigenous vegetables are species native to or
originating from a particular region or envi-
ronment (Engle and Faustino 2007). These in-
clude naturalized species or varieties that evolved
from plant specimens introduced to a specific
region from another geographical area due to
human exploration and migration. Most mod-
ern varieties of common vegetable crops can-
not withstand harsh environmental conditions,
unlike some indigenous species adapted to less
favorable growing conditions. Many indigenous
vegetable species thrive in problem areas, have
good resistance to pests and diseases, and in
many instances are the only ones left growing in
environments unfit for other crops. A good ex-
ample for such a situation is in the southern part
of Rajasthan, India, where due to the harsh cli-
mate only indigenous vegetables grow which are
hardy, drought resistant, and with short growth
cycles (Maurya et al. 2007). For example, Cu-
cumis melo var. agrestis (kachri) is hardy and
grows wild in arid and semiarid conditions of
Rajasthan during the rainy season (Pareek and
Samadia, 2002).

AVRDC has worked for many years to col-
lect, evaluate, and conserve indigenous vegetable
germplasm in South and Southeast Asia and
Africa. There are about 12,000 accessions from
200 species of indigenous vegetables conserved
in the AVRDC gene bank (Engle and Faustino
2007) that could be utilized for crop adaptation
against global warming; current research focuses
primarily on varietal selection of highly nutri-
tious and stress-tolerant lines and development
of appropriate cultural practices.

Crop diversification with indigenous
vegetables
Production and consumption of plant species
used as food must be diversified to help sus-
tain or improve health and nutrition among the
poor in developing countries, generate income,
sustain ecosystems, and ensure food security

in the face of climate change (Hughes 2008).
Crop diversification could be done using the
more resilient indigenous crops and other un-
derutilized species that easily adapt to degraded,
drought-prone, or saline areas (Kalia et al. 2007).
Compared to commonly consumed vegetables,
many indigenous vegetables such as drumstick
(Moringa oleifera Lam.), sweet potato leaves
(Ipomoea batatas (L.) Lam. var. batatas), ama-
ranths (Amaranthus spp.), nightshade (Solanum
scabrum Mill.) and Chinese cedar (Toona sinen-
sis (A. Juss.) M. Roem.) are easy to grow and of-
ten have higher nutraceutical values (Yang et al.
2007). The Cucurbitaceae family, consisting of
118 genera and 8225 species, offers a vast gene
pool waiting to be exploited for crop adapta-
tion to abiotic and biotic stress (Singh et al.
2007). Many of these species have the potential
to be grown successfully under harsh climates
(Maurya et al. 2007). The legume family is the
third largest family of flowering plants, com-
prising approximately 650 genera and close to
20,000 species. Out of these, pea (Pisum sativum
L. subsp. sativum var. sativum), cowpea (Vi-
gna unguiculata (L.) Walp. subsp. unguiculata),
winged bean (Psophocarpus tetragonolobus (L.)
DC.), hyacinth bean (Lablab purpureus (L.)
Sweet subsp. purpureus), jack bean (Canavalia
ensiformis (L.) DC.), velvet bean (Mucuna
pruriens (L.) DC. var. utilis (Wall. ex Wight)
Baker ex. Burck), and cluster bean (Cyamopsis
tetragonoloba (L.) Taub.) are locally important
indigenous vegetables with great potential for ex-
ploitation and adaptation to climate change (Rai
et al. 2007). Other beans requiring attention are
tree bean (Parkia timoriana (DC.) Merr.), sword
bean (Canavalia gladiata (Jacq.) DC.), and faba
bean (Vicia faba L. var. faba).

Amaranth: Amaranth (Amaranthus spp.)
grows successfully during hot summers and en-
sures food security, good nutrition, and liveli-
hood for people living in marginal, hot, and dry
regions in the world (Devi et al. 2007). Leaf
amaranth (Amaranthus cruentus L.) is a hardy
plant with high tolerance to arid conditions and
poor soils as well as pests and diseases and is
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a crop with high potential for semiarid rural ar-
eas where other exotic leafy vegetables cannot
be grown due to lack of water (Allemann et al.
1996). Sessile joyweed (Alternanthera sessilis
(L.) R. Br. Ex DC.) also belongs to the Amaran-
thaceae family and is grown for its nutritional and
ornamental value in hot climates. The leaves and
tender shoots are eaten as vegetables (Chadha
2009).

Sicklepod: Sicklepod (Senna obtusifolia (L.)
H.S. Irwin & Barneby) growing wild throughout
the Sahelian and the Sudano regions of Africa
has been recommended for crop diversification
in the Sahel (Pasternak et al. 2007). It is highly
productive on sandy and degraded lateritic soils.
In Niger, it is an important leafy vegetable and
in the Sahelian region of Sudan it is used, af-
ter fermentation, as a meat substitute due to its
high protein content (Dirar 1984). With increas-
ing temperatures worldwide, it could gain im-
portance in other regions with hot climates.

Indigenous vegetables have great potential
to combat malnutrition, improve income of the
poor, preserve indigenous biodiversity, enhance
sustainable agriculture, and mitigate the risks
of climate change for farmers in the develop-
ing world. AVRDC conducts varietal selection
of highly nutritious and stress-tolerant lines,
as well as development of appropriate cultural
practices.

Vegetable genetic resources and
adaptation to global warming

Based on historical examples of extreme sea-
sonal temperatures recorded from 1900 to 2006
and their impact on agricultural productivity,
farm incomes, and food security, Battisti and
Naylor (2009) predicted that these short-run
events could become long-term trends without
sufficient investments in adaptation. Using a sim-
ilar approach, Burke and coworkers (2009) pre-
dict major shifts in sub-Saharan African crop cli-
mates and expect most African countries to have
novel, or new, climates in at least half of the
current crop areas by 2050. Many of the novel
climates have analogs in the current climates of

other African countries. This does not apply to
the already hot Sahelian countries for which it is
difficult to find current climate analogs for crops.

The development of stress-tolerant crops is
one of the most important and sustainable strate-
gies to combat the effects of climate change on
crop production. The foundation of the current
world food supply is based on thousands of years
of crop selection and improvement carried out on
traits of wild species (McCouch 2004). Present-
day cultivated varieties are descendants of wild
species that had low yields and eating quality, but
which were adapted to marginal environments.
These wild species provide farmers and plant
breeders with the necessary genetic background
to enhance crop performance of cultivated
varieties.

Diverse and readily accessible genetic re-
sources are vital for any crop improvement pro-
gram oriented toward yield stability under vari-
able and changing climate. The existence of a
wide range of genes responsible for stress toler-
ance in the available gene pool determines the
success of plant breeders in generating new va-
rieties able to cope with the challenges of global
warming. Crop adaptation in countries expected
to experience novel climates by 2050 could sig-
nificantly benefit by moving germplasm from
countries with climates currently similar to the
predicted novel climates (Burke et al. 2009).
Countries such as Sudan, Cameroon, and Nige-
ria with crop areas typical of many future cli-
mate scenarios may harbor valuable germplasm
for crop adaptation within Africa and elsewhere.
As germplasm of these countries is poorly repre-
sented in major gene banks, they should receive
international support for current and future ge-
netic resource conservation efforts.

The AVRDC Gene bank: A germplasm
collection of global importance

The germplasm collections conserved in gene
banks represent a unique and invaluable resource
of vegetable genetic resources for plant breed-
ers worldwide. At present, AVRDC has assem-
bled more than 57,000 accessions of vegetable
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germplasm covering 161 genera and 407 species
from 154 countries, making it one of the largest
gene banks of vegetable germplasm held by a
single institution (Ebert 2011). AVRDC has an
extensive collection of popular exotic vegetables
such as tomato and peppers and has assembled a
large collection of more than 10,000 accessions
of indigenous vegetables, mainly from South-
east Asia and Africa. A total of 17,172 acces-
sions (Brassica complex, Cajanus, Phaseolus,
Pisum, Solanum (eggplant), Vigna) or 30% of
all AVRDC gene bank holdings fall under the
Annex I crops of the International Treaty on
Plant Genetic Resources for Food and Agricul-
ture (Treaty) (Ebert, unpublished data). AVRDC,
therefore, plays a major role in the conservation
and exchange of vegetable germplasm not cov-
ered by the treaty. AVRDC actively exchanges
genetic resources and expertise among national
programs, regional organizations, and the private
sector, and has distributed more than 571,000
seed samples to researchers in at least 180 coun-
tries since its founding in the early 1970s. This
has led to the release of hundreds of new vari-
eties throughout the world, with particular im-
pact in developing countries. The Center’s gene
bank has been the main source for breeding
heat-tolerant tomato and Chinese cabbage lines
with good adaptation to hot, humid tropical
environments.

Vegetable improvement depends on accessi-
bility to a wide range of genetic diversity and
the ability to use new genetic variation in plant
breeding programs. Modern cultivars represent
a limited sampling of available genetic variabil-
ity to combat the effect of climate change. The
potential of wild species as sources of genetic
variation for abiotic stress tolerance has been
recognized for decades, as many of these species
thrive in extreme environments. However, inter-
specific hybridization poses severe challenges,
including cross incompatibility, sterility, reduced
recombination, and tight linkages to negative
traits. Despite these difficulties, and through ad-
vances in breeding technologies, wild vegetable
germplasm has been exploited as a source of
stress tolerance. Molecular markers provide a

powerful new tool to discover valuable traits
tucked away in wild species and move these
traits into modern varieties. Marker-assisted se-
lection in backcrossing programs has facilitated
the transfer of genes from crosses involving wild
relatives. In tomato, this approach has been used
to pyramid independent yield-promoting chro-
mosome segments from wild species, resulting
in new varieties with increased productivity un-
der normal and stressed conditions. The ability to
transfer genes from wild relatives coupled with
the precision afforded by the use of molecular
markers will accelerate the development of in-
novative vegetables that will thrive in a changing
environment.
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Chapter 19

Adaptation of Cassava to Changing Climates
Hernán Ceballos, Julian Ramirez, Anthony C. Bellotti, Andy Jarvis, and Elizabeth Alvarez

Introduction

Cassava (Manihot esculenta Crantz), along with
maize, sugarcane, and rice, constitutes the most
important sources of energy in the diet of most
tropical countries of the world. The species orig-
inated in South America (Allem et al. 2001;
Olsen and Schaal 2001) and was domesticated
less than 10,000 years ago. With the creation of
the International Institute of Tropical Agriculture
(IITA) in Nigeria and the International Center
for Tropical Agriculture (CIAT) in Colombia in
the early 1970s, a new era began for cassava
with the implementation of successful breed-
ing projects, modernization of cultural prac-
tices, and development of new processing meth-
ods (Cock 1985; Jennings and Iglesias 2002;
Ceballos et al. 2007). National research centers
in Brazil, China, Colombia, Cuba, India, Nige-
ria, Thailand, Uganda, and Vietnam among many
other countries have also conducted successful
research on cassava.

Cassava is an important crop in regions at
latitudes between 30◦N and 30◦S, and from sea
level up to 1800 m above sea level. The main
cassava-growing areas of the world were de-
scribed by Ceballos et al. (2007). Cassava is
a perennial species grown as an annual crop.
This feature explains the remarkable plasticity

of cassava to adapt to a great diversity of en-
vironments. It can grow in the Amazon basin
in areas with more than 3000 mm rainfall per
year as well as in nearby semiarid conditions
of Pernambuco State of Brazil with less than
500 mm of rainfall per year. Cassava can become
dormant when environmental conditions are not
conducive for growth due to biotic or abiotic
constraints. In northeastern Brazil and many sub-
Saharan African regions, leaves of the plant fall
during lengthy periods without rains and growth
is reinitiated when the rains return. In these con-
ditions harvest takes place at the end of the sec-
ond period of growth (two years after planting).
Another important characteristic of cassava is
its vegetative reproduction. The multiplication
rate of cassava is low. A plant typically produces
only 5–10 cuttings. The multiplication rate in
maize, in contrast, can be 1:500. Planting mate-
rial is bulky (a truckload of stems are necessary
to plant one hectare) and can only be stored for
a few weeks. These characteristics of the com-
mercial multiplication of cassava will detrimen-
tally influence the impact of climate change on
the crop.

All 98 species of the genus Manihot are native
in the Neotropics from where it was introduced
to other regions of the world (Rogers and Appan
1973). The origin of cultivated cassava is still
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unclear. Two relevant questions were raised by
Allem (2002) regarding the botanical origin
(parental wild species that eventually led to the
emergence of M. esculenta): the geographic area
where this emergence took place and the region
where it was domesticated (agricultural origin).
The prevailing hypothesis is that cultivated cas-
sava originated in South America (Allem 2002;
Olsen and Schaal 2001). But, the region(s) and
mechanism(s) of cassava domestication are still
under discussion.

Although it is frequently considered a poly-
ploid species, analyses conducted during diaki-
nesis and metaphase I indicate the presence of
18 small and similar bivalents in cassava (Hahn
et al. 1990; Wang et al. 2011). In some cases, oc-
currence of univalents/trivalents and late bivalent
pairing has been observed. Cassava is, therefore,
a functional diploid (2n = 2x = 36) (De Carvalho
and Guerra 2002; Jennings 1963; Nassar and
Ortiz 2008). It has been suggested that certain
portions of the genome may be duplicated and,
therefore, cassava may be a segmental allote-
traploid (Magoon et al. 1969).

Rogers (1963) listed M. carthaginensis, M.
aesculifolia, M. grahami, M. flabellifolia, and
M. saxicola as the most closely related species
to cultivated cassava on the basis of morpho-
logical, ecological, and geographical evidence.
Allem postulated in 1994 and 1999 that modern
cultivated cassava originated directly from wild
relatives of M. escultenta subsp. flabellifolia.
This suggestion was further supported by Olsen
and Schaal (2001). Nassar and Ortiz (2008), on
the other hand, suggested that cultivated cassava
arose as a result of hybridization of two species
and proposed that M. pilosa was one of them.
The crop may have been domesticated more than
once (Allem 2002; Nassar and Ortiz 2008).

Allem and coworkers suggested in 2001 that
there are three M. esculenta subspecies: escu-
lenta (cultivated cassava) flabellifolia, and pe-
ruviana. These three subspecies along with the
closest wild relative (M. pruinosa) constitute the
primary gene pool. The morphological charac-

teristics of cultivated cassava are highly variable
and there are numerous morphological descrip-
tors that can be used for cultivar characterization
(Alves 2002). However, within cultivated cas-
sava the concept of Varietal Group has not been
used. The secondary gene pool includes M. tri-
phylla, M. pilosa, M. brachyloba, M. anomala,
M. epruinosa, M. gracilis, M. tripartita, M. lep-
tophylla, M. pohlii, M. glaziovii, M. dichotoma,
M. aesculifolia, and M. chlorosticta.

Cassava is an interesting case because even
though relatively little is known about its ge-
netics, a molecular map has already been de-
veloped (Fregene et al. 1997, 2000; Mba et al.
2001). In addition, many studies of genetic vari-
ability among and within landraces have been
conducted (Asante and Offei 2003; Elias et al.
2001a, 2001b, 2004; Peroni and Hanazaki 2002;
Sambatti et al. 2001; Zaldivar et al. 2004). In
general, the vegetative reproduction of the crop
has not necessarily led to a drastic reduction of
genetic variability, particularly when it is used
as a reliable food security staple crop. Cassava
naturally outcrosses, typically generating seed
with high levels of heterozygosity that can be
exploited successfully as demonstrated in the dif-
ferent articles published by Elias and coworkers
(Elias et al. 2001a, 2001b, 2004). However, when
cassava is used for industrial processing (such
as in SE Asia), large areas have been planted
to a few successful varieties such as the Thai
variety KU50. Genetic diversity in areas where
cassava is used for processing by different in-
dustries tends to be small and depends on the
rate of development of new commercial varieties
and multiplication schemes used for planting
material.

Expected climatic changes
and the cassava models

The quantitative analysis is composed of five
stages. Beebe et al. (this book) have provided de-
tailed descriptions of the materials and methods
used in this paper to predict effects of climate
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Fig. 19.1. Expected changes in precipitation and temperatures in cassava-growing areas of the world by
2020s for the SRES-A2 emission scenario (average of four GCM patterns).

change on cassava. For the initial part of this
analysis, current and future downscaled climate
surfaces are the same as described in Beebe et al.
(this book). Using these surfaces and the cur-
rent distribution of the crop (FAOSTAT 2009),
changes in rainfall and temperature were pre-
dicted (Fig. 19.1). Average warming in cassava
growing regions by the 2020s ranged from 0.7◦C
(Asia, Caribbean) to 1.3◦C (sub-Saharan Africa,
South America), a lower range than for other
crops such as beans, and potatoes, which are
also cropped in highlands where predicted tem-
perature changes are greater. Some 24% of the
countries are predicted to have increases in tem-
peratures above 1◦C. Subtropical environments
(Asia, southern Brazil, northern Argentina, and
Chile) are predicted to have less temperature in-
crease than tropical areas.

Rainfall requirements are a critical issue for
cassava, since the roots are particularly sensi-
tive to waterlogging, causing rotting and loss
of agricultural yields. Increases in precipitations
are predicted for 49% of the growing areas of
which 30% show increases >50 mm per year.
Many important production areas of the world
(accounting for more than 52 million tons in 2007

according to FAOSTAT 2009) are predicted to
receive a substantial increase in rainfall. Liberia
alone produced 550,000 tons in 2007 (FAOSTAT
2009) and could experience an average increase
of 137 mm. On the other hand, some 17% of
the growing areas are projected to experience
decreases in rainfall, most of them are located
in Central America, the Caribbean, and in South
America (Haiti, Dominica, Trinidad and Tobago,
Nicaragua, Panama Costa Rica, Peru, Colombia,
and Venezuela). Uncertainties given by the co-
efficient of variation (CV) remain relatively low,
as expected for a period of about 15 years (97%
of the areas show less than 15% in CV).

Calibration of the Ecocrop model for cas-
sava was done using data from CIAT (2002)
and an iterative process from which the most
accurate predictive model was selected (the one
which matched the best known distribution of
the crop according to several experts on the crop
including MAS El-Sharkawy, personal commu-
nication, March 2008). Duration of the growing
season was set to 240 days, minimum killing
temperature to 0◦C, minimum absolute tempera-
ture to 15◦C, minimum optimum temperature to
22◦C, maximum optimum temperature to 32◦C,
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and maximum absolute temperature to 45◦C.
The minimum and maximum optimum rainfalls
were set to 800 and 2200 mm, respectively, and
the minimum and maximum absolute rainfalls
were set to 300 and 2800 mm, respectively.

According to the Ecocrop model, tropical cli-
matic adaptations of cassava are considerably
broad making it suitable across most regions
of the tropics. Highly suitable areas were pre-
dicted to be located in central Africa (Central
African Republic, Democratic Republic of
Congo, Congo, Angola), matching the known
distribution of the crop (Carter et al. 1992;
CIAT 2002; FAOSTAT 2009). Northeastern
Mozambique (Cabo Delgado, Nassa, Nampula,
Zambezia, Sofala, Manica), eastern Malawi, as
well as most of western Africa below the Sa-
hel were also predicted to be highly suitable
areas (Guinea, Liberia, Ivory Coast, southern
Ghana, Cameroon, Nigeria). Plain areas near the
Andes (Central Colombia, western Ecuador, cen-
tral Peru, northern Bolivia, and northeastern
Paraguay) were also predicted to be optimal
places for growing cassava, and the same was
predicted for the Atlantic coasts of Colombia
and Mesoamerica.

Crop suitability in subtropical regions
(Fig. 19.2b) of Brazil (Minas Gerais, Sao Paulo,
Parana), eastern Paraguay, very northern Ar-
gentina, southern China, northern India, Thai-
land, Vietnam, and Myanmar was predicted to
be primarily constrained by temperatures, and
the same pattern was observed throughout cen-
tral Africa, Madagascar, southeastern Brazil, and
northern Mexico. Some areas in Brazil (west-
ern Bahia, Piauu, eastern Ceara, Rio Grande do
Norte), southeastern Bolivia and its borders with
Paraguay, Tanzania (Tabora, Singida, Dodoma,
and southern Arusha), very northern Uganda,
and southern Angola were predicted as being
constrained by low rainfall (drought).

High rainfall (waterlogging) is predicted to be
a constraint in the Amazon (Brazilian, Colom-
bian, and Peruvian Amazon), the Guyanas and
Suriname, as well as in the coasts of western
Africa (Guinea, Sierra Leone, Liberia, Nigeria

and Cameroon), and several growing areas in
Indonesia, Malaysia, Thailand, and Vietnam. De-
spite the broad adaptation of cassava in terms of
temperatures, northern areas of India may expe-
rience excessive heat and the large temperature
ranges occurring in these areas indicate cassava
production also may be constrained by minimum
temperatures within the same growing season.

Future suitability of cassava production in
tropical regions (Figs. 19.2c and d) is predicted
to be, on average, favored by climate change. A
global average increase of 2.5% is expected by
the 2020s, and when reductions are predicted,
these are only between −1 and −9%. In addition
to this limited negative impact, there could be
some gains in subtropical environments (south-
eastern Paraguay, southern Brazil), and in high-
lands in the Andes, where the current cropped
lands could expand upward. Significant losses in
climatic suitability are expected only in north-
ern India (Uttar Pradesh and Madhya Pradesh),
likely due to excess heat.

When the likely benefits of breeding for abi-
otic constraints are analyzed, the most significant
benefits may result from increased drought and
cold tolerance (Fig. 19.3). However, even these
improvements are predicted to only bring an in-
crease of less than 10% in the highly suitable
areas. These traits could become more important
if further temperature increases occur after the
2020s. About 0.7 million hectare of current cas-
sava fields in the world, mainly located in areas
with low rainfall, are predicted to benefit from
improved drought tolerance, but the biggest gain
could result from some 14.7 million hectares of
new suitable area. Similar patterns are predicted
for cold tolerance by the 2020s, only 1.1 million
hectares of currently cropped lands would ben-
efit, but some 14 million hectares of new area
could open up for cassava cultivation.

The suitability model only takes into account
two major factors: temperatures and rainfall.
However, specific physiological responses of the
crop to increased levels of CO2, and interac-
tions of these responses with changes in tem-
peratures and rainfall, as well as soil conditions,
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(a)

(b)

(c)

(d)

Fig. 19.2. (a) Predicted suitability for current conditions overlaid with locations of cassava farms, (b) current climatic
constraint for cassava cultivation, (c) predicted future suitability (2020) using an ensemble (average) of four GCM patterns,
and (d) predicted suitability change (future to current) by 2020.
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Fig. 19.3. Potential benefits for cassava production in 2020 from improved
tolerance to drought and waterlogging (top), and improved tolerance to cold and
heat (bottom).

and changes in pest and disease dynamics must
also be taken into account in a cassava produc-
tion forecasting model in order to refine the pre-
dictions. In addition, changes in growing season
length due to deficiencies in temperature or rain-
fall levels in certain periods might cause signifi-
cant changes and should be further explored.

Our results predict that future (2020s) cli-
mates will maintain cassava production in almost
all of the current production areas, with the ex-
ception of a few isolated sites in Asia (northern
India especially, which is not a major produc-
tion area at this time). Furthermore, a substantial
increase (greater than 20%) in area of cassava
suitability was predicted for subtropical regions

in the southern hemisphere (Brazil, Argentina,
and southern Africa).

Abiotic stresses: expected effects

Since cassava is a perennial plant, it is a very
plastic crop that can be grown in very contrast-
ing environments. Cassava can naturally with-
stand lengthy periods under severe water deficits.
Those areas where climate change will result in
a reduction of rainfall will require not only a
change of the varieties grown by farmers but
also a change in cultural practices. If reduction
of rainfall is very severe, farmers may need to
extend the growing cycle for two years as it
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is currently done in northeastern Brazil. Most
cassava grown in dry environments is affected
by different mite species. Therefore, it is ex-
pected that the abiotic stress caused by drought
also could result in increased mite pressure
(and occasionally increased mealy bug pressure
as well).

In many other cassava-growing regions, how-
ever, there is an expected increase of rainfall.
This may benefit many of these regions but may
also have negative impact. Cassava is frequently
grown in sloped land where heavy rains can have
devastating effects early in the growing cycle
(first two months) when the soil remains unpro-
tected and severe runoff may occur (Howeler
2002). In these conditions, soil erosion can be
very severe. Changes in cultural practices may,
therefore, be needed for these conditions such
as intercropping cassava and using contour and
hedgerow plantings to reduce soil erosion. Ex-
cess rainfall may result in an undesirable in-
crease in incidence of root rots, especially in
heavy soils or areas with limited drainage capac-
ity. On the other hand, increases in rainfall will
have the positive effect of reducing mite pres-
sure and also some insects such as whiteflies or
mealybug.

Increase of atmospheric CO2 is one of the ma-
jor causes for climate change and has increased
by 40% from a preindustrial revolution baseline.
Increased levels of CO2 can be considered as and
abiotic stress on cassava (Gleadow and Woodrow
2002; Gleadow et al. 2009). These studies indi-
cated that increases in atmospheric CO2 concen-
tration could result in a reduction in root produc-
tion. Concentration of cyanogenic glucosides in
the roots was not affected by increases in CO2.
On the other hand, there was a large increase of
glucosides in the leaves of plants grown in higher
CO2 concentrations.

Probably the most important impact of cli-
mate change in cassava production will be on
the dry matter content (DMC) of cassava roots.
Typically, farmers plant cassava at the beginning
of the rainy season and harvest it at the end of the
dry season (just before the return of the rains).

A key factor in this scheme is to enable DMC
of the roots, at least in the varieties grown by
farmers, to reach a maximum at harvest time.
This is important because when cassava is used
for processing (dried chips and pellets for animal
feeding or the starch industry), its price is posi-
tively linked to DMC of the roots. A low DMC
means a longer period in the drying yards (for the
production of dried chips) or larger amount of
effluents (for the starch industry). Consequently,
low DMC results in higher processing costs. This
is the reason why cassava breeders have paid
so much attention to DMC for the new vari-
eties released for industrial purposes (Ceballos
et al. 2007; Kawano 2003; Kawano and Cock
2005).

When rains return, starch and other nutri-
tional compounds stored in the roots are hy-
drolyzed and growth is reinitiated. This means
that, within 2–3 weeks upon the arrival of the
rains, DMC can be reduced drastically. In an
evaluation conducted by CIAT of 1350 geno-
types in the subhumid environment of the north-
ern coast of Colombia, average DMC before
the arrival of the rains was 32.4% and after
the rains arrived, the average had decreased to
26.7% (CIAT 2001). This illustrates the drastic
impact that the environment (rainfall) has on a
key component of overall cassava productivity
and value. One of the ways climate change could
affect cassava productivity is by more erratic
weather conditions. This may already be hap-
pening in certain cassava-growing regions. For
example, Fig. 19.4 illustrates changes of rain-
fall patterns at the CIAT Experimental Station in
Palmira, Valle del Cauca, Colombia. Harvest typ-
ically takes place in April to June each year. The
changes in the patterns of the rainfall, however,
had a drastic impact on DMC of genotypes that
were harvested 8, 10, and 12 months after plant-
ing. The average DMCs were 34.3%, 28.2%,
and 25.5%, respectively. The drastic reduction
of DMC in the second and third harvests does
not usually happen and is an example of the ef-
fects that erratic rainfalls would have on cassava
productivity.
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Fig. 19.4. Data on rainfall and evaporation in the period March 2008–August
2009 compared with historic averages at CIAT experimental station in Palmira,
Colombia. The expected dry period during the first 3 months of each year were
drastically altered in 2009.

Biotic stresses: expected effects

There are alternative approaches to overcome
most of the biotic stresses that may affect cas-
sava (Alvarez and Llano 2002; Bellotti 2002;
Ceballos et al. 2007). A combination of genetic
resistance, biological control, and/or simple cul-
tural practices such as selection of clean plant-
ing materials is enough to achieve reliable and
healthy growth of cassava and competitive pro-
duction. Climate change, however, can result
in increased disease and arthropod (insects and
mites) pest problems that could result in signifi-
cant economic losses. Predicting pest outbreaks

and subsequent crop damage in relation to envi-
ronmental and/or climatic changes is a desirable
goal but difficult to achieve. It is already known
that many arthropod pests, disease vectors, and
beneficial natural enemies can be strongly in-
fluenced by climate. Accurate prediction of cli-
mate changes linked to increases or declines in
pest population size will require long-term mon-
itoring of population levels and pest behavior.
The identification of particularly sensitive re-
gions may provide an important first indication
of a biotic stress response to changes in climate.

The direct and indirect effects of global
climate change on the population dynamics
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of arthropod pest populations, especially in
subtropical agroecosystems, will depend on
the relative lengths of the wet and dry seasons,
rainfall patterns, and temperature. In subtropical
agroecosystems temperatures, especially during
the normally “cold” months, could have an effect
on cropping patterns as well as on subsequent
pest populations during the warmer months
(Bale et al. 2002). Cropping patterns will change
in response to changing climate and may result
in more or less frequent plantings during a year’s
cycle. In addition, crop management practices,
especially those that might affect pest dynamics,
might be altered by changes in temperature and
rainfall.

Altered rainfall patterns and temperatures
will affect cropping patterns and crop manage-
ment practices and this, in turn, can affect pest
population dynamics. This could be especially
important in the lowland tropic areas that have
distinct wet and dry seasons. Planting of a
crop species is usually initiated at the onset
of the rainy or wet season, unless irrigation
can be provided. The dry season will be ideal
for the increased populations of certain pest
species (e.g., mites and mealybugs), while it
may be a deterrent for others. Likewise, the
rainy season, a period that is often conducive
to considerable plant and foliage growth, may
favor certain pest species (hornworm and some
whitefly species). In addition, some pest species
may have their diapause strategies disrupted if
the linkages between temperatures, moisture
regimens, planting dates, and daylengths are
altered. Some pest species may adapt readily to
these changes, while others may not have the
innate ability or genetic makeup to recognize
and respond to these environmental signals.

Crop damage resulting in root yield losses
due to whitefly, mealybugs, and lacebugs have
been recorded in southern states of Brazil. These
increases in pest populations may be the conse-
quence of climate changes in the regions and sub-
sequent changes in cassava crop management.
Southern Brazil is subtropical and during the
months of June, July, and August, (referred to as

“winter”) temperatures were often low enough
to cause a frost that resulted in crop defoliation
and stem damage. In June, cassava producers
would prune plants back to almost ground level
and store stems in protected confines, to be used
as cuttings, for planting in September when the
threat of frost has ceased. The absence of cas-
sava foliage in the fields caused pest populations
to dramatically decrease.

In recent years, according to cassava produc-
ers in this southern region, temperatures during
this “winter” period have been warmer with less
probability of frost. This has had an effect on
cassava crop management practices. Farmers no
longer prune all stems back to ground level, leav-
ing growing stems and foliage in the field. This
provided a food source for the aforementioned
cassava pests. The life cycle was not severely
disrupted and active pest populations occurred
during this “winter” period (Bellotti, personal
observation). Therefore, pest populations were
present in the field when regrowth occurred in
September and when cuttings in the subsequent
crop cycle germinated and young, tender leaves
emerged. Pest populations, especially whiteflies,
can migrate to and infest new growth and young
plants. Whitefly populations can increase rapidly
and high populations can cause considerable
yield loss. In addition, the warmer tempera-
tures and more frequent rainfall have resulted
in more frequent or staggered plantings of the
crop. This has resulted in having the cassava crop
at varying ages in the same field or plantation.
These staggered planting provide an ideal sce-
nario for an increase in cassava pests, especially
whiteflies.

Temperature is probably the single most
important environmental factor influencing in-
sect behavior, distribution, development, sur-
vival, and reproduction (Bale et al. 2002). At
a higher temperature, certain pests would have
an advantage and their feeding on crop foliage
and consequently crop damage would increase.
If this increase in temperature were accompa-
nied by an extended dry period, pest activity
and crop damage would intensify. For example,
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cassava mites (Mononychellus spp. and Tetrany-
chus spp.), mealybug (Phenacoccus herreni,
P. manihoti, and Ferrisia virgata), thrips
(Frankliniella williamsi), and lacebugs (Vatiga
spp., Amblystira machalana) are important pests
that are favored by higher temperatures and pro-
longed dry periods. Other pests, such as white-
flies (several species), would increase in inten-
sity, populations, and frequency in occurrence,
in those regions where more frequent rainfall
leads to staggered planting of the cassava crop,
thereby providing a continuum of young, vig-
orous foliage that is preferred for oviposition.
In addition, hornworm (Erinnyis ello) frequently
occurs at the onset of the rainy season when there
is considerable new growth and young leaves.
Studies have also shown that generalist feeders
such as the burrower bug and white grubs prefer
soils with higher soil moisture content.

One of the major problems that farmers will
face if climatic conditions change drastically is
that the new environmental conditions will re-
quire new adaptations from cassava cultivars that
are lacking in the locally available clones. As
stated above, there are cassava cultivars adapted
to most growing conditions, but with changes in
the environment there will most likely be a need
to switch varieties currently grown in one region
to another and vice versa. In this regard, there
are huge logistic problems involved in replac-
ing one cassava variety by another. Transporting
planting material from one region to another is
difficult and expensive because of its bulkiness,
need of careful handling, and the relatively short
period that it can be stored. The alternative of lo-
cally growing planting material of an introduced
clone faces the problem of slow multiplication
rate.

Technical solutions

Cultivars with more stable DMC

The most immediate impact that changes in the
climate will have on cassava production is ex-
pected to be the reduction of DMC as a result of
changes in rainfall patterns. This will affect in-

come of farmers who will receive a lower price
for their product and the operations of process-
ing facilities, which will have higher operational
costs and enhanced logistic problems. For a few
years, several cassava-breeding projects world-
wide have been paying attention to achieve high
DMC of roots when harvested on the optimal
date (when DMC reaches a maximum). A rec-
ommended new approach for the future, how-
ever, would involve placing additional emphasis
on identifying clones whose DMC (unavoidably)
drops with the arrival of the rains but quickly re-
turns to acceptable commercial levels. Breeding
evaluation schemes will have to be altered so
each genotype is harvested not only at optimal
conditions (end of the dry season) but also after
the arrival of the rains. There is some prelimi-
nary evidence that there is genetic variation for
the capacity for certain clones to recover quickly
with respect to DMC after the return of the rains
(CIAT 2001).

Efficient systems for rapid
multiplication of planting materials

Another important impact of changes in the cli-
mate will be the need for dynamic and more fre-
quent changes in the varieties grown by farmers.
The relatively predictable environmental condi-
tions prevailing in cassava growing regions could
change to more erratic conditions.

One of the characteristics of cassava is its
low multiplication rate. Developing systems that
will overcome this problem is important to face
the erratic climatic patterns that cassava farmers
may suffer in the future. This strategy is very
relevant because of two major reasons. The first
reason is that the stems can be stored only for
a short period after harvest (typically, no more
than 1 month). This is the reason why farmers
will harvest their cassava fields at the end of the
dry season just before the expected arrival of the
rains. Doing this means a short storage period
for the stems and, therefore, optimal physiolog-
ical status of the planting material for the fol-
lowing season. However with changes in rainfall
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patterns (as illustrated in Fig. 19.4) there would
be unexpectedly long storage periods for the stem
that would result in losses in viability and conse-
quently chronic problems of limited availability
of good quality planting material.

The second reason for improving and de-
ploying advanced systems for rapid multiplica-
tion is that there could be a need for more fre-
quent changes in the varieties grown by farmers,
as new environmental conditions occur. Diffu-
sion of new varieties through conventional veg-
etative multiplication may require as many as
10–15 years to cover an area of about a million
hectare. This is too slow for the needs that farm-
ers are likely to have. Fortunately, different ap-
proaches for rapid multiplication schemes have
been developed from simple micro-stakes sys-
tems to the use of somatic embryogenesis tissue
culture techniques relying on RITA R© or similar
systems (DeVires and Toenniessen 2001; Fre-
gene et al. 2002; Segovia et al. 2002).

Herbicide tolerance

Direct planting of crops into mulches without in-
version plowing provides many advantages that
are particularly relevant for cassava and the con-
sequences of climate change. Perhaps the most
immediate advantage of direct planting is the
reduction of production costs. Direct planting,
however, can also reduce the detrimental effects
of cassava cultivation on the environment. Direct
planting can result in the soil surface not being
exposed to the environment as long as there is
sufficient protection by a mulch of dead (and/or
alive) vegetation. This is a key approach to re-
ducing soil erosion that could increase if more
intense rains occur in cassava-growing regions
of the world. Mulches also could increase water-
use-efficiency since there is less run-off and more
water infiltrates into the soil and is maintained for
longer period of time because of reduced evapo-
ration from the soil surface. Nutrients also could
be more efficiently used and maintained, and soil
structure can progressively improve under these
minimum tillage systems.

However, a major drawback of direct plant-
ing is the frequently unmanageable problem of
weeds. As desirable as direct planting is, in
practice, it only has developed quickly when it
is supported with the availability of herbicide-
tolerant crops. In 2008, herbicide tolerance de-
ployed in soybean, maize, canola, cotton, and al-
falfa occupied 79 million hectares of the global
biotech area of 125 million hectares (ISAAA
2008). These data refer to herbicide tolerance
obtained through genetic transformation partic-
ularly for tolerance to glyphosate. A protocol
for the genetic transformation of cassava ex-
ists and is used routinely by different research
laboratories in search of different traits (Taylor
et al. 2004).

There are, however, other alternatives that ex-
ploit natural or induced variation for herbicide
tolerance in different crops (Sherman et al., 1996;
Tan et al. 2005; Tan et al. 2006; Tan and Bowe
2008). In most cases, tolerance to imidazolinones
arises from changes in the gene codifying for ace-
tohydoxyacid synthase (AHAS). The resistance
against ciclohexanedione found in maize is reg-
ulated by the carboxilase Acetyl-CoA and that
against triazine originates in the psbA gene that is
related to photosynthesis (Tan et al. 2006). These
discoveries have led to development of herbi-
cide tolerance in different crops such as maize,
rice, wheat, canola, sunflower, lentils, sugar beet,
cotton, soybean, lettuce, tomato, and tobacco.
CIAT has initiated two aggressive approaches to
identifying herbicide tolerance in cassava. The
first approach involves self-pollinating cassava
germplasm to produce S1 genotypes, which ex-
poses potential recessive sources of tolerance
to herbicides. The genotypes thus produced can
then be subjected to different herbicides to detect
phenotypes expressing tolerance. The second ap-
proach is through the use of molecular markers
for the application of TILLING or Eco-TILLING
(Guang-Xi et al. 2007; Till et al. 2003). This ap-
proach is greatly facilitated by clear understand-
ing of the genes that need to be mutated and
the recent availability of the sequenced cassava
genome.
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A better understanding of cassava
genetics and production of
genetic stocks

The conservation and exchange of cassava
germplasm is difficult and slow. Typically, in
vitro plantlets, certified to be disease-free, are
used when germplasm is to be moved from one
country to another. This has high costs and strict
quarantine limitations. An alternative approach
for germplasm exchange, conservation and uti-
lization, is currently under way to develop par-
tially inbred genetic stocks to be used as sources
of specific traits.

If a given genotype is to be used as source of
a desirable trait, its value is in the trait itself, not
in the whole genotype. CIAT has proposed that
self-pollinations of elite genotypes (S0) should
be made to produce S1 genotypes that are ho-
mozygous for the trait identified in the original
genotype. There are three different possibilities
for identifying homozygous genotypes among
the S1 (segregating) progeny: (a) If the trait is re-
cessive (i.e., amylose-free starch), only homozy-
gous recessive genotypes will express it and se-
lection can be done using the phenotype of the S1

genotypes; (b) If the trait is dominant and molec-
ular markers are available, codominant markers
such as SSR can be used to identify homozy-
gous S1 genotypes; (c) If the trait is dominant
and no molecular marker is available, a second
self-pollination would be necessary to identify
S2 progenies that do not segregate for the trait
indicating that the progenitor S1 genotype was
homozygous.

The availability of these partially inbred ge-
netic stocks provides several advantages:

(a) Breeding value (for the trait) of these ho-
mozygous S1 genotypes doubles when the
S0 progenitor is heterozygous. The selected
S1 genotypes could then be registered as a
source of the desirable trait;

(b) The S1 genotype could be self-pollinated to
produce S2 seed that would also be homozy-
gous for the desirable gene(s). The storage
and exchange of these S2 botanical seeds

would be considerably less expensive and
faster than maintaining germplasm in vitro
or in the field. Phytosanitary restrictions for
the exchange of botanical seed are less lim-
iting compared with the shipment of in vitro
or vegetative cuttings;

(c) Finally, crosses of S1 genotypes homozy-
gous for different desirable traits can be
made to produce new S1 genotypes combin-
ing more than one desirable trait in a ho-
mozygous condition. Genetic stocks com-
bining germplasm developed by the IITA,
CIAT, EMBRAPA, and other national pro-
grams in Africa, Asia, and Latin Amer-
ica could then contribute to a more dy-
namic exchange of germplasm and a more
efficient exploitation of cassava genetic
resources.

The relevance of the availability of genetic
stocks of cassava as sources of desirable traits is
that it will accelerate the exchange of germplasm
and the assembly of new varieties combining de-
sirable traits such as resistances to abiotic and
biotic stresses and adaptation to specific envi-
ronments and end-use requirements.

Integrated pest and disease
management approaches

The long growing cycle of cassava and the fact
that it is grown in environments where there
are no winters that break the cycles of pests
and diseases, have determined the strategies to
limit their economic impact. Integrated pest and
disease management (IPDM) is fundamental for
cassava production and relies on the efficient ex-
ploitation and combination of sources of genetic
resistance and techniques that favor the estab-
lishment and growth of populations of biological
control agents.

Wild Manihot germplasm provides a wealth
of useful genes for cultivated cassava (Hahn et al.
1980; Nassar and Ortiz 2008). A source of toler-
ance to PPD has been identified in M. walkerae
(Bertram 1993) and introgressed into cassava
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(Morante et al. 2010; Cuambe 2007). The only
source of resistance to the cassava hornworm and
a widely deployed source of resistance to cassava
mosaic disease were identified in fourth back-
cross derivatives of M. glaziovii (Chavarriaga
et al. 2004; Jennings 1976; Jennings and Iglesias
2002). M. glaziovii and M. melanobasis have
been identified as sources of resistance to the
cassava brown streak disease (Jennings and Igle-
sias 2002). Moderate to high levels of resistance
to whiteflies and the cassava green mite have
been found in interspecific hybrids of M. escu-
lenta subsp. flabellifolia. Resistance was recov-
ered easily in F1 interspecific hybrids, suggesting
a simple inheritance of the trait. These sources
of resistance contribute to those already found in
cultivated cassava for whiteflies (for instance in
the landrace MECU72) and thrips (in cultivars
with pubescent young leaves).

Biological control methods for pests that af-
fect cassava have also been widely reported
(Bellotti 2002). Baculovirus pesticides are
highly effective in controlling hornworms; and
Phytoseiidae predator mites and the fungal
pathogen Neozygites help to control mites feed-
ing on cassava. Several natural enemies, includ-
ing three parasitoids, contribute to the biological
control of whiteflies. Perhaps one of the most
remarkable success stories related to biological
control was the introduction of Anagyrus lopezi
to control mealybug species in Africa (Herren
and Neuenschwander, 1989). IPDM include cul-
tural practices. For example, intercropping cas-
sava with Crotolaria sp. reduces damage of
the burrower bug (Cyrtomenus bergi). This bug
can also be affected by the fungus Metarhizium
anisoplae and nematodes such as Steinernema
carpocapsae and Heterorhabditis bacteriophora
(Bellotti 2002). Success in dealing with pests and
disease will, therefore, rely on the efficient com-
bination of various biological assets.
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Chapter 20

Changing Climates: Effects on Growing
Conditions for Banana and Plantain
(Musa spp.) and Possible Responses
Julian Ramirez, Andy Jarvis, Inge Van den Bergh, Charles Staver, and David Turner

Introduction

Banana and plantain (Musa spp.) originated in
Asia. They are one of the world’s major food
crops and are a staple part of the diet for mil-
lions of people in sub-Saharan Africa, Asia, the
Pacific, and Latin America. They are important
as cash crops, in some cases providing the sole
source of income to rural populations (Frison
and Sharrock 1999; Lemchi et al. 2005). They
are cultivated in tropical as well as subtropical
areas under different cropping systems (Delvaux
1999).

The majority of cultivated edible bananas and
plantains are sterile triploid hybrids (2n = 3x =
33), arising from interspecific crosses, derived
from two diploid wild species, Musa acumi-
nata Colla and Musa balbisiana Colla. These
wild species have, respectively, contributed the
so-called A and B genomes that are used to
describe the genome composition of bananas
and plantains. Hybridization events between sub-
species of M. acuminata produced a range of
diploid (AA) accessions, and from these the
triploid “AAA” types originated by chromosome
restitution. These AAA hybrids predominantly

comprise the dessert bananas for export and the
East African highland bananas are used for cook-
ing and beer. Hybridization between AA diploids
and M. balbisiana (BB) has resulted in a large
number of ABB (cooking banana) and AAB
(plantain and other) types (Table 20.1). In addi-
tion to these events, some Eumusa cultivars are
thought to contain genetic components of two
other wild species, namely, Musa schizocarpa
(“S” genome) and Musa textilis (“T” genome)
section. Another series of edible bananas, called
Fe’i banana, is derived from wild species in
another Musa section, possibly Musa maclayi,
Musa lolodensis, and Musa peekelii.

The crop is severely threatened by several
pests and diseases as follows: black leaf streak
(BLS, Mycosphaerella fijiensis) (Vuylsteke
2001; Lemchi et al. 2005), Fusarium wilt (Fusar-
ium oxysporum f. sp. cubense)—in particular
tropical race four in Asia (Molina et al. 2009)—
and banana bunchy top disease (BBTD, Banana
bunchy top virus) in Asia and Africa (Thomas
and Iskra Caruana 2000).

Predicted changes in climate using global cli-
mate models (GCMs) indicate that recent and
predicted increases in temperatures and changes
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Table 20.1. Cultivar types and genomic groups within the Musa gene pool.

Cultivar types and wild species Genome groupa Centers of diversity

Edible diploids, triploids, and others AA, AAA, AS,
AAS, AAT, ABBT

Indonesia-Philippines-Melanesia. Exceptionally
high diversity of AA in New Guinea

East African highland banana AAA Great Lakes region in East Africa (Burundi, Kenya,
Rwanda, Tanzania, Uganda)

Plantains AAB West and central African rainforest + India
Maia Maoli-Popoulu and Iholena AAB Polynesia, Melanesia, and Micronesia
Edible diploids AB South India
Eastern ABB (BBB) subgroup ABB Philippines and North Vietnam
Western ABB subgroup ABB Northeastern India and south India
Fe’i Semiwild Pacific Islands
Sect. Musa (n = x =11) Wild Southeast Asia
Sect. Rhodochlamys (n = x =11) Wild Monsoonal areas in mainland Southeast Asia
Sect. Australimusa (n = x =10) Wild Southeast Indonesia and southern Philippines to

Melanesia

Sect. Callimusa (n = x =10) Wild Mainly in the lowlands in the central zone of wild
Musa distribution (south Vietnam, Peninsular
Malaysia, Borneo, Sumatra)

Sect. Ingentimusa (n = x =14) Wild New Guinea

aFour known genomes are present in the Musa gene pool: Musa acuminata Colla, A genome; Musa balbisiana Colla, B
genome; Musa schizocarpa Simmonds, S genome; and Musa sect. Australimusa, T genome. Combinations of these four
genomes produce the different cultivar types.

in rainfall patterns will place pressure on Musa
cropping systems (IPCC 2007; Hawkins et al.
2008). Adaptation is needed to reduce the neg-
ative impacts and to capitalize on the positive
effects of climate change (Lobell et al. 2008;
IPCC 2007; Challinor et al. 2007). For stake-
holders to adapt to climate change, they must
have knowledge of what is expected. Here, we
provide an analysis of the best-bet impacts and
implications of climate change on the banana
sector globally. We focus on the modeling of the
following two specific aspects: future suitability
of the climate for banana and plantain produc-
tion, and the prevalence of BLS. We also discuss
some additional threats to banana cultivation as
well as options for adapting the sector to chang-
ing climates.

Modeling approach

The proposed analysis has four stages (Beebe
et al. 2011) as follows:

(1) Analysis of the current status of Musa cul-
tivation, including—mapping—current suit-
able production zones for banana and
plantain—based on a niche-based approach
using temperature and rainfall requirements
of the crop during the growing season.

(2) Modeling of current climatic constraints for
banana and plantain cultivation.

(3) Description of predicted changes in climate
in important banana and plantain growing
regions of the world.

(4) Modeling of expected suitability and
changes in suitability of banana and plan-
tain production areas across the globe.

Climatic requirements for banana
production and modeling of
current climatic suitability for
banana production

Environmental conditions affect fruit quality,
yield, and crop cycle length (e.g., Turner 1994,
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1995, 1998a; Robinson 1996; Turner et al. 2007)
that are the most important traits for market sup-
ply, food security, and producers’ income. Rates
of photosynthesis and leaf emergence are re-
duced by prolonged dry seasons, very high tem-
peratures, or low light availability (Sastry 1988;
Turner 1998b). Decreases in rainfall are criti-
cal since bananas have a rapid physiological re-
sponse to soil water deficit, which slows and
eventually stops leaf emergence. Time to bunch
emergence is also affected by low temperatures
(at altitudes above 500 m and in the subtropics)
(Simmonds 1966). Low temperatures increase
cycle length and the seasonality of production
(Cottin et al. 1987), thus affecting the timing of
product supply to markets. Increases in minimum
temperatures, in day degrees above 14◦C, and in
mean daily temperatures in the range 13–22◦C
accelerate fruit development (Ganry and Meyer
1975; Turner and Barkus 1982) and shorten the
crop cycle length. Fruit quality is also signifi-
cantly affected by environmental factors, partic-
ularly temperatures (Brat et al. 2004). According
to rainfall and temperature, Simmonds (1966)
defined four different climatic zones in which
bananas are grown as follows:

(1) Climates in which bananas suffer little or no
seasonal growth check and in which irriga-
tion is not essential.

(2) Climates in which bananas regularly suffer
seasonal check to growth either by drought
or by a combination of drought and low tem-
perature.

(3) Climates that are marginal and bananas sur-
vive and bear fruit only if (a) planted in favor-
able sites, (b) irrigated, or (c) the cultivation
is founded upon hardy clones.

(4) Climates in which irrigation is essential
throughout the growing season.

Modeling of current suitability was carried
out following the approach used by Beebe et al.
(this volume). Banana is a tropical perennial
crop with a growing season of 365 days that
thrives in warm and moist regions with an even

distribution of rainfall throughout the year. The
optimum temperature for foliar development is
26–28◦C (Ganry 1980), and for fruit develop-
ment is 29–30◦C. Any period of temperature be-
low 20◦C will significantly slow growth and the
rate of fruit maturation (Stover and Simmonds
1987). The minimum temperature for adequate
growth for most cultivars is about 16◦C, and all
growth stops at about 10◦C (Aubert 1971). Tem-
peratures below 16◦C can cause fruit distortion
and failure of the bunch to emerge from the pseu-
dostem. The maximum temperature for adequate
growth is about 38◦C, but this depends on hu-
midity and radiation intensity. Temperatures of
37◦C or higher can cause leaf scorch (Stover
and Simmonds 1987). Growth stops at 38–40◦C.
According to these figures, for the EcoCrop
approach (Hijmans et al. 2001), the crop’s
killing temperature was set at 10◦C, minimum
absolute temperature at 16◦C, minimum opti-
mum temperature at 24◦C, maximum optimum
temperature at 27◦C, and maximum absolute
temperature at 35◦C.

Water requirements for optimum growth are
in the range of 1300–2600 mm per year. Ade-
quate rain or supplemental irrigation produces
beneficial effects, such as earlier maturity of
fruit, increased yields, greater bunch weights,
and increased number of hands per bunch (Stover
1972; Sastry 1988). Bananas are susceptible to
saturated soils and free water, so areas where
frequent flooding occurs should be avoided
and good drainage should be ensured. For the
EcoCrop model, minimum absolute annual rain-
fall for the crop to grow was set at 700 mm, min-
imum optimum rainfall at 1000 mm, maximum
optimum rainfall at 1300 mm, and maximum
rainfall at 5000 mm (with good drainage).

According to the EcoCrop model, the most
suitable areas are located, as expected, in
tropical humid regions (Fig. 20.1b), coincid-
ing, mostly, with the current distribution of
the crop (Fig. 20.1a, FAOSTAT 2009), al-
though the potential geographical range of the
crop (Fig. 20.1b) indicates that current Musa
cultivation could be expanded. Production is
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(a)

(b)

(c)

Fig. 20.1. (a) Area harvested from FAOSTAT (2009), (b) predicted suitability for current conditions, and (c) current climatic
constraint for banana cultivation.

concentrated in the humid low lands in Latin
America and the Caribbean, as well as in western
Africa, central Democratic Republic of Congo
(DRC), Central African Republic (CAF), and
in southern Asia. The model output was in-
spected visually by different crop experts, and
some model-consistency issues were found, e.g.,
a very productive area in northern Costa Rica was
listed by the model as being marginal. These ar-
eas are currently very suitable for production,
but mainly due to their favorable soil drainage,
rather than only to rainfall amount and its dis-
tribution throughout the year. A more nuanced

prediction can be achieved for different Musa
ploidy groups by modifying the model’s param-
eters accordingly, mostly for temperatures.

The main factors that operate against exten-
sion of banana cultivation are a long dry sea-
son, frost, cool winters, hot winds in summer,
and storms or cyclonic winds (Sastry 1988). Our
modeling of constraints included only rainfall
and temperature, and showed that, currently, the
major constraint for banana cultivation in most
areas seems to be temperature (highs and lows)
(Fig. 20.1c). Marginal areas (up to 20% of global
suitable areas) where low temperature is limiting
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are found for instance in northern India, northern
Myanmar, Laos, northern Vietnam, and southern
Africa. Some areas in the Atlantic coast of Latin
America and in northeastern Brazil—the Sahel
and central Tanzania—are severely limited by
low rainfall (drought). Isolated areas in the Pa-
cific islands, and in the Pacific coasts of Colom-
bia and Mexico, are affected by high rainfall (i.e.,
by waterlogging).

Expected future climates in banana
growing areas

Significant shifts in rainfall patterns, even in
the short term (2020s), are predicted: annual
changes in precipitation in banana and plantain
growing regions vary from −200 mm (Grenada)
to +240 mm (Solomon Islands). Sub-Saharan
Africa and Australasia mostly could experience
increases in annual precipitation (Fig. 20.2),
while northern Africa, Central America, and
the Caribbean could experience significant de-
creases (>100 mm reduction per year in some
cases). Some 19% of the countries (9.1% of the
area harvested) where banana and/or plantain are
currently grown could experience decreases in
rainfall greater than 50 mmper year.

Some 17.2% of the countries (10.2% of the
area harvested), mostly located in areas with high
annual temperature, could experience increases
in annual temperature (1–1.5◦C) that indicate
a high likelihood of negative impacts on crop
growth. Uncertainties because of the coefficient
of variation (CV) remain relatively low, as ex-
pected for a short-term period of 2010–2020s
(95% of the areas show less than 15% in CV,
data not shown).

Modeling of future climatic suitability
for banana production

In Simmonds (1966) and other classifications of
climate for crop suitability, annual precipitation,
temperature, and their seasonal distributions are
correlated with growth. Climate change in cur-
rent production zones will vary for both of these

factors and thereby influence production and its
seasonal distribution.

While increases in temperature are likely to
bring opportunities to areas currently limited by
minimum temperatures (though this might also
depend on changes in extremes), they could neg-
atively affect areas that already have climates
far hotter than optimum—where slight changes
could eliminate banana growing altogether, such
as the low and humid tropical lands (particu-
larly those below 500 m altitude) that currently
experience excessively high temperatures. Areas
currently limited by periods of low temperature
may on the other hand become more competitive
in supplying regional markets. Increases in rain-
fall could benefit those areas currently limited by
low precipitation.

Suitability of climates is likely to be signifi-
cantly reduced in the future in several lowlands
(Fig. 20.3a, b), but greater suitability at higher al-
titudes is expected. Areas with high year-round
temperatures (mostly in Latin America, coastal
western Africa, and most part of Asia and the
Pacific) may begin to experience periods of ex-
cessively high temperatures that affect flower-
ing and fruit filling, although in the short-term,
these changes will only be incipient. More dras-
tic changes are projected for the mid (2050s)
or late (2080s) twenty-first century, indicating
that there is a window of opportunity for adap-
tation to occur (IPCC 2007). Areas particularly
negatively impacted are predicted to be in the
Amazon, the Atlantic coast of Colombia, the Pa-
cific coast of Mexico, Guatemala, El Salvador,
Honduras, Nicaragua, and western Africa. Costa
Rica may be affected by the increases in tem-
perature; although the annual rainfall is likely to
decrease; it may not pose a particular threat to
bananas in Costa Rica. Central Cuba, and most
parts of Peru and Venezuela are predicted to ex-
perience decreases in area of suitability of be-
tween −15% and −42%.

The only parts of sub-Saharan Africa that are
predicted to be particularly negatively affected
are plantain-growing areas of west and central
Africa (about 30% of the land area of DRC).
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Fig. 20.2. Expected changes in precipitation and temperatures in banana-growing areas of the world by
2020s for the SRES-A2 emission scenario as average of four GCM patterns.

Although plantains are less frequent in higher
elevations, they are susceptible to drought and
heat. Areas where average temperatures are near
to 30◦C would experience reduced fruit and leaf
development (Ganry 1980). West Africa and the
lowlands of Latin America could also experi-
ence a decrease in crop suitability due to drought,
which leads to poor fruit development.

Areas currently limited by minimum temper-
atures and by rainfall appear to be favored (e.g.,
Northern Asia) by increases in temperature. A
significant portion of the global area (mostly in
east and southern Africa) is expected to have in-
creases in suitability between 1% and 11%. Re-
gions of China, Burundi, Taiwan, Vanuatu, sub-
tropical Brazil, Paraguay, eastern Bolivia, and
northern Argentina could experience increases in
suitability as well. However, according to IPCC
(2007) figures, rainfall seasonality is likely to in-
crease in several tropical and subtropical areas,
indicating that greater losses in lowlands could
be experienced, and that gains in the subtrop-
ics attributed to improved temperatures could be
negated by changes in distribution of rainfall.

On the whole, the modeling of crop adapt-
ability shows that there may be substantial lo-
cal shifts that need to be analyzed separately.

The projected climate of the 2020s is expected to
favor increased banana production in some areas
by up to 50%, but significant shifts in production
areas are required for this to be achieved. These
changes would require the expansion of banana
production in some countries, and investment in
technology and research in others. Within certain
countries, a significant shift in the importance of
different regions is also likely.

Abiotic constraints are relevant throughout re-
gions, especially when farmers have limited ac-
cess to technologies (e.g., subsistence farming
in sub-Saharan Africa), or have strong pressures
from the market (e.g., export bananas in Latin
America), making it difficult to use options such
as cultivar substitution or crop diversification.
Measures to manage impacts need to involve
agronomic practices as well as the development
of more resilient hybrids with increased toler-
ance of drought and temperature extremes, and
with fruit quality that is acceptable to markets.

Expected changes in biotic factors

The crisis caused by Fusarium wilt (race 1)
in the 1950s demonstrates the potential impact
of biotic factors on banana production (for a
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(a)

(b)

(c)

Fig. 20.3. (a) Predicted future suitability (2020) using an ensemble (average) of four GCM patterns, (b) predicted suitability
change (future–current) by 2020, and (c) expected changes in black leaf streak (BLS) (Mycosphaerella fijiensis M.) by 2020s,
assuming the pathogen does not migrate or adapt to changing conditions.

review, see Ploetz 2005). The disease wiped out
large production areas of the susceptible Gros
Michel cultivar of banana, causing an estimated
financial loss of around US $400 million. If not
for the introduction of Fusarium race 1-resistant
Cavendish bananas, the international banana ex-
port trade could have been destroyed, as there
were (and still are) no alternative means to con-
trol the disease. The Cavendish cultivars are
highly susceptible to BLS (caused by the fungus
M. fijiensis), migratory nematodes, and a more

virulent race of Fusarium wilt (tropical race 4
[TR4]), which cause significant losses, and in-
crease the production costs in the export sector.
These same pathogens, as well as the Banana
bunchy top virus and several wilt-causing bacte-
ria, are also threatening production among small
holders with little option for using either resistant
cultivars or pesticides.

Currently, BLS is the most widespread dis-
ease of bananas, accounting for 50% of the to-
tal investment required to produce Cavendish
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bananas for large urban and export markets. BLS
defoliates affected plants, reduces photosynthe-
sis and leaf appearance rates, and causes negative
effects on production and bunch ripening with
severe implications for long-distance marketing.
Three different host responses to BLS disease
have been defined (Fouré 1994): (1) marked
resistance: involving blockage of the develop-
ment of symptoms in early stages; (2) partial
resistance: involving slow development from an
early stage to a necrotic stage but with a large
number of functional leaves at harvest; and (3)
susceptible response: involving rapid develop-
ment of the disease from an early stage to a
necrotic stage, considerable sporulation and few
functional leaves at harvest. Cavendish (bananas
for export) and many triploid banana landraces
fall within the third response group (Vuylsteke
2001), while the host response of cultivars from
the ABB group are in levels one and two. With-
out frequent fungicide applications, BLS in sus-
ceptible cultivars results in extensive leaf death,
defoliation, and reduced bunch weight (Craenen
and Ortiz 2003).

BLS spread is reduced by very high or low
temperature (no development below 12◦C or
above 36◦C) and low humidity, with an op-
timum temperature for development of 27◦C,
(Stover 1983; Jacome et al. 1991; Porras and
Perez 1997). Disease development is faster in
the rainy season during periods of increased leaf
wetness (Jacome and Schuh 1992). Prolonged
drought and warm seasons limit the development
of the fungus, reducing its impact on plants. To
forecast changes in BLS prevalence, we followed
the methodology of Ramirez et al. (2008), which
was implemented by Jarvis et al. (2008a) to an-
alyze the changes in climatically induced dis-
ease pressure from BLS. Ramirez et al. (2008)
generated statistical models for predicting BLS
disease pressure through analysis of field experi-
mental data. We applied the same model to future
climate conditions, and calculated the expected
level of BLS disease pressure for each of the four
GCM future climates for 2020s. The predicted
change is similar to that of climatic suitability

for banana production (Fig. 20.3)—subtropical
regions (northeastern Mexico, southern Brazil,
southern Guinea, eastern Angola, western Zam-
bia, northern India and its borders with Nepal
and Bangladesh, northern Laos and Vietnam,
and eastern China), which currently do not suffer
from BLS, could become much more suitable for
the pathogen as low temperature thresholds are
exceeded.

Increases push temperature above the maxi-
mum threshold for the fungal disease, and cause
some 90% of the areas currently suitable for
BLS in the tropics to have predicted decreases in
suitability for the disease of between −1% and
−39%. This assumes the disease does not adapt
to the changing conditions. Where drier climates
are predicted to occur, BLS is likely to be reduced
(central America, the Caribbean, Atlantic coasts
of Colombia, Venezuela, and Brazil). However,
as a whole, disease pressure from BLS will be
mostly affected by the expected increases of
temperature during summer (warmest quarter,
warmest month), which will reduce BLS in the
warm areas below 500 masl. Increases in BLS,
however, may be underestimated, as the model
from Ramirez et al. (2008) was not developed
for high-altitude regions, where warmer climates
could make the disease more prevalent if the crop
is present. To date, no studies exist that quantify
the responses of other important banana diseases
to climate change. Temperature increases, how-
ever, may be expected to reduce the severity of
Fusarium wilt if they also promote plant growth
(Mak et al. 2004; Brake et al. 1995).

Future perspectives and
adaptation measures

Adaptation measures need to be analyzed sep-
arately for three different scenarios—bananas
grown for international markets, bananas grown
for national markets, and bananas grown by
smallholders for food security. The production
systems for export have a strong base in tech-
nology, investment, and research, but are con-
strained by market requirements for high and
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homogeneous quality, long shelf life, and a small
profit margin. Export banana production is also
vulnerable due to the exclusive use of clones of
the triploid AAA Cavendish subgroup (narrow
genetic base). Production systems for national
markets and for local food security have more
flexible quality requirements and use more ge-
netically diverse cultivars, but access to technol-
ogy and investment is more limited. All three
production systems have diseases and pests in
common. Adaptation measures are possible, de-
pending on the characteristics of the current
cropping system including preferred cultivars,
markets, soil factors and access to water, and the
predicted changes in climate. Adaptive strategies
can be grouped as follows.

Change in crop management

Shift to annual and semiperennial cropping for
greater control and uniformity of crop produc-
tion, improved irrigation technology, targeted
water application for key market periods, and
targeted planting dates to reduce water demands
and exposure to low or high temperatures or ty-
phoons. Also use alternative practices/sources
for planting material, mixed cropping with suit-
able shade crops, and soil and water manage-
ment practices that increase water capture and
soil water-holding capacity.

Change in cultivars

Deploying cultivars with greater tolerance to
drought and temperature extremes is a promis-
ing measure for adaptation to a changing cli-
mate, particularly given the abundant genetic
diversity within the Musa gene pool, which is
still not fully exploited. Resistance to diseases
might be the immediate focus for several ar-
eas, mainly due to the fact that deployment of
disease-resistant hybrids is the most environ-
mentally and economically sustainable means to
manage diseases, but other factors need to be ad-
dressed in the long term. Among currently avail-
able germplasm, drought tolerance and eating

properties need to be exploited for adaptation
to changing conditions and to greater variability
in weather. In addition, if cultivar substitution
could be accompanied by improvements in crop
management it could have greater impact.

Genetic improvement

Knowledge of genetic variation within Musa is
fundamental for future strategies in crop im-
provement. Because of strong pressures from
diseases (BLS, Fusarium wilt) and markets dur-
ing the twentieth century, genetic improvement
of Musa has so far focused mainly on tolerance
and resistance to biotic factors (Vuylsteke et al.
1993; Wong et al. 2002), fruit quality, and high
yield (Buddenhagen 1997). Drought tolerance
has barely been studied, and genetic analyses of
the response of Musa spp. to other abiotic fac-
tors are scant. So far, M. acuminata Colla ssp.
burmannicoides E. De Langhe is the only wild
species that has been used in genetic improve-
ment programs, for its resistance against BLS.
The center of origin of Musa species is South-
east Asia, where climatic conditions are highly
variable (ranges from humid to dry and from hot
to cold climates, and have high annual variabil-
ity), but domestication occurred in humid and/or
subhumid climates. Therefore, the Musa gene
pool has only been barely exploited or even ob-
served. The rest of the Musa gene pool could
be used to adapt banana and plantain to more
adverse conditions, such as those arising from
climate change. We consider that exploration of
this diversity (beyond pest and disease resistance
and fruit quality) is critical for the genetic im-
provement of Musa crops during the twenty-first
century. Useful wild species within the genus
are currently underutilized in breeding programs
(INIBAP 2006; Vuylsteke et al. 1993; Wong et al.
2002; Oselebe et al. 2006), even though some of
them could hold useful traits, including tolerance
to cold (Musa sikkimensis Kurz, Musa basjoo
P. F. (B.) von Siebold ex Iinuma, Musa thom-
sonii (King ex Schumann) Cowan and Cowan),
waterlogging (Musa itinerans Cheesman), and
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drought (Musa balbisiana Colla, Musa nagen-
sium Prain) (INIBAP 2006). In addition, conven-
tional breeding of banana is subject to several
constraints: (1) the parthenocarpic and sterility
characteristics of current cultivars, (2) the many
different and time-consuming steps that are re-
quired to develop one single hybrid (Ortiz and
Vuylsteke 1996; Oselebe et al. 2006), (3) the
limited understanding of the expected responses
when intercrossing different ploidy groups, (4)
the transference of undesirable fruit and growth
characteristics, and (5) the strong influence of
ploidy on morphological characteristics, pheno-
logical and yield parameters (Vuylsteke et al.
1993; INIBAP 2006; Oselebe et al. 2006; Creste
et al. 2003). Major Musa breeding programs
make significant efforts and investments to pro-
duce improved materials with tolerance to ad-
verse biotic and abiotic conditions; however,
only a limited number of hybrids have resis-
tance to diseases and pests combined with a fruit
quality that is acceptable to national and global
markets. Numerous releases lack key character-
istics for widespread commercial planting. This
makes the sector more vulnerable to diseases,
and increases the relevance of ex situ conserva-
tion of Musa germplasm (which itself could be
threatened by climate change as are other crop
wild relatives (Jarvis et al. 2008b)), and usage of
a broader genetic base to improve the currently
cropped cultivars, as well as the application
of new technologies for genetic improvement.
There are enough conserved materials (includ-
ing landraces and hybrids) in gene banks (nearly
1200 accessions in Bioversity International’s
gene bank and 334 accessions in International In-
stitute for Tropical Agriculture (IITA) gene bank,
plus some 60 additional national collections) that
are worth testing and analyzing to select the most
appropriate materials for crop improvement (IN-
IBAP 2006; Vuylsteke et al. 1993). Introduction
of desired genes will become easier with the ad-
vent of new molecular techniques (Hajjar and
Hodgin 2007), cis- and transgenic transforma-
tion (Santos et al. 2007, 2009; Sági et al. 2000),
and the mapping of the genomes of banana

(Grimm 2008) and Mycosphaerella and Fusar-
ium (G. Kema, November 2009, personal com-
munication). Once promising new hybrids have
been produced, global initiatives, such as the In-
ternational Musa Testing Program (IMTP) led
by Bioversity International (Jones and Tezenas
du Montcel 1994; Orjeda 2000), are crucial for
cultivar evaluation, selection, and release. IMTP
allowed the release of stable Fundación Hon-
dureña de Investigación Agropecuaria (FHIA)
hybrids (FHIA-01, FHIA-02) after its first phase
in the mid-1990s, and the further testing of more
than 20 different hybrids from different breeding
programs in latter phases.

Migration to more suitable zones

In future, the area of banana production could
be expanded in subtropical areas and to higher
altitudes and regions with a more favorable rain-
fall distribution (either wetter or drier). This
may also include the concentration of produc-
tion in areas with a greater production potential,
a process that is common with successful rural
development.

Conclusions

The banana sector has faced and will continue
to face changing biophysical, social, and eco-
nomic conditions, and will from now also face
climate change. Changes in climate beginning
in the 2020s will require changes in production
systems, and these changes will likely have pro-
found impacts on the global balance of produc-
tion, especially on the increasing banana pro-
duction in the subtropics based on a growing
menu of technologies. The results of the model-
ing suggest that, for the banana sector to benefit
from climate change and/or overcome negative
impacts due to climate change, cultivars should
be bred with resistance to diseases and toler-
ance to temperature fluctuations and extremes
and drought, and have greater average produc-
tivity under conditions of more variable water
supply. This conclusion is supported by the
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climatic constraints (increasing drought and
rainfall variability, rising temperatures and
greater weather variability), the loss of yield as-
sociated with the rapid expansion of banana and
plantain diseases that the sector has experienced
to date, reduced options for the use of pesticides
due to pest resistance and environmental and hu-
man health regulations, and the need for more
input-efficient production systems. A broader ge-
netic base needs to be used to manage the nega-
tive impacts of changing climate through genetic
improvement. Challenges are expected, however,
in the screening of wild species and landraces
where useful traits are likely to be found, and to
achieve fruit quality acceptable to supply chains
and consumers.
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Genetic Adjustment to Changing Climates:
Sugarcane
Geoff Inman-Bamber, Phillip Jackson, and Maryse Bourgault

Introduction

Sugarcane makes an important contribution to
the economies of many tropical and subtropical
countries, contributing about 70% of raw sugar
produced worldwide, with the remainder from
sugar beet. Sugarcane is also being increasingly
targeted and used for bioenergy production, par-
ticularly production of ethanol (from fermenta-
tion of sugar) and electricity from burning the
fiber component. Climate change could affect
sugarcane production directly through biophysi-
cal processes and indirectly through socioeco-
nomic processes as governments start imple-
menting energy and environmental policies to
deal with climate change and compliance with
Kyoto Protocol commitments, urban air pollu-
tion, and energy security (Jolly 2007). Some
countries have already started selecting for “en-
ergy canes” (Leal 2007), and it is likely that the
first response in breeding programs to climate
change will be to exploit the opportunity to use
sugarcane as a feedstock for the energy market
rather than to prepare for changes in climate per
se. This chapter will consider first the genetic
background of the commercial sugarcane vari-
eties, then the substantial interest in breeding for
the energy market, and finally possible adaptive

strategies in breeding for longer term climate
change.

Genetic background

Sugarcane is an aneuploid polyploid heterozy-
gous grass in the Andropogoneae tribe, which
also includes sorghum and maize. Cultivars are
clones of a single genotype that are propagated
vegetatively by planting cuttings of stems. Until
the early twentieth century, sugarcane cultivars
were mostly clones of the domesticated species
Saccharum officinarum (2n = 80), originating in
the east Indonesian/New Guinea region (Daniels
and Roach 1987). Sugarcane breeders in India
and Indonesia achieved a breakthrough in sugar-
cane improvement when they developed hybrids
between S. officinarum and the wild species Sac-
charum spontaneum (2n = 40–128) and then cul-
tivars by backcrossing these hybrids to S. offic-
inarum. S. spontaneum is a highly polymorphic
species with an extensive distribution through-
out Asia, and found growing in diverse habitats
(Daniels and Roach 1987). The resulting cul-
tivars derived from these early interspecific hy-
brids were higher yielding, better adapted to vari-
ous environmental stresses, better ratooning (i.e.,
regrew better following harvesting), and more
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resistant to some diseases than the S. officinarum
cultivars they replaced (Jeswiet 1930; Berding
and Roach 1987). Modern sugarcane cultivars
mostly trace back to the interspecific hybrids
originating in Indonesia and India, with limited
additional infusion of S. spontaneum germplasm
since (Roach 1989).

The complexity of the sugarcane genome is
greater than any other important crop (Grivet
and Arruda 2001). One important feature of is
the high level of ploidy. Chromosome in situ
hybridization has indicated a basic chromosome
number of x = 10 for S. officinarum, implying oc-
toploidy, while S. spontaneum has a basic chro-
mosome number of x = 8, implying a ploidy level
of between 5 and 16 (D’Hont et al. 1998). Most
modern cultivars retain a complex polyploidy
and aneuploid genome containing between 2n =
100 and 2n = 130 chromosomes (D’Hont et al.
1996; Grivet and Arruda 2001). About 80% of
the chromosomes in these cultivars are believed
to be from S. officinarum, 10% from S. sponta-
neum, and the remainder derived from recom-
bination between the chromosomes of the two
progenitor species (D’Hont et al. 1996).

Modern sugarcane breeding programs rely
on some form-of recurrent selection, whereby
clones performing well in selection trials and
with other generally desirable traits (e.g., dis-
ease resistance) are evaluated as parents through
their progeny. Elite parents are crossed generat-
ing large numbers of seedling clones each year
in a number of regions. The seedling clones then
enter multistage (3–6 stages) selection systems,
whereby over a period of around 10 years or
more, elite clones are identified and released
commercially (Skinner et al. 1987).

S. spontaneum is considered to contribute im-
portant traits to modern cultivars such as adap-
tation to environmental stresses, ratooning abil-
ity, resistance to diseases and pests, and general
vigor (Berding and Roach 1987; Wang et al.
2008). However, the species also contributes
some negative traits such as low sucrose and
high fiber contents both undesirable for produc-
ing sugar but not necessarily energy. S. sponta-

neum clones have been found growing in widely
diverse habitats ranging from tropical jungles,
deserts, swamps, and altitudes over 3000 m with
temperatures well below freezing (Brandes et al.
1939; Warner and Grassl 1958). These traits may
assist with breeding for changing climatic con-
ditions.

Erianthus (sect. Ripidium), Miscanthus (sect.
Diantra), Sclerostachya, and Narenga are related
genera thought to be involved in the origin of
sugarcane and are considered to be a potentially
interbreeding group known as the Saccharum
complex (Mukherjee 1957; Daniels and Roach,
1987). Erianthus arundinaceus (Rez.) Jeswiet
has been targeted as having a number of traits
desired by sugarcane breeders including good ra-
tooning performance, tolerance to environmental
stresses, vigor, and disease resistance (Berding
and Roach 1987). Fertile hybrids between Sac-
charum and Erianthus have been produced (Cai
et al. 2005), but so far there are no reports of
contribution to commercial sugarcane cultivars.

Use of sugarcane for bioenergy

Sugarcane has been targeted as a potentially low-
cost provider of bioenergy because it produces
high yields of fermentable sugars and because
the fiber component is also transported to sugar
mills and is readily available (as “bagasse”, fol-
lowing crushing of cane to extract the juice) for
burning and electricity generation, or other pro-
cessing to produce biofuels. Life cycle analyses
of sugarcane have indicated that sugarcane offers
large advantages over other crops such as corn
for biofuel production (e.g., Goldemberg 2007;
Renouf et al. 2008).

Goldemberg and Guardassi (2009) claimed an
energy output to input ratio of 10.2 for sugarcane
(in Brazil), 2.1 for sugar beet (in Europe), and
1.4 for maize (in the United States). An earlier
analysis by Austin et al. (1978) provided a ratio
of total energy produced to energy consumed in
production of 1.6 for sugarcane in Australia and
South Africa compared to 0.6 for sugar beet in
the United Kingdom. In Brazil, sugarcane has
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been used to produce ethanol for transportation
purposes (Moreira and Goldemberg 1999) with
approximately 24.5 billion liters produced from
sugarcane in 2009 (RFA 2010), representing ap-
proximately 50% of the sugarcane production
(Muller et al. 2008). Notwithstanding this con-
siderable proportion, according to Goldemberg
(2007), competition between biofuel and food
production is still not substantial, with biofuels
being produced on less than 10% of the agricul-
tural land area in Brazil.

Estimates in the IPCC Second Assessment
Report (IPCC 1996) suggested that 300–1300
Mt C (equivalent to about 1100–4800 Mt CO2-
eq/yr) from fossil fuels could be offset by us-
ing 10–15% of agricultural land to grow energy
crops, with crop residues potentially contribut-
ing 100–200 Mt C (equivalent to about 400–700
Mt CO2-eq/yr) to fossil fuel offsets if recovered
and burned (Smith et al. 2007). Sugarcane fiber
(bagasse) is commonly used to generate steam
and electricity in sugar mills such that excess
power is delivered to the grid (Cheesman 2004).
Traditionally, most sugar mills have generated
sufficient power only for their own needs, but
investments in factory efficiency and electricity
generating capacity that allow for exporting of
significant quantities of power may occur at eco-
nomically feasible electricity prices (Hodgson
and Hocking 2006). Bagasse may also be used
for a range of liquid or gaseous biofuels using a
range of different processing technologies (Edye
et al. 2005). Although the economic feasibility
of such technologies is still under question, yet
high level of investment and steady progress be-
ing made is encouraging. Increased production
of bioenergy from the fiber component of sug-
arcane may be obtained by including trash (tops
and dead leaves) in the harvested material deliv-
ered to the sugar mill, although careful analysis
of potential costs and benefits is required (Bee-
hary 2001; Thorburn et al. 2006).

Up to now, in breeding programs, the in-
creasing fiber has been considered to have neg-
ative economic impacts because of adverse ef-
fects on sugar extraction and milling rate, and

fiber has been weighted negatively in selection
indices (Wei et al. 2008). In contrast, a very
high selection pressure has been maintained on
sugar content because of the high economic im-
portance of this trait in producing sugar with
minimal harvesting, transport, and milling costs
(Jackson 2005). If the fiber component of sug-
arcane becomes more valuable in future, then
this will change selection indices used in breed-
ing programs, and focus attention on higher total
biomass production than in the past. In particu-
lar, material more closely related to the high fiber,
low sucrose species S. spontaneum may become
more commercially attractive. Clones of S. spon-
taneum have been reported with fiber content as
high as 56% fiber on a fresh weight basis. Inter-
specific hybrids with up to 33% fiber content are
being tested as “fuel canes” in the West Indies
since they produce up to five times more fiber
yield than commercial sugarcane varieties (Rao
and Kennedy 2004). Wang et al. (2008) evaluated
progeny from 43 biparental crosses between sug-
arcane and S. spontaneum clones, against several
commercial “sucrose” cultivars and reported a
doubling of stalk biomass in clones with dry mat-
ter content as high as 41% and fiber up to 29%,
although only small plots were used and results
need to be interpreted cautiously. These results
align with those from the West Indies where
“energy cane” produced 51 tons compared to
19 tons fiber per hectare from “sugarcane” (Leal
2007). It is possible that high fiber genotypes can
produce higher biomass yields than high-sucrose
types because sucrose may feedback on photo-
synthesis either through end product suppression
or through sucrose signaling compounds such
as Trehalose-6-phosphate (McCormick et al.
2009). Sucrose feedback inhibition was thought
to be involved in higher rates of photosyn-
thesis when sugarcane plants were modified
to produce isomaltulose as well as sucrose
(Wu and Birch 2007). Irvine (1975) measured
higher rates of photosynthesis in S. spontaneum
with low-sucrose contents than commercial hy-
brids (Saccharum spp.) with high-sucrose con-
tents, possibly because of feedback inhibition.
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Botha (2009) compared three strategies for im-
proving the value of sugarcane for both food and
fuel markets based simply on the heat of combus-
tion of sucrose and fiber. More energy would be
derived by improving fiber than sucrose content
even without the benefits of increased photosyn-
thesis and new technologies for lignocellulosic
fermentation.

Traits for climate change

Park (2008) provided a list of factors that could
affect the Australian sugar industry through cli-
mate change. The list covers five main produc-
tion regions that are well into the tropics in
the north (<20oS) and well in the subtropics in
the south (>30oS), thus highly representative of
the latitudinal transect of sugar-producing areas
worldwide. All regions in the Australian sugar
industry are expected to experience increases in
rainfall variability, temperature, evapotranspira-
tion (ET), and water stress. In addition, increased
cyclone activity in the north and decreased oc-
currence of frost in the south are expected (Park
2008). Increased temperatures will hasten crop
development leading to higher yields if water
is available, but lodging will also be exacerbated
leading to harvesting difficulties resulting in poor
cane quality through extraneous matter (Berding
and Hurney 2005) and through reduced sucrose
content in cane stalks (Singh et al. 2002).

Elevated CO2

Few studies have investigated the response of
sugarcane to elevated CO2, and these have been
restricted to enclosure studies (De Souza et al.
2008; Vu and Allen 2009a, 2009b). Work on
other C4 crops such as maize and sorghum sug-
gest that the response of these crops to ele-
vated CO2 is modest, especially in field con-
ditions (reviewed in Ghannoum et al. 2000;
Long et al. 2006; Ainsworth 2008). The response
is attributable to the lower stomatal conduc-
tance, which creates an interaction between the
lower evaporative cooling (and thus higher leaf

temperature) and a reduction in water consump-
tion that delays water stress (Ghannoum et al.
2008). In sugarcane, Ziska and Bunce (1997)
showed a 10% increase in photosynthesis and
about 7% stimulation of biomass under double
ambient CO2 concentrations. However, some re-
cent studies on sugarcane indicated that water-
use efficiency (WUE) would increase by 35–60%
leading to large increases in biomass yields (up
to 40%) even with irrigation regimes designed
to limit water stress (De Souza et al. 2008; Vu
and Allen 2009a). Very few studies have looked
at genetic variability in the response of crops to
elevated CO2, but considerable variability seems
to be present in common bean (Bunce 2008),
rice (Ziska et al. 1996; DeCosta et al. 2007), and
wheat (Ziska 2008).

Increases in photosynthesis rates in C4 crops
have led some researchers to suggest that C4

photosynthesis is directly improved by elevated
CO2 (Ziska and Bunce 1997). Although Ghan-
noum et al. (2000) argue that direct carbon fix-
ation does not occur in mesophyll cells because
these lack several of the C3 photosynthesis en-
zymes, they do consider that phosphoenolpyru-
vate (PEP) carboxylase might play a direct role
in the stimulation of growth under elevated CO2.
Selection for the maintenance of PEP carboxy-
lase activity, which has been shown to decrease
under elevated CO2 (Vu and Allen 2009a), could
potentially lead to higher photosynthesis rates
and higher biomass accumulation.

Elevated CO2 and N2 fixation

The largest biomass increases under elevated
CO2 have been reported in soybean, and is due
to improved carbohydrate availability for bio-
logical nitrogen symbiosis (Long et al. 2006;
Oikawa et al. 2010). Sugarcane has been shown
to establish such nitrogen fixing symbiosis with
endophytes in Brazil, with some varieties ob-
taining up to 150 kg N ha−1 yr−1 from such
symbiosis (Boddey et al. 1995), although this
contribution to N requirements has been found
to be insignificant in South African commercial
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sugarcane plantations (Hoefsloot et al. 2005). If
there is genetic variability in the capacity for ni-
trogen fixing symbiosis, and if effective strains of
endophytes could be found, this could be highly
beneficial from an ecological perspective, as in-
organic nitrogen fertilizers can cause substantial
damage to ecosystems such as the Great Bar-
rier Reef in Australia, or the Everglades in the
United States (Inman-Bamber et al. 2005). For
this same reason, regardless of whether or not
substantial symbiotic nitrogen fixation is achiev-
able in the near future, improvements in nitrogen
efficiency are seen as a high research priority
(Inman-Bamber et al. 2005).

Water stress

Production in most regions in Australia is al-
ready limited by water (Inman-Bamber 2007)
and growers in the subtropics are concerned most
about increased water stress with climate change
(Park 2008). Variation in response to water stress
in sugarcane has received limited attention in the
past and variation in WUE even less. If dry pe-
riods become more intense with climate change,
there will be greater interest in such variation.
Cultivars with a reputation for drought resistance
tend to avoid stress by slowing down water up-
take through early stomatal closure, leaf rolling,
leaf senescence, and increased root resistance
(Inman-Bamber and de Jager 1986; Saliendra
and Meinzer 1989; Inman-Bamber and Smith
2005). In one case, a drought-resistant cultivar
continued to take up water longer than drought-
susceptible cultivars (Smit and Singels 2006)
possibly through a more vigorous root system.
Research on selection for drought resistance and
improved WUE has started recently in Australia
(Basnayaka et al. 2009). The research acknowl-
edges the complexity of the “drought resistance”
conundrum, where some traits would help to
maintain yields in some dry conditions but not
in others depending on the frequency and sever-
ity of dry periods. Simulation of various drought
resistance or avoidance traits indicated that traits
such as leaf senescence and decreased leaf or root

conductance were mostly negative for biomass
yields in rainfed Australian and South African
climates even where these climates were too
dry for current commercial production (Inman-
Bamber et al. 2011).

Sinclair et al. (2005) predicted a 5–7% in-
crease in sorghum yield in Australia by reducing
transpiration (and photosynthesis) during the day
when vapor pressure deficit is high. They theo-
rized that a trait for reduced stomatal conduc-
tance during the mid portion of the day would
lead to increased transpiration efficiency (TE).
In our simulations with sugarcane, increased TE
increased sugarcane biomass yields by 1–11%
in water-limited environments even though in-
creased TE was combined with reduced conduc-
tance, which on its own proved to be mostly
negative for yield (Inman-Bamber et al. 2011).
TE or rather its surrogate, delta (�), which is de-
rived from the ratio of 13C to 12C captured during
assimilation of CO2 by C3 plants, is not always
associated with yield (Blum 2009). 13C discrim-
ination as a means of measuring TE might not
be available for sugarcane improvement because
of the small contribution of Rubisco (C3) to the
assimilation process (Ranjith et al. 1995). How-
ever, the potential benefits of improved TE needs
to be explored more fully at least by modeling
the association between TE and conductance and
then determining the variation of TE and conduc-
tance responses in the sugarcane gene pool. Sub-
stantial genotypic variation for stomatal conduc-
tance was found in 131 clones of S. spontaneum
× S. officinarum and Miscanthus sp. × S. offic-
inarum hybrids in the work of Basnayaka et al.
(2009), and early indications from this work were
that TE varies substantially among these hybrids.
This augurs well for improving sugarcane both
for dry climates expected with climate change or
for expanding the industry into more marginal
areas for renewable energy production.

High temperature

If greenhouse gas emissions continue to in-
crease as they currently are, there are 5–17%
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probabilities that temperatures might exceed by
6.4◦C or more their current values by 2100
(Schneider 2009). Sugarcane was grown com-
mercially for about 10 years in the Ord River
Irrigation Scheme, northwest Australia (15.6oS,
128.7◦E), where the mean annual temperature is
3◦C higher than the next hottest sugarcane region
in the country (Muchow et al. 1997). Growth
rates and yields were much lower than expected
from applications of the Agricultural Production
Systems Simulator (APSIM), sugarcane module
(Keating et al. 1999). The upper limit for maxi-
mum photosynthesis assumed in APSIM is 35◦C,
but upper cardinal temperatures for vegetative
growth and for photosynthesis may be higher
than 35◦C (Bonnett et al. 2006; Inman-Bamber
et al. 2008). Water use determined with a Bowen
ratio-energy balance was lower than expected
from algorithms in the APSIM model and the
poor growth could not be explained by excessive
demand for water (Inman-Bamber et al. 2006).
Bonnett et al. (2006) showed that sucrose content
was lower at a temperature regime of 25–38◦C,
than at 23–33◦C, and that there were differences
between the two cultivars tested. Clearly, our
knowledge of the physiology of sugarcane at
high temperature is limited and it is therefore
difficult to anticipate what traits would be useful
for such an environment. Jackson et al. (2007)
conducted a genotype × environment study in-
volving seven diverse production regions includ-
ing the Ord and up to five sites in each region,
a total of 24 trials. Most trials had 42 largely
unselected clones in common. Trials within re-
gions had only slightly greater genetic correla-
tions with each other than with trials from other
regions suggesting that gains achieved from se-
lection trials in other regions would be nearly
as good as selections from trials within the re-
gion. The Ord with only one trial site was the
outstanding exception suggesting that distinctly
higher temperatures in this region would require
markedly different traits than are required for
the wide range of cooler climates spanning some
1700 km of latitude. In addition, Gbetibouo and
Hassan (2005) suggested there might be more

gains in investing in research for heat tolerance
than drought tolerance in South African crops, as
average temperatures are already supraoptimal.

Conclusions

Climate change could benefit sugarcane-based
industries for many of the reasons cited in this
chapter. Sugarcane is already contributing to
global sweetener and energy requirements, not
necessarily in competition but the possibility of
competition between food and fuel is of con-
cern. Energy from fiber and reducing sugars is,
and probably will continue to increase the value
of sugarcane by better use of the nonsucrose
components. Higher temperatures and CO2 lev-
els will probably also increase the value of this
crop through higher yields and WUE. However,
it is clear that relatively little is known about the
physiology of sugarcane at elevated temperatures
and CO2, and we suggest that research now be
focused on both in the search for germplasm that
can contribute to adaptation to climate change.
More extreme rainfall causing more waterlog-
ging as well as more water stress is what con-
cerns farmers the most. Unfortunately, there is
little known about the value of drought adaption
traits and where to find them. Therefore, we rec-
ommend more projects such as those in Australia
and possibly China and South Africa, to look for
such traits and to understand how they can con-
tribute to cultivars for future climates with more
variable rainfall.
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Chapter 22

Breeding Oilseed Brassica for Climate
Change
Phillip A. Salisbury and Martin J. Barbetti

Introduction

Oilseed Brassica species are among the most
important oilseed species worldwide. There are
three different Brassica species widely used
for oilseed production, namely Brassica na-
pus, Brassica rapa, and Brassica juncea. A
fourth species, Brassica carinata is also used
for oilseed production in Ethiopia, while sev-
eral other species are utilized commercially to a
smaller degree. These Brassica species are part
of the triangle of U (UN 1935), which shows
the relationship between the six major cultivated
Brassica species (Fig. 22.1). It comprises three
diploid species, B. rapa (genome AA, 2n = 20),
Brassica nigra (BB, 2n = 16), and Brassica ol-
eracea (CC, 2n = 18), plus three amphidiploid
species, B. napus (AACC, 2n = 38), B. juncea
(AABB, 2n = 36), and B. carinata (BBCC,
2n = 34). The amphidiploid species originated
through interspecific hybridization between two
of the three diploid species. Worldwide, around
45 million tons of oilseed Brassica are pro-
duced annually. The main production areas in-
clude Europe, North America, China, India, and
Australia.

Oilseed Brassica crops are grown primarily
for oil, with oil content typically around 35–48%

of the seed weight. Once the oil is extracted, the
remainder is a high-quality protein feed meal
used primarily in pig and poultry rations in de-
veloped countries. The oil is the most valuable
component of the seed, typically accounting for
65–80% of the seed value, with the meal account-
ing for the balance. The properties and uses of
Brassica oils are determined primarily by their
fatty acid composition. The term canola quality
refers specifically to oilseed Brassica cultivars
with less then 2% erucic acid (C22 : 1) in the oil
and less than 12 μmoles of total glucosinolates
per gram of seed at 8.5% moisture (equivalent to
approximately 20 μmoles of total glucosinolate
in seed meal). The level of oleic acid in the oil of
canola cultivars is around 60%. Any considera-
tion of the impact of climate change on oilseed
Brassica production must therefore consider not
only yield but also oil content, oil quality (i.e.,
fatty acid composition), meal protein content,
and glucosinolate content. In addition, the im-
pact of climate change on key diseases, insects,
and weeds must also be considered.

Global atmospheric concentrations of CO2,
CH4, and N2O have increased markedly as a
result of human activities since 1750. The pri-
mary source is the increase of CO2 as a result
of fossil fuel use (Torrey 2007). With the advent

Crop Adaptation to Climate Change, First Edition. Edited by Shyam S. Yadav, Robert J. Redden, Jerry L. Hatfield,
Hermann Lotze-Campen and Anthony E. Hall.
c© 2011 John Wiley & Sons, Ltd. Published 2011 by John Wiley & Sons, Ltd.
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Fig. 22.1. Triangle of U of Brassica species (redrawn from
UN 1935).

of climate change, production of oilseed Bras-
sica crops is expected to face higher growing
temperatures and CO2 levels and more variable
climates, including increased water stress and
salinity in some regions (Torrey 2007; Watkins
2008). The impact of these changes may vary
somewhat in the different growing regions, from
the Australian Mediterranean climate, the cool
winter regions of Europe to the hot regions
of India. Most oilseed crops are rainfed crops,
making the expected high degree of variabil-
ity of rainfall a challenge in every region in
the world.

Any consideration of the impact of climate
change on oilseed Brassica production must con-
sider not only yield but also oil content, oil qual-
ity, and meal quality. An understanding of the
impact of increased temperatures, moisture
stress, and increased CO2 levels on oil and meal
quality is crucial for the development of strategic
breeding programs for climate change. During
the period of seed growth, a number of qual-
ity changes occur in the seed to enable it to
reach its final quality at maturity (Mendham and
Salisbury 1995).

Quality changes during seed
development

The length of the canola growing season varies
from around 120 days in Canada to around
330 days in Europe. In each environment, the du-
ration of the seed development phase is largely
determined by temperature, with seed taking ap-
proximately 50–60 days to reach maturity from a
Canadian spring sowing and 90–110 days from
a European winter sowing. During this period of
seed development, a number of quality changes
occur in the seed to enable it to reach its fi-
nal quality at maturity (Mendham and Salis-
bury 1995). The general pattern of development
within each oil and meal trait is similar, although
the time frame varies.

Oil content

During seed development, the rate of oil synthe-
sis and deposition in the seed follows a sigmoid
curve. In spring grown B. napus, solid droplets
of storage oil are first seen in developing seed
about 18 days after pollination. They essentially
increase in size and number between about 20
and 35 days after pollination, when the oil con-
tent reaches a virtual plateau, with relatively lit-
tle change in oil content registered during the
later stages up to maturity at 55 days after pol-
lination (Fowler and Downey 1970; Rakow and
McGregor 1975; Pomeroy and Sparace 1992).
At maturity, about 80% of the seed oil is con-
centrated in liquid droplets in the cells of the
cotyledons of the embryo (Stringam et al. 1974).

Oil quality

Fatty acids occur in seeds mainly as triacyl-
glycerols. In a low erucic acid B. rapa, the
fatty acid composition in the developing seed
changes drastically during the period 15–36 days
after pollination (Romero 1991). The percent-
age of oleic acid (C18:1) increases rapidly, with
palmitic (C16:0), stearic (C18:0), and linolenic
(C18:3) acids continually reducing. Linoleic acid
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(C18:2) decreases initially, then stabilizes at its
mature level. During the last stage of matura-
tion, from 36 days after pollination onward, no
further significant changes to fatty acid composi-
tion occur. Pomeroy and Sparace (1992) reported
a similar pattern of fatty acid biosynthesis in
B. napus.

Protein content

Synthesis of storage proteins takes place in the
developing seed (Finlayson and Christ 1971).
The two major storage proteins in B. napus, 12S
and 1.7S (Crouch and Sussex 1981), tend to ap-
pear in the second half of the seed growth period.
Over 70% of the protein in the mature seed is
found in the cotyledons (Kind et al 1977), with
the rest in the embryo and the seed coat.

Glucosinolate content

Trace amounts of seed glucosinolates are ob-
served in spring canola eight days after pol-
lination. Seed glucosinolate content increases
rapidly between about 15 and 30–35 days after
pollination, with increase continuing at a much
slower rate after this time (Kondra and Downey
1970; De March et al. 1989). Merrien et al.
(1991) reported that glucosinolate accumulation
in winter canola virtually stopped 30 days before

physiological maturity in the low glucosinolate
cultivar Samourai. They also reported changes in
the relative concentrations of the individual glu-
cosinolates during seed development. The em-
bryo contained most of the glucosinolates in the
mature seed, while the seed coat had only a rel-
atively small amount of it (Josefsson 1970).

Effect of climate change on seed
development

The stresses associated with climate change, par-
ticularly increased temperatures, drought stress,
and increased CO2 levels, will have a signifi-
cant effect on the yield and quality of oilseed
Brassica crops. While the effects of high tem-
peratures and drought stress are reasonably well
defined, effects of increased CO2 levels are less
understood.

Increased temperatures

The effects of increased temperature on yield
and quality of oilseed Brassica are predom-
inantly negative. Selected examples are pre-
sented in Table 22.1. One exception is the yield
in cooler countries like Sweden and Denmark,
where higher temperatures could be beneficial
for vegetative growth and yield. In general, en-
vironmental factors that cause a change in oil

Table 22.1. Effects of increased temperature on yield and quality of oilseed Brassica.

Trait Effect References

Biomass Decreased Qaderi et al. (2006)
Maturity More rapid Aksouh et al. (2001)
Yield-warm countries Decreased Aksouh et al. (2001)
Yield-cool countries Potential increase Peltonen-Sainio et al. (2009)
Oil content Decreased Canvin (1965), Mailer and Cornish (1987), Hocking

and Strapper (1993), Walton et al. (1999), and
Aksouh et al. (2001)

Oil quality Increased oleic acid content
(when adequate moisture)

Canvin (1965) and Pritchard et al. (2000)

Protein content Increased Mailer and Cornish (1987) and Aksouh et al. (2001)
Glucosinolate content Increased Salisbury et al. (1987) and Aksouh et al. (2001)
Chlorophyll Decreased Ward et al. (1992)
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content tend to cause a corresponding opposite
change in seed protein content.

Each 1◦C rise in average temperature during
seed fill reduces oil content by 1.2–1.5% (Canvin
1965, Hocking and Stapper 1993). In Australia,
the payment for canola is dependent on the oil
content of the crop. Oil contents below 42% incur
a price penalty, while oil contents above 42% re-
ceive a bonus. The increased temperatures asso-
ciated with climate change could, therefore, po-
tentially significantly reduce returns to farmers,
both from reduced yields and lower oil contents.
In addition, increases in glucosinolate content as-
sociated with higher temperatures could further
reduce crop quality.

Drought stress

As with high temperatures, the effects of in-
creased temperature on yield and quality of
oilseed Brassica are predominantly negative.
Some examples are presented in Table 22.2.

A comparison of Table 22.1 and Table 22.2
illustrates the similarity of the effects of in-
creased temperatures and moisture stress. The
two factors often occur together, further reduc-
ing the quality of the crop.

Increased CO2 levels

In contrast to the good understanding of high
temperature and moisture stress on oilseed

Brassica plant development, Franzaring et al.
(2008) indicate that little is known about the yield
and quality responses of oilseed Brassica crops
to increased levels of atmospheric CO2. This can
be seen in the limited data available in Table 22.3.
It is difficult to directly compare some studies,
as they vary from short term to full season ap-
plication of treatments, from glasshouse to field
trials and the treatments applied are at variable
levels. In general, studies of increased CO2 have
used CO2 levels ≥700 μmol/mol, compared with
current levels of around 380 μmol/mol.

Further work is required to understand the in-
teractions between different climate change fac-
tors (Qaderi et al. 2006). Where drought stress
and high temperature stress occur together, the
overall effect is likely to be much more severe
than the sum of the individual effects. There is
some indication in the literature that increased
CO2 levels may partially reverse the effects of
high temperature and drought. However, after
carrying out a season-long field study under con-
ditions of elevated CO2, Franzaring et al. (2008)
suggested that the beneficial effect of CO2 on
plant growth tended to diminish after flowering,
and may not translate into a significant increase
in oil content or oil yield. In addition to under-
standing the impact of increased CO2 on yield,
a thorough understanding of the impact of these
interactions on all key quality components is also
required.

Table 22.2. Effects of increased moisture stress on yield and quality of oilseed Brassica.

Trait Effect References

Biomass Decreased Qaderi et al. (2006)
Maturity Faster Pritchard et al. (2000)
Yield Decreased Jensen et al. (1996), Champolivier and Merrien (1996),

and Walton et al. (1999)

Oil content Decreased Canvin (1965) and Mailer and Cornish (1987)
Jensen et al. (1996), Champolivier and Merrien (1996),
and Walton et al. (1999)

Oil quality Decreased oleic acid Pritchard et al. (2000) and Aslam et al. (2009)
Protein content Increased Mailer and Cornish (1987)
Glucosinolate content Increased Mailer and Cornish (1987)

Jensen et al. (1996)
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Table 22.3. Effects of increased CO2 on yield and quality of oilseed Brassica.

Trait Effect References

Vegetative
development

Increased Johannessen et al. (2002), Qaderi et al. (2006),
and Franzaring et al. (2008)

Maturity Faster Franzaring et al. (2008)
Yield Uncertain increase Franzaring et al. (2008)
Oil content No significant change Frick et al. (1994) and Franzaring et al. (2008)

May increase Sator (1999)

There is also an indication that the response of
different cultivars within a species and also dif-
ferent species within a family will not respond
uniformly to elevated CO2. For example, pre-
liminary results of the studies of Karowe et al.
(1997) and Reddy et al. (2004) suggest different
responses in the seed chemistry of different taxa
and cultivars within species to elevated CO2.

Effect of climate change
on diseases and insects

Disease

Temperature and rainfall affect both the devel-
opment of a pathogen (Huang et al. 2006) and
the resistance response of the host (Huang et al.
2006). Projected temperature increases from cli-
mate change will have profound effects on dis-
eases of oilseed Brassica. For example, blackleg
(Phoma) stem canker (Leptosphaeria maculans)
is the most important disease of oilseed Brassica
worldwide (West et al. 2001). It causes yield
losses of millions of tons across Europe, North
America, Australia, and Africa (Fitt et al. 2006).
It has spread across North America and East-
ern Europe in the last 20 years and now threat-
ens China (Fitt et al. 2008). Multisite data col-
lected over a 15-year period were used to develop
and validate a weather-based model forecast-
ing severity of blackleg epidemics on oilseed
Brassica across the United Kingdom. This was
combined with climate change scenarios to pre-
dict that epidemics will not only increase in
severity, but also spread northward by the 2020s
(Butterworth et al. 2010).

The faster development of blackleg disease
symptoms at higher temperature regime is
well documented, with higher temperatures
increasing symptom severity on cotyledons and
leaves. The temperature regime is important in
determining both the rate and severity of crown
cankers (Barbetti 1975). Evans et al. (2008) indi-
cated that climate change will not only increase
severity but also the range of over which stem
cankers will be found. In Australia, the most
severe blackleg disease epidemics are associated
with temperatures ranging from 25–30◦C
(Helms and Cruickshank 1979). Therefore, it
is not surprising that currently the most severe
stem canker epidemics are in oilseed Brassica
growing regions with Mediterranean climates
like Australia or France. Future expected rises
in temperatures in association with climate
change, such as those predicted increases across
the oilseed-growing areas of Western Australia
(Salam et al. 2009a, 2009b), will further increase
disease severity in all regions facing warming
trends. It is fortunate that currently much of
the world’s oilseed Brassica is grown in cooler
climates (Evans et al. 2008), but severity in
these countries is expected to also rise with
warming trends. Temperature increases can also
have profound effect on the expression of host
resistance. It is now widely accepted that warmer
temperatures can result in host resistance(s)
being less effective (Badawy et al. 1991; Plieske
et al. 1998). Host resistance to stem canker can
even fail as temperatures increase (e.g., Hua Li
et al. 2006, Salam et al. 2009a). Both the reduced
resistance and more rapid and severe disease
symptom development have been reported at
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18/24◦C by Hua Li et al. (2006), at 27◦C by
Badawy et al. (1991), and at 30◦C by Plieske
et al. (1998). Temperatures during the latter part
of the growing season in many of the oilseed
Brassica production regions of the world fre-
quently exceed these temperatures. It is clear that
at least some genes associated with disease re-
sistance are temperature dependent and become
ineffective at increased temperatures (Huang
et al. 2006). This reduction in effectiveness of
resistance could be another reason why blackleg
epidemics are more severe in the Mediterranean
climates of Australia and France compared with
the United Kingdom (Barbetti and Khangura
1999; Howlett et al. 2001; Sivasithamparam
et al. 2005). Evans et al. (2008) showed that,
as would be expected, the predicted effects of
climate change on severity of blackleg were less
on canola cultivars with resistance to blackleg
than on susceptible cultivars. Clearly, one part
of the strategy is to adapt to climate change
needs to involve breeding canola cultivars with
increased resistance to blackleg, and to ensure
that this resistance can operate at the higher
temperatures predicted from climate change.

Seasonal shifts in rainfall patterns as a con-
sequence of climate change may not have the
significant effects on the severity of some dis-
ease levels as originally anticipated. For exam-
ple, for blackleg stem canker, Salam et al. (2009a,
2009b) showed that the onset of release of black-
leg ascospores across Western Australia by 2030
is likely to be delayed by about 2 weeks com-
pared with release under current climate condi-
tions. However, the opening seasonal rains to al-
low commencement of the cropping season will
also be affected. In this scenario, it was delayed
by about 1 week. Hence, the onset of blackleg as-
cospores, relative to the break of the season, was
shifted to be only a week later than currently oc-
curs. This means the risk of synchronization of
major blackleg ascospore showers with seedling
establishment remains relatively unchanged un-
der future climates.

Increases in CO2 can differentially affect
diseases of canola. For example, Evans et al.

(2010) examined the effect of five climate change
scenarios for the United Kingdom in relation
to varying CO2 emission levels and different
timescales. Yield losses from stem canker and
light leaf spot (Pyrenopeziza brassicae) were
compared. Their modeling predicted increases
in severity and range of stem canker with cli-
mate change, while losses because of light leaf
spot were predicted to decrease. The two diseases
actually compensated for each other so that the
net UK losses from climate change on untreated
oilseed B. napus would, in fact, be small under
the scenarios they tested.

Insects

Climate change factors, such as elevated CO2 and
temperature, typically affect carbon and nitrogen
dynamics of crop plants and the performance of
insect herbivores (Himanen et al. 2008). Reddy
et al. (2004) observed a negative larval growth
rate at elevated CO2 for the crucifer special-
ist Plutella xylostella (diamond back moth).
Bezemer (1998) studied the impact of elevated
CO2 on two aphid pest species, Myzus persicae
and Brevicoryne brassicae. B. brassicae reared
on plants grown in elevated CO2 were larger and
accumulated more fat, while there was no change
in M. persicae traits.

It is evident even from these limited ex-
amples that climate change factors can affect
host–pathogen and host–insect relationships in
complex ways. A greater understanding of these
interactions will be an important component of
adapting to climate change.

Breeding for climate change

The Brassicaceae family is genetically very di-
verse and provides a large potential gene pool for
breeders to utilize in their efforts to develop new
cultivars and species adapted to the changing en-
vironments associated with climate change. In
addition, oilseed Brassica is highly amenable to
genetic engineering, providing breeders with the
option of genetically modified (GM) solutions.
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Table 22.4. Potential breeding strategies for breeding oilseed Brassica species for climate change.

Breeding method Current status Future

Within species variation Incremental improvements identified
for climate change traits.

Limited variability within species due to
canola quality bottleneck

Mutation/tilling Limited use at present Tilling offers the possibility of a more
directed mutation strategy

Interspecific variation with a
common genome

Major genes for disease resistance
and quality have been transferred

Will continue to be an important
strategy

Interspecific variation without
a common genome

Some B genome traits have been
transferred into B. napus

Continued interest in incorporating B
genome traits into B. napus

Wild relatives Many useful traits identified Pre- and postfertilization barriers
remain a major challenge

Resynthesis Increasing interest as a way to
expand current gene pool

Offers considerable potential to
incorporate new variability

Protoplast fusion Limited use for nuclear traits Most likely use is in the development of
CMS systems

Changing species Canola quality B. juncea is replacing
B. napus in some marginal areas

Canola quality B. juncea expected to
increase in importance

GM Available traits have been highly
effective

Offers major potential to provide new
key genes for adaptation from wild
relatives or unrelated organisms

Oilseed Brassica breeders will need to use a
combination of methods to most effectively de-
velop highly adapted cultivars. The potential
breeding options for oilseed available to Bras-
sica breeders to utilize in breeding for climate
change are summarized in Table 22.4.

Utilizing existing within species
genetic variability

The initial focus on breeding oilseed Brassica
species for climate change is on identifying and
utilizing existing variability within the oilseed
Brassica species of interest. In general, breeding
for oilseed Brassica types low in erucic acid and
in glucosinolates has led to a narrowing of the
gene pool in elite cultivars (Gomez-Campo 1999;
Cartea et al. 2005). Breeders and researchers
are looking beyond the “canola quality pool” to
source variation for key traits. Singh and Chandra
(2005) extensively screened germplasm of B. na-
pus and other Brassica species for sources of re-
sistances to climate change traits such as drought,

high temperature tolerance, salinity, frost, and
earliness, as well as disease resistance and other
agronomic traits. Incremental variation was evi-
dent in all traits. Gene pool diversity in B. napus
has been shown with SSR markers to cluster into
four main groups: spring oilseed/fodder, win-
ter oilseed, winter fodder, and vegetable types
(Hasan et al 2006). The European Union Work-
ing Brassica Group is working to phenotypically
characterize the morphology and phenology of a
core collection of B. napus (Poulsen et al. 2002).
It has conducted a preliminary evaluation of oil
quality traits with wide diversity in erucic con-
tent, resistance to clubroot disease, flea beetles,
and stem weevils (Luhs et al. 2002).

The response of 25 strains of Ethiopian mus-
tard (Brassica carinata) to drought stress was
assessed by Ashraf and Sharif (1998) in a pot
experiment under glasshouse conditions. Four-
week old plants of all the lines were subjected
to zero or two cycles of drought (twice wilt-
ing and rewatering). Five strains were superior
to the remaining lines in production of shoot
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fresh and dry masses under drought conditions.
Only two lines, C90-1205 and 4007-A, were cat-
egorized as moderately resistant on the basis of
their performance in the two growth variables.
Osmotic adjustment and water retention capa-
bility were not successful selection criteria for
discriminating the drought resistance of differ-
ent lines. Incremental improvements for drought
tolerance were evident. Similarly, Chauhan et al.
(2007) screened 14 B. juncea lines for enhanced
drought tolerance and identified two lines, PSR-
20 and JMMWR-941, as more tolerant across
two sites. Salisbury and Berry 1983) screened
B. napus lines under a range of environments to
identify those lines best able to maintain higher
levels of oil content under stress.

Aksouh et al. (2001) used a series of high
temperature stress treatments differing in timing
and duration to screen three B. napus cultivars for
tolerance to high temperature stress. The cultivar
Oscar clearly demonstrated higher tolerance than
the other cultivars, with significantly smaller re-
ductions in yield and oil content compared to the
other cultivars.

Screening trials specifically against high lev-
els of greenhouse gasses, such as CO2, have been
limited to date. Most of the oilseed Brassica tri-
als with CO2 have been aimed at understand-
ing the impact of CO2 on Brassica production,
rather than screening for genetic differences. Be-
cause of the difficulties of such studies, most of
them have evaluated or modeled only very lim-
ited numbers of cultivars or breeding lines, usu-
ally only one or two (e.g., Qaderi et al. 2006;
Franzaring et al. 2008). One exception was the
study of Johannessen et al. (2002), who reported
differences between the six lines screened in re-
sponse to the elevated CO2. Three lines increased
in yield, while the others decreased. As the lines
that increased in yield were genetically diverse,
the authors indicted the potential for recombi-
nation and further progress. It will be important
to develop screening protocols that allow much
larger numbers of lines to be evaluated for ge-
netic differences in response to increased levels
of CO2.

Breeders will continue to screen available
germplasm for use within species variation in
key traits of interest. This will then be utilized in
breeding and selection programs to make incre-
mental advances in these traits.

Mutation/tilling

Rahman et al. (1995) identified microspore-
derived embryos of B. napus cultivar Topas that
survived salt stress after selection against oth-
erwise lethal doses (0.6% and 0.7%) of NaCl
after mutagen treatment. One of the lines (PST-
2) accumulated less sodium and retained more
potassium, and was therefore able to maintain
a more favorable Na : K ratio as compared to
the controls under salt stress. In general, the ran-
dom nature of mutagenesis has meant that it is
a somewhat less preferred approach in breeding
for climate change.

However, the synteny between Arabidopsis
and Brassica offers the possibility of a more di-
rected mutation strategy, known as reverse ge-
netics or tilling. Where the location of genes that
control key climate change traits are known in
Arabidopsis, synteny between the species can be
used to identify potential loci of interest in Bras-
sica. Variation at these loci, either natural or in-
duced through mutation, can then be assessed in
the field.

Cultivated Brassicas

B. napus (AACC) has the C genome in com-
mon with a B. carinata (BBCC) and B. oler-
acea (CC) and the A genome in common with
B. juncea (AABB) and B. rapa (AA). Hav-
ing a common set of chromosomes significantly
enhances the likelihood of successful interspe-
cific hybridization and gene flow between the
two species. There are several successful exam-
ples of gene flow between the cultivated species
(Salisbury and Kadkol 1989). To date, these traits
have primarily been those associated with dis-
ease and insect resistance and quality. Interspe-
cific hybridization among B. napus, B. juncea,
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and B. carinata (Getinet et al. 1997, Saal and
Struss 2005) can be achieved with loss of chro-
mosomes from the noncommon genomes in sub-
sequent generations, and the transfer of desired
genes for blackleg resistance through backcross-
ing. The transfer of canola quality from B. napus
to B. juncea has been reported by Burton et al.
(2003) and Cowling and Wroth (2005). Trans-
fer of blackleg resistance from B. juncea to B.
napus has been reported by Saal et al. (2004).
Many released cultivars have derived from inter-
specific crosses between cultivated species with a
common genome (Salisbury and Kadkol 1989).
From a climate change perspective, Singh and
Chandra (2005) have identified B. carinata and
several B. juncea lines as excellent sources of
thermotolerance. This trait would be highly valu-
able during seed development in many regions of
the world.

Introgression from wild relatives

The wild relatives in the Brassicaceae family
are a potentially rich source of many useful
nuclear genes that offer potential for enhanc-
ing adaptation of oilseed Brassica to climate
change conditions. Traits including drought tol-
erance, high temperature tolerance, and salin-
ity tolerance would be beneficial in breeding
oilseed Brassica species adapted to the chang-
ing climate (Salisbury and Kadkol 1989, Prakash
and Bhat 2007). For example, Prakash and Bhat
(2007) have reported drought tolerance in Bras-
sica tournefortii, Diplotaxis acris, Diplotaxis
harra, Eruca sativa, and Lesquerella species. B.
tournefortii is also a likely source of thermo-
tolerance. However, if genes from wild Bras-
sicaceae species are to be successfully trans-
ferred to cultivated species, a number of barriers
need to be overcome. These include pre- and
postfertilization barriers including issues of sex-
ual compatibility, hybrid viability, and fertility,
viability and fertility of progeny through sev-
eral generations of backcrossing and successful
introgression (incorporation of the gene) from
the wild species into the chromosomes of the

cultivated species (Scheffler and Dale 1994; Bing
et al. 1991; Jorgensen et al. 1994, 1996a, 1996b;
Salisbury (1989); Salisbury and Wratten 1997;
Rieger et al.1999a; Salisbury 2002).

Despite the large number of crosses reported
between cultivated Brassica and the wild rel-
atives, there is very little published informa-
tion on the successful introgression of useful
nuclear genes from wild species to the cul-
tivated species (Salisbury and Kadkol 1989).
Where crosses have been made with the prac-
tical purpose of transferring characters, sterility
in the F1 and subsequent generations have often
limited the transfer (Heyn 1977; Kumar et al.
1988; Prakash and Bhat 2007). The vast ma-
jority of these species belong to secondary and
tertiary gene pools, rendering them virtually in-
accessible to breeding programs (Prakash and
Bhat 2007).

One successful example involved the transfer
of aphid resistance from B. tournefortii to B. rapa
(Prakash and Hinata 1980). Whether or not this
gene was successfully incorporated into a com-
mercial cultivar is unknown. However, a more
recent successful exception comes from the work
of Garg et al. (2010), who are the first to report
high levels of resistance against Sclerotinia scle-
rotiorum in introgression lines derived from Eru-
castrum cardaminoides, Diplotaxis tenuisiliqua,
and Erucastrum abyssinicum with B. napus and
B. juncea. These novel sources of resistance can
now be used in oilseed Brassica breeding pro-
grams to enhance resistance in future B. napus
and B. juncea cultivars against Sclerotinia stem
rot. Where key genes for adaptation to climate
change are identified in secondary and tertiary
gene pools, they may also be able to be accessed
through GM technology.

In contrast to the limited success with
transferring nuclear genes, the most reward-
ing utilization has been in the development
of alloplasmics combining cytoplasm of wild
species with the crop nuclei for expressing male
sterility (Salisbury and Kadkol 1989; Banga
et al. 2003; Chandra et al. 2004; Prakash and
Bhat 2007).
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Resynthesis

The development of synthetic allopolyploid lines
of B. napus, B. juncea, and B. carinata using a
diverse range of one or both respective diploid
progenitors would be expected to broaden the
genetic base of the allopolyploid species. This
in turn will facilitate oilseed Brassica breeding
programs. It is likely that the wide genetic di-
versity in the diploid crop gene pools has only
partially been transferred to the allopolyploid
crops (Ladizinsky 1985). There is considerable
opportunity to expand this. Negi et al. (2004) has
identified diversity among B. nigra accessions.
Identification of diverse germplasm has signifi-
cant implications for planning new approaches
to plant breeding. The diverse parental combina-
tions can be used in generating segregated proge-
nies with maximum genetic variability for breed-
ing and selection.

B. napus resynthesis has been obtained
through use of doubled haploids of crosses be-
tween B. rapa and B. oleracea (Zhang et al.
2004; Abel et al. 2005). Success was highly
dependent on the maternal genotype (B. rapa)
with 0–1.18 embryos per pollinated bud. In an-
other approach, resynthesis of B. napus with the
B. rapa A genome and the C genome from B.
carinata resulted in partial substitution of the
A and C genomes in B. napus to achieve im-
proved yield corresponding to the level of this
substitution (Li et al. 2006). The doubled hap-
loid technique was used by Gowers and Christey
(1999) with hybrids between B. oleracea and
B. napus and backcrossing the hybrid B. napol-
eracea to B. napus. This enabled transfer of
aphid resistance, self-incompatibility, and new
combinations of glucosinolates for B. napus.
Kahlon et al. (1999) screened both the B. rapa
and B. oleracea landraces for tolerance of man-
ganese toxicity, selecting superior accessions
for potential use in resynthesis of B. napus.
The resynthesis approach offers considerable po-
tential for new breeding lines with enhanced
traits needed for adaptation to changing environ-
ments. Prakash et al. (2009) reported that while

synthetic cultivars tend not to compete with re-
leased cultivars for yield, they provide a rich
diversity of traits for productivity, quality, and
disease resistance that can be backcrossed into
current lines.

Protoplast fusion

There are many reports of somatic hybridization
in the Brassicaceae (Salisbury and Kadkol 1989,
Prakash et al. 2009). While these somatic hybrids
have crossed intergeneric and tribal barriers,
there is a high general degree of sterility or severe
intergenomic incompatibility, leading to many
abnormalities (Prakash et al. 2009). Asymmet-
ric hybrids appear to be more promising option,
tolerating only a fraction of alien genetic con-
tent. Many of these somatic hybrids developed
have been aimed at incorporating new sources
of nematode or disease (Sclerotinia, Alternaria,
blackleg) resistance (Prakash et al. 2009). One
of the limiting factors when aiming to develop
somatic hybrids involving one wild relative is
the resultant very low level of, or complete ab-
sence of, pairing between the wild and cultivated
genomes. One recent highly successful example
was the fusion of protoplasts using two canola
lines. This allowed the incorporation of the two
cytoplasmic traits—triazine tolerance and cyto-
plasmic male sterility (CMS). Triazine tolerant
CMS hybrids are now commercially available in
Australia.

Several CMS systems in B. napus and B.
juncea have been obtained following protoplast
fusion. They are based on Raphanus, B. tourne-
fortii, Diplotaxis catholica, E. sativa, Morican-
dia arvensis, Sinapis arvensis, Orychophragmus
violaceus, Trachystoma ballii, and Arabidopsis
thaliana (Prakash et al. 2009). The most widely
used system currently is the Ogura system from
Raphanus. The most effective use of this pro-
toplast technology from a climate change per-
spective is likely to be in the continued devel-
opment of new CMS systems, leading to higher
yields.
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Utilizing GM traits

Oilseed Brassica species are benefiting from be-
ing at the forefront of GM technology. This
technology provides potential access to bene-
ficial genes outside the traditional barriers of
sexual compatibility. GM traits such as drought
tolerance, high temperature tolerance, salinity
tolerance, and enhanced disease resistance that
will be beneficial in coping with climate change
are currently being evaluated in oilseed Bras-
sica species. Wan et al. (2009) reported break-
throughs in the understanding of key molecular
components that regulate homeostasis and sens-
ing of abscisic acid and their potential applica-
tions in genetic engineering for drought-tolerant
canola. In particular, the α and β subunits of the
protein farnesyltransferase have been identified
as negative regulators of abscisic acid (ABA)-
mediated stomatal responses. Their effective-
ness as the targets for engineering drought toler-
ance and yield protection has been confirmed in
canola in the field. Further development of this
tolerance to drought stress in canola is expected
to significantly enhance productivity in many re-
gions of the world.

The growth of transgenic canola (B. na-
pus) expressing a gene for the enzyme 1-
aminocyclopropane-1-carboxylate (ACC) deam-
inase was compared to nontransformed canola
exposed to flooding and elevated soil Ni concen-
tration in situ by Farwell et al. (2007). The trans-
genic canola had greater shoot biomass com-
pared to nontransformed canola under low flood-
stress conditions. This is the first field study to
document the increase in plant tolerance utiliz-
ing transgenic plants exposed to multiple stresses
(Farwell et al. 2007).

Prasad et al. (2000) used Agrobacterium me-
diated transformation to transform B. juncea cv.
Pusa Jaiksan with the codA gene for biosynthe-
sis of glycinebetaine from Arthrobacter globi-
formis. The seeds of the transgenic lines showed
enhanced capacity to germinate under salt stress
as compared to that of the wild type. In addition,
the seedlings of transgenic plants that expressed

codA gene showed significantly higher growth
than the wild type under salt-stress conditions.
These results demonstrated that the introduction
of a biosynthetic pathway for glycinebetaine into
B. juncea significantly enhanced their salt toler-
ance. Homozygous genotypes of selected trans-
formed lines can be exploited for improving the
salt tolerance of desirable cultivars of B. juncea
through breeding programs.

The potential to reach beyond sexual barri-
ers to access useful genes with GM technology
could play an important role in breeding adapted
oilseed Brassica for climate change. Many ma-
jor genes from the secondary or tertiary gene
pools of the Brassicaceae family or from totally
unrelated species could be accessed.

Changing species

In some environments, the changing climate may
mean that a different species is required. For ex-
ample, summer B. rapa is currently the dominant
oilseed crop in Finland. It has lower production
risks compared with summer oilseed B. napus.
However, climate-change-induced increases in
temperature could see increased use of oilseed B.
napus at the expense of B. rapa (Peltonen-Sainio
et. al. 2009). Similarly, in higher altitude regions
where B. rapa has traditionally been grown, B.
napus may become the preferred option.

Similarly, in lower rainfall marginal canola-
growing areas of Australia and Canada, there is
increased interest in the use of canola quality
B. juncea to deal with climate change. While
B. napus and B. rapa have been the traditional
species used in the production of canola quality
Brassica oil, B. juncea has also recently been
converted to canola quality. B. juncea is better
adapted to the high temperatures and lower rain-
fall conditions expected with climate change. B.
juncea has superior heat and drought tolerance,
disease resistance, and pod-shatter resistance rel-
ative to B. napus (Kirk and Oram 1981, Woods
et al. 1991, Burton et al. 1999). Wright et al.
(1995) confirmed the significant advantage of B.
juncea over B. napus in situations of soil water
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deficit. This was due to the ability of B. juncea to
maintain higher leaf turgor than B. napus under
soil water deficits, resulting in greater yield of
B. juncea under such conditions (Wright et al.
1997). Climatic changes may mean that over
time, a higher proportion of the canola produc-
tion comes from B. juncea at the expense of B.
napus. Canola quality B. juncea has shown a
significant yield advantage over B. napus in sev-
eral low-rainfall environments, especially under
conditions of water stress and high temperatures
during seed fill. Canola quality B. juncea culti-
vars have been commercialized in Australia and
Canada in recent years (Burton et al. 2003, Oram
et al. 2005).

Other technologies

Molecular markers are increasingly being used to
enhance traditional breeding and selection pro-
grams in oilseed Brassica. They are being used
to select parental genotypes in breeding pro-
grams, eliminate linkage drag in backcrossing,
and select for traits that are difficult to measure
using phenotypic assays (Edwards and Batley
2010). When used at the seedling stage in con-
junction with doubled haploid technology, they
can be used to eliminate many progeny prior
to taking the progeny to the field. For exam-
ple, Burton et al. (2004) utilized markers at this
seedling stage in their canola quality B. juncea
breeding program. Molecular markers can be
particularly useful for selecting for complex
polygenic traits.

The increasing availability of DNA sequence
information will enable the discovery of genes
and molecular markers associated with diverse
agronomic traits. A high-quality genome se-
quence for B. rapa is due for release shortly.
However, at present the function of many genes
identified by genome sequencing is unknown
(Edwards and Batley 2010). When it becomes
available, the information on genes (and mark-
ers) linked to key traits will help to accelerate
oilseed Brassica breeding.

Conclusions and future directions

Utilization of variability within existing species
is likely to provide oilseed Brassica breeders
with continued incremental gains in key cli-
mate traits. However, if major advances are to be
made, other breeding options will be required.
This includes incorporation of key genes from
other cultivated genomes and also from weedy
relatives if sexual barriers can be overcome.
The resynthesis of the allopolyploid species us-
ing a diverse range of germplasm from both
diploid parents offers potential access to a range
of new germplasm. This will require access to
germplasm collections from around the world.
The use of GM technology to access major genes
from wild relatives or from completely differ-
ent species offers major potential benefits to
breeders.

Changing species will offer significant ben-
efits to growers in some regions. Canola qual-
ity B. juncea is better adapted than B. napus to
the increasing temperatures and increasing mois-
ture stress expected in coming generations. In the
drier regions, B. juncea may gradually replace B.
napus as the preferred crop. The increasing avail-
ability of genomic information on genes (and
markers) linked to key traits will also help to
accelerate progress in oilseed Brassica breeding
programs. Breeding for blackleg resistance will
remain an important component of most breed-
ing programs. The available resistances will need
to be managed carefully to ensure their longevity.
Oilseed Brassica breeders will likely utilize
several different methodologies to successfully
develop cultivars adapted to climate change
conditions.
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Chapter 23

The Genetic Envelope of Winegrape Vines:
Potential for Adaptation to Future Climate
Challenges
Leanne B. Webb, Peter R. Clingeleffer, and Stephen D. Tyerman

Introduction

Winegrapes (Vitis vinifera L.) are planted across
five continents of the globe. In 2009, the total
global area dedicated to vineyards was 7,660,000
hectares, with the greatest percentage of plant-
ings in Europe (Anderson et al. 2010; OIV
2010) (Fig. 23.1). Climate projections for wine-
producing regions around the world indicate
warming of 0.5–1◦C by about 2025 and about
2◦C by 2050, with most regions likely to have
reduced rainfall in future (IPCC 2007). Further,
and of consequence to winegrape cultivation, is
the projected increases to frequency and severity
of heat waves, and likely more severe drought
conditions with reduced return periods in some
regions (Hennessy et al. 2008; Hennessy et al.
2007).

The winegrape-growing industry around the
world is alert to the effects of this warming and
the associated changes to precipitation patterns.
This is because the industry is intimately wed-
ded to the concept of terroir—matching premium
grape varieties to particular combinations of cli-
mate and soils to produce unique wines of partic-

ular styles (Seguin 1986). Climate change alters
these terroirs directly and has the potential to dis-
place traditional limits for grapevine cultivation
(Seguin and de Cortazar 2005).

It is estimated that there are some 5000 va-
rieties of winegrapes based on DNA profiling
(This et al. 2006). Exploiting the differences
between these genotypes allows for success-
ful wine grape cultivation over a range of cli-
mate types, and it also provides possibilities
for traditional breeding as well as identifica-
tion of key genes for marker-assisted breeding
and gene modification (Martinez-Zapater et al.
2010; Zenoni et al. 2010). The sequencing of
the grapevine genome (Jaillon et al. 2007; Ve-
lasco et al. 2007) puts us in a strong position
to rapidly identify underlying molecular compo-
nents of phenotypic variability. It will also allow
identification of genes that have a major impact
on aspects of development and physiology likely
to be important for adaptation to climate change.
In this chapter, we provide an overview of the
predicted climate change impacts on grapevines,
and the potential for adaptation to these impacts
through breeding and biotechnology.
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Fig. 23.1. Vineyard area distribution by continent in 2009. (Adapted from OIV
2010.)

Climate change impacts to the
winegrape industry sector

In most regions where winegrapes are grown, fu-
ture projections indicate a warmer, drier climate.
CO2 levels are also projected to increase and
all of these factors together will influence wine-
grape cultivation to a greater or lesser extent. We
discuss below the impacts to grapevine phenol-
ogy, physiology, growth, berry components, and
water use as depicted in Fig. 23.2.

While the direct impact of high CO2 on
grapevines is likely not to vary regionally as
CO2 is well mixed in the atmosphere, impacts
of warming and increasing aridity are likely to
be region specific; projections for these climate
indices are not spatially uniform, and current cli-
matic growing conditions also vary regionally
(Jones et al. 2005b). For example, changes in
cool climate regions could lead to more consis-
tent vintage quality, as for example with Ries-
ling in the Mosel region in Germany (Ashenfel-
ter and Storchmann 2010), and increasing suit-
ability of warmer climate varieties in these re-
gions (Schultz 2000), while regions with warmer
growing seasons may become too warm for the

varieties currently grown there. Furthermore, hot
regions may become too hot for profitable wine-
grape production (Webb et al. 2008; White et al.
2006). If high CO2 and temperature responses
interact, as they might be predicted to do for
some components of vine physiology (e.g., water
use and photosynthesis), then cooler and warmer
climate suited-varieties may respond very differ-
ently.

Phenology/temperature

Evidence suggests that as climates warm, wine-
grape phenology progresses more swiftly and
grapes ripen earlier (Le Roy Ladrie 1988; Chuine
et al. 2004; Jones et al. 2005a; Seguin and de Cor-
tazar 2005). Because of this, grapevines will be
ripening in a warmer climate and at an earlier,
hence warmer, part of the season in the future
(Duchêne et al. 2010; Webb et al. 2007a), with
likely impacts to phenology and berry quality
(Salazar Parra et al. 2010; Webb et al. 2008).

Temperature at harvest, and in the period
prior when grapes are ripening, influences wine-
grape quality (Coombe and Iland 2004; Jackson
and Lombard 1993). Higher temperatures may
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Fig. 23.2. Global change factors: temperature, rainfall and aridity, and CO2 (dark grey), and their impact on grapevine’s:
phenology, physiology, berry composition, growth, and water use (light grey), and their respective components (white boxes).
Arrows indicate direction of change: more/less and earlier/later.

reduce anthocyanin levels (Bergqvist et al. 2001;
Haselgrove et al. 2000; Spayd et al. 2002) and
increase volatilization of aroma compounds (Bu-
reau et al. 2000; Marais 2001). A possible de-
coupling of sugar development from that of fla-
vor and aroma components might have resulted
in increased alcohol in wine in recent warmer
vintages (Duchêne and Schneider 2005; Godden
and Gishen 2005). Levels of acids have also been
shown to be temperature dependent. Liu et al.
(2006) found that organic acids are sensitive to
climate changes and this sensitivity is greater for
malic acid than for tartaric acid.

Increasing temperatures will result in increas-
ing transpiration (provided adequate water is
available) (McCarthy et al. 1992; Schultz and
Lebon 2005; Schultz and Stoll 2010). A recent
extreme heat wave in Australia highlighted the
importance of access to water in ameliorating
potential devastating impacts, including berry

shrivel, leaf drop, sun-burn, and stalled devel-
opment. Berry shrivel may depend on transpi-
ration from the berry (Greer and Rogiers 2009)
and from the vine (Keller et al. 2006; Tilbrook
and Tyerman 2009), both of which will increase
under higher temperatures. Shrivel (berry weight
loss) is also variety dependent linked to differ-
ences in vitality of cells in the berry late in ripen-
ing (Fuentes et al. 2010).

The interaction between changes in phe-
nology associated with increasing temperature
and environmental cues impacting on crop de-
velopment are largely unknown. For example,
fruit initiation, in the season preceding harvest,
is positively linked to light and temperature
around flowering in Sultana (Baldwin 1964),
Riesling (Alleweldt 1963), and Chardonnay
(MacGregor 2002), and hence is likely to be
impacted by reduced sunshine hours if flowering
is earlier in spring. For winegrapes, the effect
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of environmental cues impacting on critical con-
trol points for crop development and fruit com-
position are not well understood (Clingeleffer
2010). For example, in one study with Shiraz
(Clingeleffer 2009), there were major differ-
ences between seasons in bunch number (3-fold),
flowers per inflorescence (2.3-fold), fruit set
(2.7-fold) and yield (2.1-fold), inflorescence
length (35%), branches per inflorescence (27%),
flowers per inflorescence (28%), berries per
bunch (37%), bunch weight (60%), bunch length
(35%), berry weight (28%), berry size 28%,
seed number 18%, the skin to flesh ratio (42%),
berry anthocyanins (28%), and berry pheno-
lics (13%). Many of the processes controlling
such responses are temperature dependent and
likely to be impacted by increased tempera-
ture. For Sultana, in addition to the effects on
fruit-bud initiation (Baldwin 1964), other
temperature-dependent responses affecting yield
include a positive association during anlagen in-
duction after budburst, a negative association in
the pre-veraison period in the season preceding
the crop, a positive association with temperature
at budburst, and a negative association postverai-
son in the cropping season (Clingeleffer 2010).
Furthermore, budburst appears to be a critical pe-
riod with a strong negative correlation between
temperature and flower number for Chardon-
nay (Clingeleffer 2010; Petrie and Clingeleffer
2005).

Water and CO2

Schultz (2000) predicted that a doubling of atmo-
spheric CO2 will result in decreases in soil mois-
ture content from 20% or more in Central Europe
to 70% in the Iberian Peninsula and Balearic is-
lands. In Australia, rainfall decline is also pro-
jected in wine-growing regions (McInnes et al.
2003). When water is not available, yields can
decline (Jackson et al. 2008) and vines can suffer
long-term damage (Hardie and Considine 1976).

At some sites, increased aridity can result in
a decline in soil structure and increased salin-
ity (Clark 2004). Increased pressure to restrict

irrigation can result in increasing root-zone salin-
ity to the detriment of wine quality, though this is
not always observed (Stevens et al. 2008). This
may not be mitigated by winter rainfall flush-
ing, since winter rainfall is projected to decline
in Mediterranean regions (IPCC 2007). Salinity
and soil degradation is likely to be a major indi-
rect effect of climate change on viticulture. How-
ever, recent studies suggest that the amount of
groundwater recharge may decline significantly
across southern Australia reducing the longer
term risk of salinisation (CSIRO 2008), though
the relative impact on recharge and aquifer pro-
ductivity will vary by region, by soil type, and
with management.

Vines also respond to changes in levels of
CO2 in the atmosphere. Elevated concentrations
of CO2 lead to increased growth and yield (Bindi
et al. 2005; Kriedemann et al. 1976; Moutinho-
Pereira et al. 2009) with the effect of both CO2

and temperature increases together found to in-
crease year-to-year variability in yield, increas-
ing economic risk for growers (Bindi et al. 1996).

Intrinsic water-use efficiency (WUEi) is de-
fined as the ratio of photosynthesis (A) which in-
creases under increasing CO2 (Moutinho-Pereira
et al. 2009), to stomatal conductance (gs) which
decreases (Bindi et al. 2005; Moutinho-Pereira
et al. 2009; Tognetti et al. 2005). Grapevines will
benefit from improved WUEi that increases un-
der increasing CO2 leading to possible increases
in crop WUEi (Boag et al. 1988); however, stom-
atal closure will also increase leaf temperature,
which may decrease A depending upon the re-
sponse of leaf respiration to increases in leaf
temperature (Schultz and Stoll 2010).

If plants are water stressed, as may become
more common with projected rainfall decrease,
CO2 assimilation (A) can be reduced. This oc-
curs through closure of stomata that restricts CO2

uptake (decreased gs), and also through a de-
cline in internal leaf conductance to CO2 (Flexas
et al. 2010). These changes are mediated by hy-
draulic signals, and chemical signals principally
xylem pH and abscisic acid (ABA) (Wilkinson
and Davies 2002). The potential yield penalty
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reflected in a change in transpiration efficiency
(W, dry matter fixed per unit water transpired)
depends on how much A declines (Flexas et al.
2010), though it remains to be seen how ABA
signaling may be altered under high CO2.

Harvest index (HI, proportion of total dry
matter removed as harvested product) appears
not to be affected by elevated CO2 (Bindi et al.
2005), and we know nothing of the response of
grapevine roots, though the increased growth of
the shoots should be balanced by increased root
growth as appears to be the case in sour or-
ange trees (Kimball et al. 2007) and soybean
(Ainsworth et al. 2002). However, there is a ge-
netic element in the root: shoot ratio of grapevine
as evidenced from examination of biomass allo-
cation with different scion rootstock combina-
tions (Tandonnet et al. 2010).

Adaptation through accessing
genetic diversity of winegrape
varieties

In order to avoid some of the negative impacts
of climate change to the wine industry, adapta-
tion options have been suggested (Webb et al.
2010a). These include geographical shifting of
vineyards or regions (Kenny and Harrison 1992)
and/or implementing various tactical or strategic
management strategies (e.g., Webb et al. 2010b).
However, for this chapter, we now focus on
the potential exploitation of the genetic diver-
sity of the grapevine to increase the resilience of
this important sector to the projected changing
climate.

The genus of importance to viticulture, Vitis,
is a member of the family Vitaceae (Antcliff
1988), and the species of this genus occur in
widely different geographical areas and have a
great diversity of form. These forms are closely
related to allow easy interbreeding, and the re-
sultant interspecific hybrids are invariably fer-
tile and vigorous (Thomas and Van Heeswi-
jck 2004). Most Vitis species are found in the
temperate regions of the Northern Hemisphere in
America and Asia. V. vinifera is the only species

originating in Eurasia, but is now spread around
the world as the main species of cultivated grape
(Antcliff 1988). Wild grape germplasm has been
suggested to be an important source of unique
alleles considering also the variation that exists
within cultivated varieties (Aradhya et al. 2003).

Wine industries have depended heavily on
production from a few old established varieties
(more correctly referred to as cultivars) of V.
vinifera, even after breeding programs in the late
nineteenth and early twentieth centuries were set
up to increase resistance to pathogens such as
phylloxera and powdery mildew (e.g., Becker
1988). Apart from a few exceptions, since the
late 1800s, adoption of new winegrape scion
varieties has not been extensive. Market forces
and grape-quality expectations appear to be the
main reason why Old World varieties such as
Chardonnay and Cabernet Sauvignon still domi-
nate today’s vineyards (Thomas and van Heeswi-
jck 2004). In fact, to maintain consistency or
“clonal” integrity, winegrape vines are propa-
gated vegetatively to ensure homogeneous am-
pelographic characteristics are preserved (Schön
et al. 2009), though mutations can occur giving
rise to some variation within the clone (Todorov
and Dimitrov 1980; Pelsy et al. 2010). These
phenotypic variations between clones of a same
variety also display particular agronomic traits
that may include color or flavor variation, early
or late ripening (Pelsy et al. 2010).

Interest in growing varieties better suited to
a particular site in a warmer future climate is
increasing (e.g., Hayman et al. 2009). This will
likely involve a move away from the very nar-
row genetic base of winegrape varieties currently
used, particularly by New World wine produc-
ers (Clingeleffer et al. 1999; Possingham et al.
1990). Sourcing of varieties that are being suc-
cessfully managed in warm to hot climates, per-
haps by using a “climate analogue approach,”
is recommended for some regions (Jones et al.
2007, Webb et al. 2007a). A recent report com-
prehensively provides information about access
to alternative grapevine varieties from around
the world that may assist growers to select
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varieties for future plantings at their sites (Dry
2010). However, there remains a problem with
regions currently considered at the hot limit
for winegrape cultivation, or as we move fur-
ther into the century with greater warming pro-
jected, whereby there are no conventional “hotter
suited” varieties to source.

For these regions (and time-frames) particu-
larly, though with probable benefits for all re-
gions, there remains a very high potential to ex-
ploit genetic variability of grapevine material in
order to modulate effects of climate change using
both conventional breeding and genetic modifi-
cation of grapevines (Clingeleffer 2008; Robin-
son et al. 1999).

Conventional winegrape breeding has been
conducted over the past 40 years in Australia
with the aim to develop new varieties suited
to the warmer irrigated regions with more in-
tense flavor, better color, lower pH, and im-
proved acidity and organic acid composition
(Clingeleffer 1985; Clingeleffer et al. 1987). A
wide range of varieties imported from Europe
to Australia, assessed for their suitability for
production in hot climates, have been used in
the program (Clingeleffer 1985; Kerridge and
Antcliff 1996). Three new red varieties, Tyrian,
Cienna, and Rubienne were released in 2000.
Compared to Cabernet Sauvignon grown under
the same conditions, the three red varieties re-
leased by CSIRO in 2000 produce superior yields
and wines with enhanced quality attributes (e.g.,
brighter wines with a lower hue value and higher
levels of color, total anthocyanins and phenolics)
when harvested at similar maturities (Clingelef-
fer 2008). Cienna is being grown commercially
for the production of low-alcohol wines. To ad-
dress issues around climate change, further stud-
ies to assess more than 400 winegrape varieties
and 200 clones are being conducted in Australia
with a greater emphasis on fruit quality attributes
such as pH, acidity, and color; WUE, drought
tolerance; and potential to produce wines with
lower alcohol.

Increased use of DNA technology to iden-
tify important genes controlling berry quality

and plant water relations may lead to the pro-
duction of new superior scion or rootstock vari-
eties, through marker-assisted breeding or trans-
genic breeding. This work will be facilitated by
the recent sequencing of the grapevine genome
(Jaillon et al. 2007; Velasco et al. 2007). Further-
more, the grape “microvine” is a useful tool that
will assist in both conventional and transgenic
breeding (Chaı̈b et al. 2010). This L1 Pinot Me-
unier mutant plant of dwarf stature and preco-
cious rapid flowering (Boss and Thomas 2002)
overcomes the usual delays when working with
the physiological constraints of this deciduous
plant, such as a long generation time, its peren-
nial nature, vineyard space requirements, and an
annual reproductive cycle. The microvine has
many of the features that originally made Ara-
bidopsis the model annual plant of choice for
linking genes to traits by forward and reverse
genetic approaches—small space requirements,
small diploid genome, short generation time, ho-
mozygous lines for genetic mapping, and muta-
genesis and efficient transgenic methods (Chaı̈b
et al. 2010).

Potential to exploit the genetic envelope of the
grapevine to address likely changes to grapevine
phenology, temperature effects on berry compo-
sition and grapevine WUE are discussed below in
detail. In describing the potential for increasing
WUE, we explore the following factors: photo-
synthesis and stomatal regulation; roots, water
and salinity; and transportation and allocation of
carbohydrate within the vine and the berry. A
final section on rootstock development and se-
lection is included separately to emphasize this
important aspect of potential genetic variability
available for improving the resilience of wine-
grape cultivation to the changing climate.

Phenology

Different winegrape varieties have different ge-
netically determined phenology, which results in
very different times of harvest (Gladstones 1992;
Kerridge and Antcliff 1996), there is also vary-
ing degrees of plasticity in phenology depending
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on climate, for example Riesling can ripen ear-
lier than Shiraz in warm regions, but later than
Shiraz in cool regions (Dry 1983). This plastic-
ity is possibly a genetic trait with potential for
use in breeding programs. As the timing of the
vine stages are driven by temperature, matching
suitability of a particular variety to the climate of
a particular region is paramount (McIntyre et al.
1982). To maintain consistency in wine styles
(so-called typicity), the industry needs to con-
sider altering the balance of varieties growing
in specific areas to better match future grow-
ing season conditions. Ripening can then coin-
cide with the best possible climate conditions
(Schultz 2000).

Selection of varieties to suit the climatic
conditions of a region has been reported in
many “suitability indexes” (Amerine and Win-
kler 1944; Gladstones 1992; Huglin 1986; Jack-
son and Cherry 1988; Kenny and Shao 1992). As
implied, with a changing climate these indexes
will change, giving rise to revised optimum suit-
ability alternatives in future (Jones 2007; Schultz
2000; Webb et al. 2007b).

In a recent comprehensive study of the chal-
lenge of adapting phenological stages to a
warmer climate, Duchêne et al. (2010) examined
the phenological timing of Riesling and Gewurz-
traminer, their actual progeny and some “virtual”
progeny, in Alsace, France. In their study, while
they could not fully compensate for some of
the more extreme warming scenarios with their
breeding program, they demonstrated clearly the
potential adaptive benefit from exploiting the ge-
netic variation in phenological response using
breeding.

Quantitative trait loci (QTLs) indicates re-
gions of a genome that contribute to trait varia-
tion and can be used to identify the genes respon-
sible with reference to the sequenced genome
and where genes are located on chromosomes
relative to specific markers. QTLs have been
identified for timing of flowering, veraison, and
ripening from an F1 segregating progeny ob-
tained by crossing two table grape cultivars,
and this has been used with reference to the

sequenced genome to begin identifying candi-
date genes (Costantini et al. 2008). Only a few
traits for growth and phenology have been ge-
netically mapped and the genetic structure and
interactions are complex (Martinez-Zapater et al.
2010).

Temperature effects on berry
composition

Wine is made up of more than 1000 compounds,
the majority of which come from the grapes,
while others, like ethanol and glycerol, are prod-
ucts of the wine-making process (Conde et al.
2007). Many of these components are influenced
by environmental factors (Jackson and Lombard
1993), and though there remains a good deal
of potential for optimizing these in the face of
climate change, definition of specifications to
enhance the balance of these to increase wine
quality is lacking (Keller 2010).

Even though there may not be consensus on
the definition of “quality” of wine, some recent
research has shown there exists evidence that
clonal variation, through somatic mutations, can
modify the aromatic profile of fruits (Duchêne
et al. 2009b). In this study, the more abun-
dant monoterpenols in grapevines, linalool, and
geraniol, commonly associated with floral, rose-
like characteristics varied by clone. With aroma
compounds being affected in warmer climatic
conditions (e.g., Marais. 2001) identification of
two separate QTLs for these types of com-
pounds (Duchêne et al. 2009a) indicates poten-
tial to modify these with appropriate breeding
programs.

Exploiting cultivar and varietal differences
has the potential to address industry concerns re-
garding a long-term trend to higher pH of grape-
must which has occurred in both warm and cool
regions of Australia (Clingeleffer 2010), and to
potentially achieve desired levels of flavor and
color at lower sugar level. Breeding studies have
also shown that the levels of tartaric acid can
vary. Indeed, significantly higher total soluble
solids (sugars) and fructose and lower total acids



P1: SFK/UKS P2: SFK Color: 1C

BLBS082-23 BLBS082-Yadav July 12, 2011 17:10 Trim: 246mm X 189mm

THE GENETIC ENVELOPE OF WINEGRAPE VINES 471

and malic acid were found in cultivars from hy-
brids between V. labrusca and V. Vinifera (Liu
et al. 2006). DeBolt et al. (2006) discovered one
of the key enzymes controlling the synthesis of
tartaric acid in the berry. It would be possible
through genetic modification to alter the expres-
sion of the gene in order to increase tartaric
content of berries in warming climates, thereby
maintaining optimal acid/sugar balance.

In association with warming trends during the
last 20 years, earlier maturity (Petrie and Sadras
2008) and increasing alcohol in finished wine
(Godden and Gishen 2005) have been observed
in Australia. Remediation of these factors in the
winery will require new yeasts that can ferment
sugar but without creating alcohol, this could be
done relatively easily by genetic modification of
the yeast or by using adaptive evolution to rapidly
select strains of yeast that have the desired char-
acteristics (Bartowsky et al. 2007).

Water use efficiency

In a warmer climate with greater aridity pre-
dicted in many major wine-growing regions, wa-
ter will become a more expensive resource for
irrigated viticulture. Thus, it is imperative to im-
prove crop WUE (WUEc). WUEc can be defined
as yield (Y) divided by the total amount of water
incident on vines (I). This depends on transpi-
ration efficiency (W, dry matter fixed per unit
water transpired), extraction of soil water (SWE,
defined as transpiration divided by incident wa-
ter, T/I), and harvest index (HI, proportion of
total dry matter removed as harvested product):
WUEc = W × SWE × HI. There are substantial
genotypic differences in W even when measured
in different locations (Gibberd et al. 2001), but
as far as we are aware these have not been ge-
netically mapped in grapevine as has occurred in
other crops, for example, rice (Xu et al. 2009).

Transpiration efficiency (W) may be further
expanded to include carbon loss via respiration
and unproductive water loss, e.g. nighttime tran-
spiration, which may increase under warming
and that differs between varieties. It should be

noted that there are different measures of WUE,
corresponding to different timescales and mea-
surement scales (Flexas et al. 2010; Schultz and
Stoll 2010). Leaf scale measures may not cor-
respond to canopy scale measures (Poni et al.
2009), though often it is the leaf scale measure
that is compared between varieties and has been
used in genetic mapping in other plants.

The three terms in the equation for WUE are
also determined by the following important com-
ponents of vine physiology that would be ex-
pected to show genotypic variation:

1. Photosynthesis and stomatal regulation
(for W).

2. Root water transport (for SWE).
3. Transport and allocation of carbohydrate

(for HI).

Each of these components of vine physiology
is dependent upon the transport of water, at
the molecular, cellular, and organ level. At the
molecular level, aquaporins have been linked to
most of the processes above (Picaud et al. 2003;
Shelden et al. 2009; Tyerman et al. 2010) and
are now considered as being just as important
as stomata in being targets for manipulation in
agriculture (Bramley et al. 2007; Vandeleur et al.
2005). There are differences between varieties
in the number of genes encoding aquaporins and
their sequences (Shelden et al. 2009). Transport
of CO2 in the leaf is linked to water transport in
terms of the common pathway of gaseous dif-
fusion through stomatal pores, but also at the
molecular level through membranes in leaf cells
and chloroplasts that may involve aquaporins
(Flexas et al. 2006). Carbohydrate transport and
storage will also depend on water transport, and
additional influences, related to source to sink
regulation (Tilbrook and Tyerman 2006), which
controls allocation to vegetative structures (roots
and shoots) relative to reproductive structures
(flowers and berries).

There are rather contrasting behaviors be-
tween varieties in terms of water transport and
regulation (Chaves et al. 2010; Lovisolo et al.
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2010). Combined with the North American
ecospecies and various crosses used as root-
stocks, these may be used to improve WUE.
ABA may be central to these varietal differences.
ABA communicates soil conditions, particularly
soil-water content, from roots to shoots, and is
altered in shoots of grafted Shiraz by the root-
stock variety, and corresponds with altered stom-
atal conductance but not intrinsic WUE (Soar
et al. 2006a). No apparent effect on transpira-
tion efficiency of Shiraz scion from rootstocks
was demonstrated from carbon isotope discrimi-
nation (Virgona et al. 2003), which is correlated
with W for most varieties, but not all (Gibberd
et al. 2001).

Photosynthesis and stomatal regulation

The response of stomatal conductance to water
stress is dependent on variety, with grapevines
demonstrating a continuum between more iso-
hydric, where stomata show more sensitivity
to declining soil water resulting in more con-
stant plant water potential, to more anisohy-
dric where stomata show less sensitivity to de-
clining soil water status and plant water po-
tential is more variable (Chaves et al. 2010;
Lovisolo et al. 2010; Moutinho-Pereira et al.
2009; Prieto et al. 2010; Schultz 2003; Shelden
et al. 2009). These responses are also depen-
dent on vapor pressure deficit (VPD) of the at-
mosphere, with higher VPDs emphasizing the
differences between anisohydric and isohydric
varieties. Of the common varieties, a near iso-
hydric varieties are Grenache and Tempranillo
and near anisohydric varieties are Chardonnay,
Shiraz, and Semillon (Chaves et al. 2010;
Rogiers et al. 2009; Schultz 2003; Soar et al.
2006b). In the case of Semillon, nighttime tran-
spiration (unproductive use of water) in addition
to poor stomatal regulation accounted for the
anisohydric behavior (Rogiers et al. 2009). The
higher sensitivity of the near isohydric varieties
may reflect a higher concentration of ABA in the
xylem sap (Soar et al. 2006b). Rootstock may
also change the response of a particular scion

variety (Soar et al. 2006a). There is also a clear
link between gs and the dynamics of berry sugar
accumulation (Sadras et al. 2008).

In one free air CO2 enrichment (FACE) study
on grapevine (Sangiovese, classified as both iso-
hydric and anisohydric (Chaves et al. 2010)), dif-
ferences in hydraulic architecture were observed
at some measurement times between vines in 700
μmole mol−1 and ambient grown vines over two
years (Tognetti et al. 2005). There was an ap-
parent tendency toward increased embolism for-
mation and decreased hydraulic sufficiency. This
is interesting because more isohydric Grenache
has a greater tendency for embolism formation
compared to the more anisohydric Syrah (Shiraz)
and Grenache had larger leaf specific conductiv-
ity in leaf petioles than Syrah (Shiraz) (Schultz
2003). Taking these results together may sug-
gest that there may be different responses to
elevated CO2 between isohydric and anisohy-
dric varieties. It is also interesting to note that
in the FACE experiment, despite the reduced
stomatal conductance with elevated CO2 and
tendency for changes in hydraulic architecture,
Sangiovese did not change predawn and mid-
day water potential ranges as would be pre-
dicted if there was a change toward more iso-
hydric behavior, however, these vines were not
water stressed (Tognetti et al. 2005). This dis-
cussion emphasizes the need for more FACE ex-
periments using varieties that have contrasting
isohydric/anisohydric behavior.

The degree of isohydry/anisohydry may also
impact on responses to heat stress for different
varieties. Anisohydric varieties such as Shiraz
may be able to tolerate elevated temperature by
utilizing high transpiration (high latent heat loss)
provided sufficient water is available (Sadras and
Soar 2009).

Roots, water, and salinity

As soil-water availability decreases, regulation
of conductance to water vapor and liquid water
(stomatal, root, and leaf internal) is required to
extract the maximum amount of water from the
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soil (i.e., optimize SWE) without breaching hy-
draulic limits caused by cavitation and embolism
(Sperry et al. 2002). Cavitation resistance may be
a central component in the different responses
between more isohydric and more anisohyrdric
varieties (Schultz 2003). Root conductance to
water is generally the lowest compared to other
parts of the liquid pathway, and changes in the
root conductance can have large effects on stem
and leaf water potential. In grapevines, aquapor-
ins, which regulate root conductance, can ac-
count for well over 40% of the flow across roots
under transpiring conditions and is cultivar de-
pendent (Lovisolo et al. 2008).

The physiological, molecular, and anatomi-
cal characteristics of root-water transport of two
cultivars representing isohydric (Grenache) and
anisohydric (Chardonnay) behaviors were re-
cently investigated (Vandeleur et al. 2009). A
similar difference was observed between aniso-
hydric and isohydric varieties in the way roots re-
spond compared to the way leaves respond. The
difference is that in roots the response is medi-
ated by aquaporins, while in the leaves the re-
sponse is mediated by stomata. There was also a
positive correlation between root hydraulic con-
ductivity and transpiration that was also evident
for rootstocks. Thus, transpirational demand is
closely matched to the ability of the roots to
supply the water, but it is not clear how roots
sense when transpirational demand increases or
decreases. Despite these observations, in field tri-
als, rootstocks that have been classified as having
good drought tolerance do not necessarily con-
fer drought tolerance on the scion (Stevens et al.
2008).

There are significant differences between
rootstock varieties in their ability to confer some
moderate salt tolerance and exclusion of Cl when
irrigated with water of moderate salinity as evi-
denced by reduced effect on yields (Zhang et al.
2002) and reduced accumulation of Cl in leaves
and berries relative to the scion variety on own
roots (Walker et al. 2010). Comparison between
rootstock varieties that differ in Cl exclusion
show that xylem Cl concentration can be up

to about seven-fold lower in the excluder vari-
ety, and isotopic flux studies have made inroads
to where in the root this exclusion is situated
(Tregeagle et al. 2010). It will be possible to use
these varieties to identify the genes, most likely
encoding transporter proteins that regulate the
movement of Cl from the root into the xylem.

Examination of the transcript and metabolite
profiles of Cabernet Sauvignon during a drought
treatment and equivalent (osmotically) salinity
treatment revealed that different sets of genes
and metabolites were affected by the two stresses
(Cramer et al. 2007). Growth was also more af-
fected by the drought-stress than the salinity-
stress despite both sets of plants exhibiting the
same reduction in water potential. It was con-
cluded that droughted plants have a higher de-
mand for osmotic adjustment, reactive oxygen
detoxification, and photoinhibition. Such studies
provide a system’s view of responses to drought
and salinity that may identify key pathways for
adaptation and the genes that control them.

Apart from the molecular components that
can regulate root water and ion transport in the
short term, root growth dynamics and root dis-
tribution in the soil are also critical for effi-
cient soil-water extraction and nutrition (Comas
et al. 2010). Grapevine root growth and longevity
varies by genotype × environment (Bauerle et al.
2008) and is dependent on carbohydrate supply
(Comas et al. 2005). The scion genotype appears
to determine biomass allocation within young
vines, including to the roots, but not necessarily
linked to carbohydrate supply indicating some
interesting signaling is involved (Tandonnet et al.
2010). There may also be a link between growth
dynamics and the molecular components of wa-
ter transport since fine laterals, which may be
important in water absorption, show rapid decay
in metabolic capacity and nitrate uptake with age
(Volder et al. 2005). Metabolic capacity and ni-
trate transport are associated with root hydraulic
conductivity in other plants (Gorska et al. 2008).
Grapevine roots are also a large storage reserve
for carbohydrates (Smith and Holzapfel 2009).
In summary, grapevine root behavior and varietal
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differences are critical for several processes that
determine responses to water stress. We need to
know how these responses are affected by el-
evated CO2 that is likely to alter carbohydrate
supply to roots and signaling from shoot to root,
which in turn is linked to stomatal conductance.

Transport and allocation of carbohydrate within
the vine and the berry

Resilience of vines to prolonged water stress
may be monitored via their capacity to store
carbohydrates (CHO) in wood and roots (Smith
and Holzapfel 2009). These stored reserves are
required for initial spring growth of roots and
shoots, and may be called upon for sugar supply
to berries (Bennett et al. 2005). Sugar supply to
the berries is governed by the dynamics of the
vascular supply of sugar and water (phloem and
xylem) to the berry (Dai et al. 2010). Interest-
ingly, the final sugar concentration of berries is
not correlated with carbon-assimilation param-
eters, but the rate of increase and the date of
maximum sugar concentration are positively and
negatively correlated (respectively) with stom-
atal conductance (Sadras et al. 2008). How this
may be affected by elevated CO2 is unknown.

How water enters with the sugar and how it
may escape from the berry will have a major role
in determining the final size of the berry at har-
vest and the concentration of sugars and other
compounds in juice. This depends on transpira-
tion from the berry (Greer and Rogiers 2009)
and return of water to the vine from the berry
(backflow) (Keller et al. 2006; Tilbrook and
Tyerman 2006; 2009). The latter depends on
the vitality and membrane integrity of cells in the
berry as well as the hydraulic conductance of the
return pathway via the xylem (Tilbrook and Tyer-
man 2008; Tilbrook and Tyerman 2009). Meso-
carp and endocarp cells (juice cells) in berries
begin to lose vitality and membrane integrity
around 90–100 days after flowering (preharvest)
(Krasnow et al. 2008), and this correlates with
increased berry deformability and shrinkage be-
tween different varieties (Fuentes et al. 2010).

There are also large differences in the hydraulic
conductance of the xylem for water flow back to
the vine, with Chardonnay virtually closing off
this pathway, while Shiraz and Thompson Seed-
less seem to maintain the hydraulic connection.
These variety-dependent characteristics of berry
water relations are relevant to impact of climate
change, since higher temperatures and greater
water stress may accelerate the loss of cell vital-
ity and will increase water flow out of the berry
via transpiration and backflow.

Rootstock development and selection

Rootstocks are used in winegrape production to
provide protection against the soil-borne pests,
including phylloxera and nematodes. Increas-
ingly, rootstocks are being viewed as tools to
manipulate vine performance with potential to
address issues around climate change and main-
tain or enhance productivity and wine qual-
ity attributes (Clingeleffer 2010; Walker and
Clingeleffer 2009). In addition to identifying
rootstock genotypes to counter the negative im-
pacts of high vigor on berry potassium and pH
(Clingeleffer 1996), WUE, drought tolerance,
and salt tolerance are now included as key se-
lection criteria in the development of rootstocks
for Australian conditions (Walker and Clingelef-
fer 2009). Three new low-moderate vigor root-
stocks Merbein 5489, Merbein 5512, and Mer-
bein 6262, described by (Dry 2007), have been
released. Pruning weights of Shiraz grafted on
the new rootstocks and grown under warm con-
ditions were 2–3.5-fold lower than standard
high vigor, nematode-tolerant rootstocks Ram-
sey, 1103 Paulsen, and 140 Ruggeri, leading to
lower must pH, higher titratable acidity, and en-
hanced wine quality attributes (i.e., higher levels
of color and phenolics), particularly when wines
were made to deliver reduced alcohol levels by
harvesting at lower sugar levels (Clingeleffer
2008). Furthermore, the new rootstocks are more
efficient as they have higher yield to prun-
ing weight ratios than the standard rootstocks.
Preliminary studies have also demonstrated
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potential for the new rootstocks to significantly
improve WUE, measured as crop water-use in-
dex (i.e., yield/transpiration), as transpiration
from the smaller canopies is lower (Walker and
Clingeleffer 2009). Adoption of these rootstocks
may facilitate integrated approaches to vine man-
agement involving high-density plantings to fur-
ther improve productivity (yield/ha), WUE, and
minimize soil evaporation losses (Clingeleffer
2010).

Rootstocks used for commercial production
are classified according to their drought toler-
ance (Dry 2007). Although not fully understood,
drought tolerance is believed to be linked to
root architecture with the more drought-tolerant
types having deeper, more penetrating systems
(Walker and Clingeleffer 2009). Furthermore,
leaf temperature, an indicator of transpirational
cooling, is being used to assess drought tolerance
of rootstock breeding lines (Walker and Clin-
geleffer 2009). In one study with ungrafted and
field-grown rootstock hybrids, there was an 11◦C
range in leaf temperatures under drought condi-
tions. Such results are not only indicative of large
genetic variation, but if conferred to grafted scion
varieties, indicate that rootstock choice may offer
significant potential to maintain cooler canopy
and fruit temperatures under elevated tempera-
ture scenarios associated with climate change.
Furthermore, screening of ungrafted rootstocks
for transpiration efficiency using carbon isotope
discrimination (Gibberd et al. 2001) has shown
a wide genetic variation (50%) across a diverse
range of rootstock hybrid families indicating op-
portunity to select rootstocks for increased tran-
spiration efficiency if conferred to grafted scions
(Walker and Clingeleffer 2009).

Concluding remarks

In most wine-growing regions, climate change
projections indicate a warmer, drier future with
likely increasing frequency of heat waves and
droughts in some regions. This will alter grape
growing terroir and impact the cultivation of
winegrapes. In order to reduce these impacts,

grape growers and wine makers will need to
improve tolerance to heat and enhance WUE,
with consideration of the interactive effect of
increasing concentrations of CO2 on grapevine
physiology.

There exists great potential to enhance the
adaptive capacity of grapevines through conven-
tional breeding or genetic manipulation. With a
large pool of genetic variants (both varieties and
clones), and 500 million bases of the V. vinifera
genome now sequenced, the research community
is in a strong position to address the future and
continuing challenges our changing climate will
present.

We stress the urgency with which breeding
programs need to be initiated with long-lived
perennial crops, such as grapevines. Grapevines
planted even today are likely to be growing in 30
years, the time frame within which the climate is
projected to have already substantially changed.
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(2009) Grapevine (Vitis ssp.): Example of clonal repro-
duction in agricultural important plants. In: I Schon, K
Martens, and P van Dijk (eds) Lost Sex, pp. 581. Springer,
The Netherlands.

Schultz HR (2000) Climate change and viticulture: A Eu-
ropean perspective on climatology, carbon dioxide and
UV-B effects. Australian Journal of Grape and Wine
Research 6: 2–12.

Schultz HR (2003) Differences in hydraulic architecture ac-
count for near-isohydric and anisohydric behaviour of
two field-grown Vitis vinifera L. cultivars during drought.
Plant Cell and Environment 26: 1393–1405.

Schultz HR, Lebon E (2005) Modelling the effect of
climate change on grapevine water relations. In: LE
Williams (ed.) Proceedings of the 7th International Sym-
posium on Grapevine Physiology and Biotechnology,
pp. 71–78. International Society Horticultural Science,
Leuven 1.

Schultz HR, Stoll M (2010) Some critical issues in envi-
ronmental physiology of grapevines: future challenges
and current limitations. Australian Journal of Grape and
Wine Research 16: 4–24.

Seguin B, de Cortazar IG (2005) Climate Warming: con-
sequences for Viticulture and the notion of ‘terroirs’ in
Europe. Acta Horticulturae 689: 61–71.

Seguin G (1986) ‘Terroirs’ and pedology of wine growing.
Cellular and Molecular Life Sciences 42, 861–873.

Shelden MC, Howitt SM, Kaiser BN, Tyerman SD (2009)
Identification and functional characterisation of aqua-
porins in the grapevine, Vitis vinifera. Functional Plant
Biology 36: 1065–1078.

Smith JP, Holzapfel BP (2009) Cumulative Responses of
Semillon Grapevines to Late Season Perturbation of
Carbohydrate Reserve Status. American Journal of Enol-
ogy and Viticulture 60: 461–470.

Soar CJ, Dry PR, Loveys BR (2006a) Scion photosynthesis
and leaf gas exchange in Vitis vinifera L. cv. Shiraz: Medi-
ation of rootstock effects via xylem sap ABA. Australian
Journal of Grape and Wine Research 12: 82–96.

Soar CJ, Speirs J, Maffei SM, Penrose AB, McCarthy MG,
Loveys BR (2006b) Grape vine varieties Shiraz and
Grenache differ in their stomatal response to VPD: ap-
parent links with ABA physiology and gene expression
in leaf tissue. Australian Journal of Grape and Wine Re-
search 12, 2–12.

Spayd SE, Tarara JM, Mee DL, Ferguson JC (2002)
Separation of sunlight and temperature effects on
the composition of Vitis vinifera cv. Merlot berries.
American Journal of Enology and Viticulture 53,
171–182.



P1: SFK/UKS P2: SFK Color: 1C

BLBS082-23 BLBS082-Yadav July 12, 2011 17:10 Trim: 246mm X 189mm

480 CROP ADAPTATION TO CLIMATE CHANGE

Sperry JS, Hacke UG, Oren R, Comstock JP (2002) Water
deficits and hydraulic limits to leaf water supply. Plant
Cell and Environment 25, 251–263.

Stevens RM, Pech JM, Gibberd MR, Walker RR, Jones
JA, Taylor J, Nicholas PR (2008) Effect of reduced ir-
rigation on growth, yield, ripening rates and water re-
lations of Chardonnay vines grafted to five rootstocks.
Australian Journal of Grape and Wine Research 14,
177–190.

Tandonnet JP, Cookson S, Vivin P, Ollat N (2010) Scion
genotype controls biomass allocation and root develop-
ment in grafted grapevine. Australian Journal of Grape
and Wine Research 16, 290–300.

This P, Lacombe T, Thomas MR (2006) Historical origins
and genetic diversity of winegrapes. Trends in Genetics
22, 511–519.

Thomas MR, Van Heeswijck R (2004) Classification of
grapevines and their interrelationships. In: PR Dry and
BG Coombe (eds) Viticulture, Volume 1—Resources,
2nd edn, pp. 119–131. Winetitles, Adelaide, South
Australia.

Tilbrook J, Tyerman SD (2006) Water, sugar and acid: how
and where they come and go during berry ripening. In:
D Oag, K DeGaris, S Partridge, C Dundon, M Francis,
R Johnstone, and R Hamilton (eds) Australian Society
of Viticulture and Oenology: Finishing the Job-Optimal
Ripening of Cabernet Sauvignon and Shiraz, pp. 4–12.
Openbook, Australia.

Tilbrook J, Tyerman SD (2008) Cell death in grape berries:
varietal differences linked to xylem pressure and berry
weight loss. Functional Plant Biology 35, 173–184.

Tilbrook J, Tyerman SD (2009) Hydraulic connection of
grape berries to the vine: varietal differences in water
conductance into and out of berries, and potential for
backflow. Functional Plant Biology 36, 541–550.

Todorov I, Dimitrov B (1980) Studies on chimeric plants of
the grapevine (Vitis vinifera L., cultivar Bolgar). Vitis 19,
317–320.

Tognetti R, Raschi A, Longobucco A, Lanini M, Bindi M
(2005) Hydraulic properties and water relations of Vitis
vinifera L. exposed to elevated CO2 concentrations in
a free air CO2 enrichment (FACE). Phyton-Annales Rei
Botanicae 45, 243–256.

Tregeagle JM, Tisdall JM, Tester M, Walker RR (2010) Cl-
uptake, transport and accumulation in grapevine root-
stocks of differing capacity for Cl–exclusion. Functional
Plant Biology 37, 665–673.

Tyerman SD, Vandeleur RK, Shelden MC, Tilbrook J, Mayo
G, Gilliham M, Kaiser BN (2010) Water transport and
aquaporins in grapevine. In: KA Roubelakis-Angelakis
(ed) Grapevine Molecular Physiology & Biotechnology,
pp. 73–104. Springer, The Netherlands.

Vandeleur R, Niemietz C, Tilbrook J, Tyerman SD (2005)
Roles of aquaporins in root responses to irrigation. Plant
and Soil 274, 141–161.

Vandeleur RK, Mayo G, Shelden MC, Gilliham M, Kaiser
BN, Tyerman SD (2009) The Role of Plasma Mem-

brane Intrinsic Protein Aquaporins in Water Transport
through Roots: Diurnal and Drought Stress Responses
Reveal Different Strategies between Isohydric and Aniso-
hydric Cultivars of Grapevine. Plant Physiology 149,
445–460.

Velasco R, Zharkikh A et al. (2007) A High Quality Draft
Consensus Sequence of the Genome of a Heterozygous
Grapevine Variety. Plos One 2, 18.

Virgona JM, Smith JP, Holzapfel BP (2003) Scions influence
apparent transpiration efficiency of Vitis vinifera (cv. Shi-
raz) rather than rootstocks. Australian Journal of Grape
and Wine Research 9, 183–185.

Volder A, Smart DR, Bloom AJ, Eissenstat DM (2005)
Rapid decline in nitrate uptake and respiration with age
in fine lateral roots of grape: implications for root ef-
ficiency and competitive effectiveness. New Phytologist
165, 493–501.

Walker RR, Blackmore DH, Clingeleffer PR (2010) Impact
of rootstock on yield and ion concentrations in petioles,
juice and wine of Shiraz and Chardonnay in different
viticultural environments with different irrigation water
salinity. Australian Journal of Grape and Wine Research
16, 243–257.

Walker RR, Clingeleffer PR (2009) Rootstock attributes and
selection for Australian conditions. Australian Viticulture
13, 70–76.

Webb L, Dunn G, Barlow EWR (2010a) Adapting agri-
culture to climate change: Preparing Australian agricul-
ture, forestry and fisheries for the future. In: CJ Stokes
and SM Howden (eds) Viticulture. CSIRO Publishing,
Melbourne.

Webb L, Whetton P, Barlow EWR (2008) Climate change
and wine grape quality in Australia. Climate Research
36, 99–111.

Webb LB, Whetton, PH, Barlow EWR (2007a) Modelled
impact of future climate change on the phenology of
winegrapes in Australia. Australian Journal of Grape
and Wine Research 13, 165–175.

Webb L, Whetton P, Barlow EWR (2007b) Shifting Viti-
culture Suitability. Australian and New Zealand Grape-
grower and Winemaker August, 43–47.

Webb L, Whiting J, Watt A, Hill T, Wigg F, Dunn G, Needs
S, Barlow EWR (2010b) Managing extreme heat in the
vineyard—some lessons from the 2009 summer heat-
wave. In: I Jubb, PN Holper, and W Cai (eds) Managing
Climate Change: Papers from the GREENHOUSE 2009
Conference, pp. 123–135. Springer/CSIRO Publishing,
Melbourne.

White MA, Diffenbaugh NS, Jones GV, Pal JS, Giorgi F
(2006) Extreme heat reduces and shifts United States pre-
mium wine production in the 21st Century. Proceedings
of the National Academy of Sciences 103: 11217–11222.

Wilkinson S, Davies WJ (2002) ABA-based chemical sig-
nalling: the co-ordination of responses to stress in plants.
Plant Cell and Environment 25, 195–210.

Xu YB, This D, Pausch RC, Vonhof WM, Coburn JR,
Comstock J, McCouch SR (2009) Leaf-level water use



P1: SFK/UKS P2: SFK Color: 1C

BLBS082-23 BLBS082-Yadav July 12, 2011 17:10 Trim: 246mm X 189mm

THE GENETIC ENVELOPE OF WINEGRAPE VINES 481

efficiency determined by carbon isotope discrimination in
rice seedlings: genetic variation associated with popula-
tion structure and QTL mapping. Theoretical and Applied
Genetics 118, 1065–1081.

Zenoni S, Bellin D, Zamboni A, Delledonne M, Pezzotti M
(2010) The impact of the grapevine genome knowledge
on the future of viticulture and oenology. In: K Beames

(ed.). Proceedings 14th Australian Wine Industry Techni-
cal Conference, pp. 113–115. Winetitles, Adelaide, South
Australia.

Zhang XK, Walker RR, Stevens RM, Prior LD (2002) Yield-
salinity relationships of different grapevine (Vitis vinifera
L.) scion-rootstock combinations. Australian Journal of
Grape and Wine Research 8, 150–156.



P1: SFK/UKS P2: SFK Color: 1C

BLBS082-24 BLBS082-Yadav July 12, 2011 17:13 Trim: 246mm X 189mm

Chapter 24

The Potential of Climate Change Adjustment
in Crops: A Synthesis
Robert J. Redden, Shyam S. Yadav, Jerry L. Hatfield, Boddupalli M. Prasanna,
Surinder K. Vasal, and Tanguy Lafarge

Introduction

The big challenge for agriculture in the twenty-
first century onward is to feed the world popula-
tion. There is unprecedented population growth,
raising the question whether there is a limit to
what the world can sustain.

The world population of 6.8 billion now is
expected to exceed 9 billion over 2040–2050
(http://en.wikipedia.org/wiki/World_population,
2010), and to be still rising by the end of this
century. The paradox is that provision of
adequate and evenly distributed nutrition above
current levels not only alleviates hunger but also
reduces infant mortality and extends longevity,
further adding to population growth.

Besides the need for shelter, health and hy-
giene, a sustainable economy, and community
infrastructure, the absolute basic requirement is
for adequate food to be locally available for in-
dividual energy and nutrition needs. Will the
agricultural systems of this world be capable of
meeting this challenge? This is a very complex
issue not only of more than caloric and protein
requirements but also of food diversity and bal-
anced nutrition for quality of life. The income
elasticity of demand is higher for animal than

for plant foods. Generally, as peoples incomes
rise, so does their consumption of meat, milk,
eggs, and fish. An increased demand for animal
feed provides an indirect pathway from fodder
through conversion of animal products to food,
with lower conversion efficiency to food than for
plants eaten directly. Thus, linked to the rise in
population, the demand for feed will also rise.
In particular, this is occurring in the developing
economies of South and East Asia with over half
of the world’s population.

A doubling of food/feed production will
be required by 2050 to provide for the pro-
jected population at a satisfactory level (http://
www.wfp.org/content/world-must-double-food-
production-2050-fao-chief, Chapter 1, this
book). This goal will continue to rise rapidly, as
population growth continues past 2100.

Climate change adds much more uncertainty
and complexity to this challenge for agricul-
ture. Already extremes of high temperature and
drought are having impacts on production of an-
nual crops in mainly rainfed agriculture. The
most vulnerable growth stage for grain crops is at
anthesis and during grain filling. In some regions
drought stress can be relieved by irrigation from
rivers and ground water; however, temperatures

Crop Adaptation to Climate Change, First Edition. Edited by Shyam S. Yadav, Robert J. Redden, Jerry L. Hatfield,
Hermann Lotze-Campen and Anthony E. Hall.
c© 2011 John Wiley & Sons, Ltd. Published 2011 by John Wiley & Sons, Ltd.
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above 35◦C will threaten seed-set in most crops,
and failure often occurs by 40◦C.

Impact of global warming on crops

The impact of global warming has already been
stated, and can be observed by the frequency of
natural calamities in different countries across
the continents. These calamities are the results of
drought, temperature fluctuations, high rains and
floods, high CO2 emission, melting of glaciers,
and wild fires around the globe. Examples are nu-
merous geographically; some recently occurred
ones are listed below.

Drought

Drought is one of the most important threats
among the natural hazards/calamities to peo-
ple’s livelihoods, socioeconomic development,
food production system, and nutritional security.
When it occurs, it generally affects a broad agroe-
cological region for seasons or years at a time.
As per the global database of disasters main-
tained by the Centre for Research on Epidemi-
ology of Disasters, drought accounted for only
4.2% of the total natural disaster events (428 out
of 10,186 disasters) during the past four decades
(1970–2009). Africa has the maximum number
of droughts and also the maximum deaths due to
droughts, but Asia suffered the maximum eco-
nomic loss and also the maximum number of
persons affected due to droughts (SAARC Kabul
Workshop 2010). The impact of drought at global
level is shown in Table 24.1.

The figures in Table 24.1 indicate that eco-
nomic losses due to drought at a global level are
very high.

High temperature and wild fires

The global projections suggest that temperature
is rising and will continue to rise in future due to
high CO2 emission, deforestation, industrializa-
tion, and environmental pollution. Due to high
temperature, ice, snow, and glaciers are melting;
sea level is increasing; changes in the rainfall
patterns are occurring; and wild fires in differ-
ent countries like Australia, America, and Russia
are frequently occurring and damaging cropping
systems and ecological environments. A recent
example of these impacts was evident in Au-
gust 2010 when wild fires in Russia broke all
the records of the past 130 years, and tempera-
ture in Moscow city of Russia exceeded 38◦C.
Wheat exports had been stopped by Russia and
emergency was declared in the country. These
fires have spread to neighboring countries like
Georgia and Ukraine. The ban on wheat exports
by Russia has created a major social crisis in
Egypt (www.bbc.com). Thus, such extreme cli-
mate events are not only damaging crops and
agricultural production, but also affecting mil-
lions of people globally.

Rains and floods
In the recent years, there have been drastic
changes in the rainfall and storm patterns that
are visible in the form of floods and tornados on

Table 24.1. Continental Contrasts—Impact of Drought—1970–2009.

No. of events Total killed
Total affected

(millions)
Damage

(millions US$)

Africa 184 553,000 266.8 4,817
America 97 <100 47.2 15,433
Asia 100 >5,000 1,293.0 27,620
Europe 34 <10 10.4 18,561
Oceania 13 <100 8.0 10,103
Total 428 558,000 1,625.4 76,533

Source: EM-DAT, Centre for Research on Epidemiology of Disasters, Leuven.
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a global level. For example, devastating floods in
August 2010 in Pakistan, China, and India killed
more than 3000 people, and millions of hectares
of cultivated land and crops have been lost. These
floods have broken the records of more than 80
years in Pakistan (www.bbc.com). Interestingly,
the rains and floods in northern India in the month
of August and September 2010 also broke the
records of 100 years (www.Indiatv.com). Record
flooding in the central part of Iowa during August
2010 (with a combination of high temperatures
and excessive rainfall) are outside of the normal
patterns for both temperature and precipitation
at this time of year and impacted maize and soy-
bean yields.

It is possible that the ongoing research may
show a link between climate change and the in-
cidence of volcanic eruptions and earthquakes.

Crops that have been bred for prevailing trop-
ical and mid-latitude environments will be ex-
posed by 2050 to average temperature increases
of 1◦C on the optimistic scenario and 3◦C on
the worst case scenario which now appears more
likely (IPCC 2001). These will be accompanied
by an even greater frequency of extreme devi-
ations, including extreme temperature stresses
and variations in water availability through more
variable precipitation. Crops need to be bred for
anticipated rises in temperatures and to be more
tolerant of extreme stresses. Since these are out-
side of current typical crop environments, man-
aged stress environments are now important op-
tions for international breeding programs. Inter-
national Maize and Wheat Improvement Cen-
ter (CIMMYT) Mexico scientists screen elite
breeding lines for heat tolerance by delayed
sowing into summer with irrigation. Drought
stress screening is also managed by withhold-
ing irrigation at critical growth stages (see Chap-
ter 3.8, this book). A similar approach is used
by the CIMMYT maize breeding program and
by private maize breeders such as Monsanto
in southern Africa (Australasian Plant Breed-
ing 14th Conference 2009, Cairns, Queensland).
This genetic buffering to future temperature and
drought stresses can be built into crop breeding

programs; however, relatively little research has
been done on establishing managed screening
environments for increases in greenhouse pollu-
tants, particularly CO2, while regionally ozone
levels near industrial areas in the northern hemi-
sphere and SO2 in China will also be important.

CO2 levels, currently 380 ppm, are ex-
pected to double by 2100 (http://www.
climatechangeinaustralia.gov.au/documents/
resources/TR_Web_Ch4.pdf). A CO2 fer-
tilization effect of increased response to
photosynthesis is expected in all crops, perhaps
even with a bonus of increased nitrogen fixation
in legume crops. However, Free Air Carbon
dioxide Elevation (FACE) studies indicate that
the production penalty of increased temperature
above moderate increases will exceed the CO2

fertilization effect (IPCC Synthesis report,
Climate Change 2007). Yet, there may be a
physiological ceiling to grain production in
today’s cereal varieties that may be adapted
to current CO2 levels. Genetic variability for
improved response to the projected high CO2

has not been assessed comprehensively in
any crop. A capacity for improved harvest
index under high CO2, which could raise yield
potential, will require a managed environment.
As yet no breeding program has enhanced CO2

facilities to conduct the required screening for
CO2 stimulated productivity.

Just as the breeding of the green revolution
wheats was done for high input irrigated target
environments to identify the best yield poten-
tial, the screening environment now needs up-
dating for the new agricultural environment of
increased temperature and CO2 levels. This calls
for a shuttle breeding program encompassing the
screening of CO2 responsiveness and identifica-
tion of molecular markers for the relevant quan-
titative trait loci (QTLs), combined with selec-
tion for temperature/drought stresses in managed
field environments (see Chapter 3.8, , this book).
After CO2 responsive parents are identified, and
suitable marker-assisted selection (MAS) proce-
dures available, the crossing and early generation
selection could be carried out in the field under
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current CO2 concentration. Only the advanced
elite selection would need to be confirmed for
CO2 response in enhanced CO2 facilities, with
complementary heat and drought stress toler-
ances already selected.

The goal of increased food production in 2050
will utilize a combination of three strategies:

� a switch to crop species with regional adapta-
tion to important stresses, especially tolerance
to heat and drought stresses,

� intraspecific genetic improvement of existing
crops, and

� agronomic improvements in production for
rainfed and for irrigated farming systems, in-
cluding strategies for; water efficiency, re-
duced tillage, targeted fertilizer application
etc., which are not addressed in this book,
but which are complementary to genetic
improvement.

Crop options with climate change

The change of crop profiles will vary by re-
gion and preferred crops, but will be affected by
generally shorter growing seasons with global
warming, and wider variations in temperature.
Thus, both earliness and greater crop reliability
will be sought in tropical and temperate latitudes
of low to medium elevation. Yet for some re-
gions with high altitudes or high latitudes, the
length of growing season may be increased with
more frost-free days, and a moderate increase
in temperature may favour crop production (see
Chapter 4, this book). In other regions, a mod-
erate temperature increase may initially favour
production (Chapter 1.2, this book) but then fur-
ther temperature increase and increased vari-
ability would result in a greater frequency of
heat stress events. Adaptation needs by crops
for future food security have been reviewed by
Lobell et al. (2008), with modeling indicat-
ing high vulnerability for southern Africa, West
Africa, and South Asia. Crop improvement pri-
orities include wheat, rice, millet, rapeseed, and
Soybean in South Asia, maize in South Africa,

sorghum, groundnut, and yams in West Africa.
A strategy of switching to less impacted crops is
also suggested as a viable adaptation option.

The choice of cereal crops for different agroe-
cological conditions is displayed in West Africa.
Among tropical cereals, the shorter season pearl
millet is better adapted to the heat and drought
stress of the sub-Saharan Sahel region than
sorghum, which is more widely cultivated in
the wetter Savannah zone, while maize is bet-
ter suited to the higher rainfall Savannah rain-
forest zone as well as being more responsive to
fertilizer inputs. Where fertilizer distribution has
been established in association with local credit
schemes, maize has been more profitable than
sorghum and has become a major crop in West
Africa. Rice growing has expanded mainly in
the rainforest zone, irrigated and semiflooded, in
Nigeria, Guinea, Mali, and Ivory Coast. Wheat
production is limited to the cool dry season in
the northern Savannah.

Common beans (Phaseolus vulgaris) are a
mid-elevation tropical legume, and less tolerant
of heat stress than lima beans (Phaseolus luna-
tus) and cowpea (Vigna unguiculatus) cultivated
in low-elevation tropics. The latter are grown
in West Africa from the coastal rainforests to
the Sahel, and landraces with short maturity and
heat tolerance have been identified (Chapter 16,
this book). Soybeans have been recently intro-
duced to Nigeria, with production exceeding
0.5 million ton, after pest disease and nitrogen
fixation problems were solved with research.
A form of tofu is used in local recipes (http://
www.scienceinafrica.co.za/2001/may/tofu.htm).

Very recently, hybrid early maturing pi-
geon pea has been introduced to East Africa
(http://www.icrisat.org/newsroom/latest-news/
happenings/happenings1416.htm#1r). This is
an attractive and more reliable food option
than the traditional local maize. There are other
such examples where targeted adaptive research
has accelerated the introduction of a new crop
at a faster rate than previously, when it took
many decades for the reciprocal interchange of
crops between the “old” and “new” world in the
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sixteenth century. Climate change could become
the trigger for a new wave of crop substitutions
around the world.

Among the cereals in the temperate zone,
barley is regarded as faster maturing and more
heat and drought tolerant than bread wheat
(Hadjichristodoulou 1984; Rees et al. 1991) that
in turn has wider adaptation than durum wheat.
Oats are comparatively adapted to the high al-
titude and cool temperate zones, as too is ce-
real rye. Lane and Jarvis (2007) examined rela-
tive changes in area of different crops with the
“Ecocrop” model and indicate that with global
warming cold weather crops such as wheat
(18%) and rye (16%) suffer significantly de-
creases in suitable areas compared with bar-
ley (2% gain), while large gains are predicted
for pearl millet (31%), chickpea (15%), and
soybean (14%).

Among the temperate legumes, in the winter
rainfall zone of southern Australia, peas are best
adapted to semiarid zones and have versatility in
end use. The presence of widespread saline sub-
soils may favour peas over chickpeas, whereas
chickpeas are widely grown in India on reserve
soil moisture after the monsoon main crop sea-
son where deeper rooting plus better adaptation
to warm temperature are advantages that make
it more attractive with predicted climate changes
(Lane and Jarvis 2007; Chapter 9, this book).

Changes in the relative areas of crops with
climate change have been examined for temper-
ature and moisture effects, but not for CO2 re-
sponsiveness. The scale of research and breeding
for heat and drought stresses in wheat and maize
at CIMMYT and in rice at IRRI reflects their
importance as major food staples. Even though
cowpea is a minor crop, there has been research
into genetic variation for tolerance of high night
temperature and production of pollen, followed
by the breeding and release of a heat stress tol-
erant variety (Chapter 16, this book).

Genetic variation for heat stress tolerance, un-
der major gene control in some cases, has been
found in wild tomato, pepper, cabbage, common
bean, and mung bean (Chapters 15 (beans) and

18 (vegetables), this book). It is likely that more
genetic variation for tolerance of heat stress will
be found in other crops, especially in land races
from stress-prone regions, as for cowpeas and
for rice (Chapter 13, this book), and in the wild
relatives that often have wider variation than in
the domestic gene pool. Abiotic stress tolerances
(especially for heat and drought) are found in
wild relatives of rice, potato, and in both domes-
tic and wild gene pools of wheat and common
bean as cited in this book. But the reality is that
for many crops these abiotic stress tolerances
have yet to be screened in the wild relatives,
where the limited research has been concentrated
on screening for major gene control of pest and
disease resistances, which are easier to introgress
into the domestic gene pool than quantitatively
inherited traits. Research in the related wild gene
pools of wheat show these to be an important
source of variation for abiotic stress tolerances,
and also for improved yield potential (Chapter 6,
this book).

In this book, we have attempted to examine
the capacity for adaptation to climate change
in a wide range of crops, and to assess the
availability of genetic resources to meet this
challenge. The aggregate research on this topic
varies greatly between crops, precluding a well-
informed comparison among crops. It is to be
expected that genetic potentials for tolerances to
abiotic stresses will differ among domestic and
wild gene pools. Chickpeas, for instance, have
undergone repeated postdomestication genetic
bottlenecks to severely reduce genetic diversity
in this crop (Abbo et al. 2003). Wild relatives as
sources of diversity for abiotic stress tolerances
will be a more important research priority in the
future. However, for faba bean with no known
wild relatives, the options may be more limited.

A wider search for sources of stress tolerance
in distantly related species will be more diffi-
cult but perhaps necessary, to buffer food pro-
duction against climate change. In Chapter 27
(this book), Xue and McIntyre review the po-
tential to tap into the component physiological
mechanisms and gene regulatory systems with
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the use of biotechnology tools. Such transgenic
approaches will open up new opportunities and
perspectives for improved productivity toward a
doubling of food production by 2050.

Genetic diversity within crops for
adaptation to climate change

Will genetic improvement of crops be needed for
adaptation to climate change? There is a wide
range of conclusions among the crop experts in
this book from very little adjustment for cassava;
except in local phenology, storage roots tolerant
of rainfall, and herbicide tolerance; to major ad-
justment for rice, cowpeas, maize, and sorghum
for the warmer and drought prone environments
in semiarid subtropical regions.

Legume crops

The legume crops are well placed to doubly ben-
efit from elevated CO2, with increased photo-
synthetic carbon fertilization directly enhancing
growth, and indirectly enhancing nitrogen fix-
ation. However, there are also likely to be dif-
ferences among species (West et al. 2005). The
increased availability of nitrogen would support
both the expansion of the plant sink for vegeta-
tive growth and for grain yield, and more efficient
rubisco-mediated carbon fixation. The legumes
will likely have a more significant role in farm ro-
tations as an alternate source of nitrogen for other
crops. However, there is wide genetic variation
among the legumes in environmental adaptation,
end use, and diversity for tolerance of abiotic
stresses.

In cowpea, the vegetative stage is more tol-
erant to heat stress at 41◦C/24◦C under 14–
15 hour days than the reproductive stage (Chap-
ter 15, this book). High night temperature re-
duced pod-set with 4.4% yield decline per degree
Celsius above 15◦C night temperature, but not
the maximum day temperature. Pollen viability
and pod-set are most sensitive to night heat with
daylength interaction. The domestic gene pool
has major gene variation for flower and for pod

production, and some accessions have both sets
of genes. Extreme stress selection environments
can be used to identify parents and breed for heat
stress tolerance. A heat stress tolerant cultivar
bred in California also had grain yields equal to
the best check under moderate conditions. Heat
tolerant selections were semi-dwarfed and had
greater harvest index. Delayed leaf senescence
helps survival under drought, and can be com-
bined with heat tolerance for yield benefits.

Heat tolerant edible pod cowpeas bred in In-
dia had both floral bud and pod-set tolerances to
heat stress and were also semi-dwarf. Progeny
of parents selected in extreme environments in
California, then screened for agronomic traits
in Ghana, led to two cultivars. Heat stress af-
fects reproductive development in heat sensi-
tive lines making them less responsive to ele-
vated CO2, whereas heat tolerant lines have large
increases in pod production. At elevated CO2

(700 ppm), pod yield increased by 45% in one
study. In the tropics, useful heat-tolerance traits
are high pod-set and maintenance of many seed
per pod. Cowpea has genetic variation for heat
tolerances at different growth stages, some being
simply inherited, and there is potential for indi-
rect selection. Currently, cowpea adaptation ex-
tends into the low rainfall zones of West Africa,
with adaptation for short-day responsiveness un-
der sorghum intercropping with flowering and
seed-set after the end of the rainy season in sa-
vannah Nigeria (Steele and Mehra 1980).

Soybeans have genetic variance for water-use
efficiency (WUE), rooting depth and mass, pho-
toperiod control of phenology, and adaptive par-
titioning to roots under water deficit (Chapter
17, this book). It has a high tolerance of heat
with seed size maximized at 23◦C, compensa-
tion of smaller seed at 28◦C with an increase in
seed number, and yield decline above 32◦C. The
grain-filling period is reduced at high tempera-
tures. Trait combinations for “stay-green” longer
grain filling, rate and depth of root growth, and
WUE have cumulative effects on yield. Response
to CO2 enrichment is greater under drought
stress. Stomatal conductance is reduced 40%
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with doubling of CO2; however, transpiration re-
duces by 10% and the canopy is 2◦C warmer. The
latter may result in heat stress in tropical regions.
Besides improved WUE, elevated CO2 increases
photosynthesis leading to increased partitioning
to roots for water uptake and nitrogen fixation.
Soybeans are adapted to the current range of high
temperatures in the tropics and subtropics. But
with climate change bringing even higher tem-
perature extremes, novel sources of genetic vari-
ation may become important from the primary
and secondary gene pools, and even the tertiary
Glycine gene pool that is also indigenous to the
harsh environments of Australia.

Beans (P. vulgaris) have an optimum tem-
perature for growth of 17.5–23◦C, with re-
duced pollen viability, flower and pod-set above
30◦C/20◦C day per night temperatures (Chapter
16, this book). Heat tolerance will be more im-
portant than drought tolerance for adaptation to
climate change. Although there is genetic vari-
ation for heat and for drought stress, includ-
ing a deep rooting trait, wider genetic variation
for these occurs in the secondary gene pools
for tepary (Phaseolus acutifolius) and runner
(Phaseolus coccineus) beans. Such interspecific
crossing may be the required strategy for abiotic
stress tolerances and also for the new insect-pest
and disease resistances with climate change.

Pea is the world’s third most important grain
legume, with multiple end uses as vegetable and
grain foods, and as fodder, silage, and grain
feed (Chapter 7, this book). However, research
on responses of crop plants to combination of
both heat and drought stresses and to elevated
CO2 associated with climate change has been
quite limited. Heat stress reduces photosynthesis
and seed-set, flower abortion may occur above
27◦C. High CO2 mitigated the reduction of leaf
water potential and of height in response to
drought, but there is little knowledge of inter-
action of heat stress with elevated CO2. Semi-
leafless types have greater WUE and more tol-
erance of drought than normal leaf types. There
is wide genetic diversity for abiotic stresses in
domestic and in wild primary gene pools. Pea

has advanced molecular technologies for link-
age maps and gene identification. The potential
exists to identify alleles for tolerance to both
heat and of drought stresses, and to breed for
responsiveness of biomass/grain yield and nitro-
gen fixation to elevated CO2. However, there is
no active breeding as yet.

More studies are needed of genetic diver-
sity for heat and for drought tolerance in faba
bean, for which no wild relatives are known,
thereby limiting the scope for genetic improve-
ment (Chapter 10, this book). There is genetic
variation for dehydration through stomatal con-
trol and for depth of rooting. Subtropical regions
such as Bangladesh have heat tolerant cultivars,
provided that nights are cool and soil moisture
is nonlimiting (30◦C/15◦C), and Mediterranean
cultivars may tolerate up to 32◦C. In the absence
of drought, large yield increases are obtained at
elevated CO2, though whether this is associated
with increased nitrogen fixation is unclear. Po-
tential interactions between elevated CO2 and
heat and drought stresses have not been investi-
gated. The scope for adaptation to climate change
is largely unexplored.

Drought may be mitigated in chickpea with
genetic variation for deeper roots (Chapter 9, this
book). Chickpea also has superior drought toler-
ance in the tertiary gene pool and flowering/pod-
set heat (>35◦C) tolerance in the domestic gene
pool. Elevated CO2 increases pod-set and yield
in chickpea and is likely to increase nitrogen fixa-
tion. Markers for root and drought traits are being
identified, but the application of MAS for stress
traits has yet to be realized. Climate change may
have greater indirect effects on chickpea produc-
tion through effects upon pests and diseases.

Due to the allocation of more photosynthate
to production of protein in legumes, the produc-
tivity levels in legumes are poor in comparison
to cereals. Mostly, the legumes are rainfed crops,
and good agronomic management under rainfed
environment play an important role in enhancing
crop yields. Good tillage under rainfed environ-
ments can improve WUE and nitrogen fixation in
legume crops (Al-Tawaha et al. 2010). In legume



P1: SFK/UKS P2: SFK Color: 1C

BLBS082-24 BLBS082-Yadav July 12, 2011 17:13 Trim: 246mm X 189mm

THE POTENTIAL OF CLIMATE CHANGE ADJUSTMENT IN CROPS 489

crops, limited success has been achieved in crop
improvement program to develop multiple re-
sistant, widely adapted, high-yielding cultivars
for rainfed environments. There is a need to de-
velop and create new gene pools in these crops,
possessing multiple resistances and wide adap-
tation for stress environments to meet the chal-
lenges of global warming. Climate change may
have greater direct and indirect effects on legume
production through changes in the pests and
diseases.

Thus, for legume crops, genetic variation for
heat tolerance varies widely, from large oppor-
tunities in the domestic gene pool for cowpea
to limited in chickpea, to considerable opportu-
nity in the secondary gene pool as with common
beans or no opportunity for faba bean. Genetic
diversity for drought tolerance is often available
through such traits as deep rooting. However,
very little is known on genetic diversity for re-
sponsiveness to CO2, both directly for photosyn-
thesis and indirectly for stimulation of nitrogen
fixation. This may have significant implications
for future farming systems.

Nonlegume crops

In other crops, nitrogen fixation is mostly ab-
sent, except via endophytes in sugarcane but ap-
parently confined to Brazil. With increased rate
of photosynthesis with climate change, mineral
nitrogen levels may be relatively diluted in non-
legumes to result in reduced levels of protein.
Climate change effects are more direct, with CO2

enhanced photosynthesis, a rise in mean and in
extreme temperatures for crops, and greater un-
certainty of rainfall. For many crops, there is
little knowledge of response to CO2, nor of in-
teractions with temperature and drought stresses.

Bread wheat and rice are major world staples,
which have received the greatest attention for
both sources of abiotic tolerances and breeding
for climate change.

For wheat, physiological and morphological
traits are addressed for drought tolerance (Chap-
ter 6, this book). Synthetics or hexaploid wheat

reconstituted from combining durum wheat (A
B genomes) with the Triticum tauschii source of
the D genome have provided genetic variation for
deeper roots and maintenance of seed weight dur-
ing drought. The domestic wheat gene pool has
major gene control for osmotic adjustment, phe-
nology adjustment with photoperiod and flow-
ering genes, stem thickness and internodes, and
leaf morphology. The “stay-green” avoidance of
leaf senescence derives from synthetics, confer-
ring heat tolerance. However, QTLs for stress tol-
erance tend to be influenced strongly by the ge-
netic background as well as environments. Sus-
tainable conservation agriculture needs changes
in breeding trial environments to respond to
genotype × farming system interactions. There
is good opportunity to breed for genetic adjust-
ment to climate change in wheat, for more un-
predictable rainfall and increased temperatures,
combined with a fertilizing effect of elevated
CO2.

Responses of barley to climate change will
be similar to wheat with both crops showing a
positive response to increasing CO2. Exposure
to extremes in temperature and lack of adequate
soil water will cause these two crops to show re-
duced yield through reduced tillering, head size,
kernels per head, and weight per kernel. Both
crops show an interaction to climatic parame-
ters with available nitrogen and development of
management systems for climate stress will need
to account for nitrogen availability. Since these
crops are grown in areas with potential exposure
to more extreme conditions, quantifying the ef-
fects of drought and options to overcome drought
through genetics and management will increase
the stability of wheat and barley production.

Rice responds to elevated CO2 levels; how-
ever, increased photosynthesis and decreased
stomatal conductance is down-regulated at matu-
rity to a 10% photosynthetic gain compared with
30% at mid-tillering, with 15–30% biomass/
yield gain (Chapter 12, this book). Down-
regulation of photosynthesis in later growth
stages is greater in grasses than in legumes es-
pecially if N supply is limiting. Yield response
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to CO2 fertilization is greater in hybrid than in
conventional rice, possibly reflecting a greater
sink strength. This is also greater in the indica
than the japonica types. Stomatal conductance is
reduced with elevated CO2 and WUE increased,
leading to an increase in canopy temperature. A
temperature increase of 2◦C will increase yield in
cool areas, but reduce yield in dry season tropics
and other warm environments, aggravated by el-
evated CO2 reducing transpiration. Above 32◦C,
the temperature reduction of photosynthesis and
of yield is greater than the predicted CO2 en-
hancement. Genetic variation is found in Iranian
landraces and some cultivars for high temper-
ature tolerance at anthesis, and in the primary
gene pool for root traits conferring drought tol-
erance. Abiotic stress tolerant genes are present
in wild rice and in Oryza glaberrima. Unknown
issues with climate change include overall sink
regulation and partitioning of photosynthate and
nitrogen uptake. There are good prospects to se-
lect for adaptation to climate change, with wider
exploitation of land races from extreme environ-
ments and of wild relatives.

Maize is not as responsive to increasing CO2

because of the C4 metabolic pathway (Chapter
14, this book). Temperature increases, as pro-
jected under climate change, will decrease the
life cycle and duration of the reproductive stage.
The projected reduction in grain yield will be
partially offset by the increases in CO2 but may
be affected more by the extremes in temperature
and precipitation. Temperature effects on polli-
nation and kernel set may be one of the critical
responses related to climate change (Banziger
et al. 2000; Lobell et al. 2011). The greatest
loss in productivity of maize is predicted for
southern Africa (Lobell et al. 2008). CIMMYT
(International Maize and Wheat Improvement
Center) and IITA (International Institute on
Tropical Agriculture) breeding programs have
delineated six to eight mega-environments in
southern Africa (Bänziger et al. 2004; Setimela
et al. 2005). However, end-use characteristics,
colour preferences, and other factors may often
prevent the direct use of lowland-adapted vari-

eties to replace the varieties adapted to the mid-
elevation or upland mega-environments with
higher temperatures as a result of climate change.
Breeders will need the capacity to rapidly move
stress tolerance traits into germplasm preferred
by people in the target environment they serve.

Genetic variation is present in maize for
drought and other stress traits and can be ex-
ploited in superior performing genetic back-
grounds (Vasal et al. 1999; Banziger et al. 2000).
Most abiotic stresses including drought are com-
plex, and rapid progress is not easily attainable.
Lines that are tolerant to drought alone may
or may not perform well when screened under
combination of drought and high temperature
(BM Prasanna, personal communication). Joint
screening for both drought and heat stresses is
required, especially for enhancing adaptation of
crops to environments which are prone to both
the stresses.

For drought, it is desirable to identify a few
key traits or secondary traits that can facilitate se-
lection. In maize, anthesis-silking interval (ASI)
is considered a good secondary trait to facili-
tate selection for drought tolerance (Borras et al.
2007; Edmeades et al. 2000). It is also an im-
portant trait for other stresses. Inbreeding, high-
density, and pre-flowering biotic stresses can
adversely affect ASI. Ear number and seed-set
are additional traits that could facilitate drought
work.

Both direct and indirect breeding options can
be deployed considering the robustness of popu-
lation and hybrid research activities (Edmeades
et al. 1998; Vasal et al. 1997). For managed
drought stress screening, a rain-free season is
a must, with evaluation of genotypes/breeding
materials under no stress (control), intermedi-
ate stress, and severe stress conditions. Use of
selfed progenies and inbred testers in popula-
tion improvement efforts is preferred to non-
inbred progenies to help improve heritability
of the trait. Choice of stratified mass selection
or full-sib family selection or modified half-sib
reciprocal recurrent selection depends on man-
power, physical facilities, available testing sites,
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and resources allocated to this activity (Vasal
et al. 1997).

The drought tolerant source Michoacan 21
(“Latente”) has been known for several decades.
Because of poor agronomic performance and
other undesirable attributes, it has been difficult
to exploit and transfer this trait to other genetic
backgrounds. CIMMYT researchers selected
this trait to the widely grown Tuxpeno popu-
lation adapted to lowland conditions. Progress
from eight cycles of recurrent full-sib family
selection was encouraging and demonstrated
that tolerance of water deficits at flowering
and during grain filling can be improved at no
cost to performance in well-watered conditions
(Bolaños and Edmeades 1993; Edmeades et al.
1993). Gains averaged 90 kilograms per hectare
per cycle across all sites at a mean yield level
of 5.6 tons per hectare with yield potential in-
creased in both well-watered and drought stress
environments (Byrne et al. 1995).

An important recent finding is that drought
selections also perform well under low-N condi-
tions (Banziger et al. 2002). Also, a number of
good drought-tolerant lines have been selected
from inbred line evaluation trials with no previ-
ous history of selection for drought (Vasal et al.
1997, 1999, 2000, 2001). Hybrids tolerant to
drought were also identified, though such hy-
brids were never previously selected for drought.
Thus, there are good opportunities in maize to
breed for abiotic stress tolerances.

For tropical vegetables, heat tolerance will
be the most significant challenge from climate
change (Chapter 18, this book). Heat tolerant
mechanisms include leaf hairiness and wax,
heat shock proteins, specific isozymes of cata-
lase/peroxidase, with the focus on dissection of
tolerance traits to components highly correlated
with heat tolerance.

In tomato, there is genetic variation for
heat stress tolerance for pollen production
and viability, possibly under major gene con-
trol, and genetic variation for fruit set under
high temperature. Novel sources of heat tol-
erance have been introgressed from the wild

tomato species Solanum chilense and Solanum
pennellii.

In pepper, high temperatures reduce fruit size,
pollen fertility, and growth. High temperature
increases floral abscission, but there is genetic
variation for fruit set. Pepper breeding lines with
heat tolerance have been developed with selec-
tion both in optimal and in warm conditions.

There is major gene inheritance in cabbage for
heat tolerance. This is expressed by anthers ac-
cumulating proline under increased temperature,
more and longer/thicker leaves, greater water up-
take, and increased superoxide dismutase, cata-
lase and ascorbic acid peroxidise. A heat-shock
tolerance gene has been isolated.

Mung beans are adapted to high temperature
growing conditions, and have good genetic vari-
ation for abiotic stress. Presence of early gene
pool in cultivated varieties, resistance against
high temperature, and effective WUE has made
this crop suitable for wider cultivation.

There is good capacity to deploy genetic vari-
ation for heat stress in a range of vegetables.

Climate change models suggest a 32% drop
in potato production globally (Chapter 11, this
book). Temperature changes (rises) are expected
to be more critical for potato production than
precipitation changes. Minimum temperatures
are the most limiting at high latitudes, and
maximum temperatures in the subtropics. Each
10◦C increase in temperature doubles respira-
tion rate and accelerates leaf senescence. Night
temperature >17◦C restricts tuber initiation,
and the optimal temperature for tuber bulking
ranges 14–22◦C. Heat tolerance genes may
regulate phloem unloading, sucrose and starch
metabolism in tubers, and possibly detoxifi-
cation of reactive oxygen species involved in
starch synthesis and sink strength regulation.
Tuber initiation is more susceptible to heat stress
than carbon partition, but some wild species
tuberise at 30–40◦C.

Potato has genetic variation for drought
tolerance and for WUE, which may reflect
stomatal behavior, improved water uptake,
desiccation tolerance, or reduced transpiration.
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Genetic variation in root length possibly is aided
by osmotic adjustment, with correlation to tuber
yield. Commercial potato has a narrow genetic
base. Three to seven backcrosses are needed
to transfer a major dominant gene from wild
tuber-bearing relatives to domestic cultivars,
due to problems with different ploidy levels.
Systematic screening of wide germplasm is
needed with priority to ecologic sources for
specific adaptations (GIS climatology) for
focused trait screening of target germplasm.
Whole genome sequences are available for anal-
yses of linkages and of epistatic interactions,
in polyploids. There is wide scope to utilize
genetic diversity for heat and drought stress,
and response to CO2 is largely unresearched.
A very large expansion of breeding effort is
needed to adjust to climate change.

Sugarcane has high levels of ploidy, n =
10 for Solanum officarum, n = 8 for Solanum
spontaneum, and modern cultivars have 100–130
chromosomes with 80% ex officinarum, 10%
spontaneum, 10% recombined between species
(Chapter 21, this book). S. spontaneum con-
tributes not only tolerance to abiotic stresses,
rationing ability, and pest/disease resistances but
also low sucrose and high fiber. It is found in
widely diverse habitats, jungles/deserts/swamps
and freezing high altitudes, and is a potential
source of genetic variation for abiotic stresses of
climate change. Other wild relatives of the Sac-
charum complex may be sources of tolerances
to abiotic stresses, plus vigour and disease resis-
tances. As a C4 crop, response to increased CO2

is modest, with less stomatal conductance and re-
duced water consumption but increased leaf tem-
perature. A range of WUE and yield responses
have been found. Drought tolerance mechanisms
include more vigorous roots, early stomatal clo-
sure, leaf rolling and leaf senescence; however,
some drought avoidance traits negatively affect
biomass yields. Transpiration efficiency varies
widely among interspecific hybrids. A study of
unselected clones in Australia gave similar re-
sults across many regions but lower yields for
the Ord River region that is 3◦C warmer. Sugar

content is lower at high temperatures. More study
is needed of physiological responses, and of ge-
netic diversity, for heat stress. There has been
very little study of CO2 response. The Ord River
may be an analogue environment for climate
change. The topic has been little explored.

Delayed senescence “stay-green” has major
gene inheritance in sorghum (Chapter 14,
this book). Sorghum, a C4 crop, has much
greater WUE than wheat, and is drought
tolerant with good recovery in subsequent
rains. “stay-green,” maturity variation, and
osmotic drought tolerance can be selected by
screening alternate generations in drought and in
high-yield environments. Regulatory genes for
drought tolerance have been mapped and both
genotypic and cytoplasmic variation for heat
tolerance also provides the possibility for MAS.
There appears to be good scope for adaptation
to climate change in sorghum.

Suitable growing regions for cassava may be
increased with warmer temperatures, whereas
higher CO2 may reduce production increase
cyanogenic glucosides in roots (Chapter 19, this
book). More erratic rainfall could affect food
quality. Climate change may have greater indi-
rect effects on cassava production through effects
upon pests and diseases. Reduced tillage has po-
tential to improve WUE; however, this depends
on future success in identifying genes for her-
bicide tolerance. Thus, cassava requirements for
adjustment to climate change are different from
grain crops.

Brassica species include important oilseed
crops as well as vegetables (Chapter 22, this
book). The focus of this book is on field crops
and hence oilseeds. Climate change may affect
oil content, oil quality, and seed yield. Increases
in temperature and moisture stresses will have
negative effects and little is known of responses
to CO2. The main oilseed species are polyploid,
and extensive variation for abiotic stresses is
available from the domestic diploid parents and
their wild relatives. Although certain interspe-
cific crosses present difficulties, there is a large
scope for selecting adaptation to climate change
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with resynthesis of the polyploid crops. Bras-
sica juncea is better adapted to heat and moisture
stress than Brassica napus, the current principal
oilseed crop. Possibly, it may be replaced by B.
juncea as a consequence of climate change. Ma-
jor diseases such as blackleg in Australia may
increase in severity. Thus, breeders have a wide
range of options for genetic mitigation of climate
change.

In many crops, the primary and secondary
gene pools have yet to be explored for toler-
ance of heat and of drought stresses, and of-
ten little is known of heritable responsiveness to
CO2 fertilization. There may also be complex
environmental interactions of photoperiod with
heat tolerance, and of CO2 response with both
drought and temperature tolerances. Clearly, cli-
mate change raises new challenges in crop breed-
ing, and prompts rethinking of diversity between
crops for regional adaptation, such as genetic
variation for earliness, and especially tolerance
to heat stress. Predicted high temperature ex-
tremes in the tropics and temperate zones are
expected to exceed those in current analogue
environments in the worst case climate change
scenarios.

Conclusions

Climate change will have large impacts on global
production and productivity of crops, unless ur-
gent and concerted measures are taken for en-
hancing the adaptation of the crops and the crop-
ping systems. Associated with global warming,
natural calamities are increasing and having a
negative impact on overall agriculture produc-
tion globally. The intensive screening of avail-
able genetic resources including wild species
and landraces, against drought, temperatures ex-
tremes, flooding/waterlogging and elevated CO2

levels is needed for the identification of suit-
able donors and varieties across crops. New plant
breeding approaches and biotechnological tools
and techniques must be identified and utilized in
the development of new material with adaptation
to climate changes, and for commercial cultiva-

tion globally. To mitigate the adverse impacts of
climate change, crop adaptation must go hand in
hand with mitigation measures. Relevent tech-
nologies highlighted in this book, may be po-
tentially adopted by the scientific and farming
communities, national and international institu-
tions and governments, and private organizations
worldwide.
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Chapter 25

Crop Germplasm Diversity: The Role of Gene
Bank Collections in Facilitating Adaptation to
Climate Change
Laura K. Snook, M. Ehsan Dulloo, Andy Jarvis, Xavier Scheldeman, and Margaret Kneller

Climate Change and Agriculture

The impacts of climate change on agriculture
are projected to be significant. Assuming green-
house gas emissions continue to rise at current
rates (the A2 or “business as usual” scenario
of the IPPC; Nakicenovic & Swart 2000), the
temperature of the earth’s surface is expected to
increase by about 3◦C, on average, during the
twenty-first century. Temperature change will be
accompanied by changes in rainfall regimes and
an increased frequency of droughts and floods
(IPCC 2007). The specific spatial distribution of
future climates (mean air temperatures and pre-
cipitation) is difficult to predict; however, we can
expect three future scenarios: (a) the climates in
some areas will become analogous to current cli-
mates in other areas, (b) some projected future
climate regimes will be different from any cur-
rent climates (so-called novel climates), and (c)
some current climates will disappear (Williams
et al. 2007). These changes will shift the areas
suitable for a wide range of crops.

Jarvis et al. (2009a) used a modification of
the Ecocrop model in DIVA-GIS (Hijmans et al.
2005) to map the global distribution of areas

suitable (based on monthly precipitation and
temperature) for cultivation of 50 crops. Com-
paring current crop suitability maps to projected
suitability maps for 2055, based on the A2 SRES
emission scenario, they found that most crops
suffered decreases in suitable area (on average),
while other crops gained ground. Models pro-
jected an increase in areas suitable for cultiva-
tion in the northern latitudes and declines in sub-
Saharan Africa and the Caribbean as well as the
Sahel, parts of southern Africa, India, and north-
ern Australia (see Fig. 25.1). Similar analyses for
food-insecure regions carried out by Lobell et al.
(2008) also revealed that agriculture in southern
Africa and South Asia would suffer as a result of
climate change.

Warming temperatures are expected to reduce
crop yields, even in areas that are currently con-
sidered suitable for their cultivation (Ortiz et al.
2008). Outputs from 23 global climate models
show a probability of >90% that by the end
of the twenty-first century, growing season tem-
peratures in the tropical and subtropical regions
(portions of Asia; Africa; South, Central, and
North America; and the Middle East) will exceed
the most extreme seasonal temperatures recorded
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Fig. 25.1. Average change in area suitable for growing 50 major world crops, derived from a modified Ecocrop approach.
Legend refers to percent of area lost or gained, summing all crops (Jarvis et al. 2009c).

from 1900 to 2006 (Battisti and Naylor 2009).
Even mid-latitude crops will suffer under those
higher temperatures, as evidenced by the reduc-
tion in agricultural yields of 21–36% (depending
on the crop) as compared to the previous year
as a result of record heat in Europe during the
summer of 2003 (Easterling et al. 2007 in Battisti
and Naylor 2009). Temperature increases are ex-
pected to limit the potential positive effects of
elevated CO2 on photosynthesis (Tubiello et al.
2007). Climate change will also modify grow-
ing seasons and result in more frequent extreme
weather events, including severe droughts and
flooding. Changing climate is already altering
the distribution and life cycles of pests and dis-
eases, which will affect both crop production and
profitability (Tubiello et al. 2007; Diffenbaugh
et al. 2008). Some studies see moderate to severe
adverse effects on agricultural productivity oc-
curring within the next two decades (Easterling
et al. 2007; Lobell et al. 2008).

Farmers’ ability to adapt to climate change
will require their effective deployment of culti-
vars or crop species suited to projected future
conditions, with appropriate thermal time and
vernalization requirements and/or resistance to
heat shock and drought (Howden et al. 2007;
Ortiz et al. 2008) or other abiotic conditions,
like salinity or flooding. These alternative cul-
tivars or crops will also need to be resistant

to pests and diseases of which the ranges or
the virulence may increase as a result of cli-
mate change. The diversity of genetic traits in
seeds and other reproductive materials held in
germplasm collections represents our most im-
portant resource for adapting agriculture to cli-
mate change. The potential to harness the diver-
sity of these materials depends on the breadth
and completeness of gene bank collections; the
quality of management and the genetic integrity
and security of those collections; the availabil-
ity of and access to information on critical traits
of the conserved materials; and access to repro-
ductive material by researchers, breeders, and
other potential users, including farmers, around
the globe.

The breadth and completeness
of germplasm collections

Gene bank collections were established to con-
serve the diversity of cultivars developed over
millennia through selection by farmers all over
the world. In the early twentieth century, the
Russian scientist Nikolai Vavilov mounted ex-
peditions to the centers of diversity and origin
of crops, obtaining nearly 250,000 seed samples
of cultivars grown by farmers (“landraces”) that
were stored at the collection in St. Petersburg
that now bears his name. His efforts were
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followed by those of others, among them are
Harry and Jack Harlan, Otto Frankel, Erna
Bennett, and M.S. Swaminathan, who collected
crop diversity and lobbied for its conserva-
tion (Fowler and Mooney 1990). The diversity
in these collections of landraces provided the
raw materials that plant breeders used to create
high-yielding varieties combining the traits of
multiple ancestors. Starting in the 1960s, the
International Agricultural Research Centres sup-
ported by the Consultative Group on Interna-
tional Agricultural Research (CGIAR) and other
agricultural research organizations bred modern
varieties of 11 major food crops that tripled
food production in developing countries between
1961 and 2000. The genetic qualities of these
improved varieties, independent of the effect of
fertilizer and other inputs, were estimated to
have contributed to an increase in crop yields
of 21–43%, fueling the “Green Revolution”
(Evenson and Gollin 2003).

The success of plant breeding resulted
in the decisions by many farmers to plant
high-yielding varieties, abandoning their tra-
ditional landraces. Recognizing that this pro-
cess would lead to the loss of genetic re-
sources that would be useful for continuing
crop improvement, the Food and Agriculture
Organization (FAO) of the United Nations es-
tablished the International Board for Plant
Genetic Resources (IBPGR) (now Bioversity
International) specifically to collect agricultural
biodiversity and to conserve it in gene banks,
where it would be maintained to be used for
the benefit of current and future generations.
Between 1976 and 1996, 558 collecting mis-
sions were carried out that returned with 225,980
samples from 137 countries. Today, the 11
gene banks of the Consortium of International
Agricultural Research Centres supported by the
CGIAR hold more than 740,000 samples of 3400
species representing 612 genera. Fifteen large
national collections hold a total of 162,772 sam-
ples of 1906 species in 463 genera. In total, the
world has 1750 gene bank collections that con-
serve 7.4 million samples, about 30% of them

distinct (FAO 2010), obtained either through
collecting from farms and natural habitats or
through germplasm exchange with other collec-
tion holders.

However, today’s gene bank collections are
not representative of the full range of crop gene
pools and traits of interest for increasing produc-
tion and adapting to climate change. Many crop
species that are regionally, rather than globally,
important, remain generally underrepresented in
collections. Although 45% of gene bank samples
are of cereals, even these collections do not pro-
vide full coverage of the crops’ gene pools (FAO
2010). An important example is maize (Zea
mays), which originated in Mesoamerica, yet has
been grown by farmers in Africa for hundreds of
years. Human and environmental selection pro-
duced varieties adapted to the diverse growing
conditions of the African continent, which were
often harsher than the conditions in Mesoamer-
ica. Under projected future conditions, the traits
of some of these varieties will become important
in regions beyond those where they are currently
grown. However, African maize varieties are un-
derrepresented in international collections, ac-
counting for only 5% of maize holdings in major
gene banks. Although national gene banks of-
ten conserve material that is not represented in
international gene banks, their collections, too,
fall short of representing the diversity available
(Burke et al. 2009).

The wild relatives of crops, which have con-
tinued to evolve under the selective pressure of
the environment while their related crops have
been selected by farmers for other traits, repre-
sent another important component of crop gene
pools needed for adaptation to climate change.
Crop wild relatives have been crucially impor-
tant sources of traits and will continue to be
needed for breeding. Their genes can provide
cultivated crops with resistance to pests and dis-
eases and abiotic stresses including tempera-
ture extremes and freezing, salinity, or flooding
(Hajjar and Hodgkin 2007). Populations of crop
relatives growing in the wild are threatened by
habitat destruction, deforestation, urbanization,



P1: SFK/UKS P2: SFK Color: 1C

BLBS082-25 BLBS082-Yadav July 12, 2011 17:14 Trim: 246mm X 189mm

498 CROP ADAPTATION TO CLIMATE CHANGE

grazing, agricultural expansion, and harvesting
(Khoury et al. 2010), as well as climate change
(Jarvis et al. 2008). A major project carried out
in Armenia, Bolivia, Madagascar, Sri Lanka,
and Uzbekistan to conserve in situ, in the wild,
the wild relatives of wheat (Triticum aestivum),
barley (Hordeum vulgare), rye (Secale cereale),
pulses (various genera of the family Fabaceae),
beet (Beta vulgaris), pear (Pyrus communis),
potato (Solanum tuberosum), sweet potato (Ipo-
moea batatas), cassava (Manihot esculenta),
chile (Capsicum annuum), pineapple (Ananas
comosus), peanut (Arachis hypogaea), quinoa
(Chenopodium quinoa), cacao (Theobroma ca-
cao), cashew (Anacardium occidentale), papaya
(Carica papaya), blackberry (Rubus fruticosus),
rice (Oryza sativa), banana (Musa acuminata, M.
balbisiana), coffee (Coffea arabica), yam (vari-
ous genera of the family Dioscoreaceae), vanilla
(Vanilla planifolia), black pepper (Piper ni-
grum), cinnamon (Cinnamomum verum), onion
(Allium cepa), almond (Prunus dulcis), pista-
chio (Pistachia vera), walnut (Juglans regia),
and apple (Malus pumila), has yielded guide-
lines for expanding this effort (Hunter and
Heywood 2011; Hunter and Thormann 2007,
www.cropwildrelatives.org). However, to ensure
that the genetic diversity of these populations is
accessible to breeders and available in future,
samples must also be collected and maintained
ex situ.

Samples of crop wild relatives are generally
expensive to maintain in gene banks because they
have not been selected for qualities that facilitate
the storage of the seeds of many crops, and a
lot of them are perennial. As a result, wild rela-
tives of crops are underrepresented in gene banks
(FAO 2010). It has been estimated that 94% of
the European crop wild relatives are not included
in ex situ collections (Maxted and Kell 2009 in
Khoury et al. 2010). An analysis of gaps in col-
lections of wild relatives of 13 globally important
food crop groups (chickpea (Cicer arietinum),
common bean (Phaseolus vulgaris), barley, cow-
pea (Vigna unguiculata), wheat, maize, sorghum
(various species of the genus Sorghum), pearl

millet (Pennisetum americanum), finger millet
(Eleusine coracana), pigeon pea (Cajanus ca-
jan), faba bean (Vicia faba), and lentil (Lens
culinaris)) was undertaken to establish the sta-
tus of conservation (in situ and ex situ) of these
species, and to prioritize sites for future collect-
ing, with special attention to the effects of cli-
mate change. Nearly 29,000 herbarium and gene
bank species occurrences were analyzed for 643
wild taxa belonging to these gene pools. The re-
sults showed that significant gaps still exist in
ex situ collections and that protected areas do
not currently provide adequate conservation of
crop gene pools. For example, climate change
is projected to lead to a major loss of wild di-
versity in central Africa, the eastern Mediter-
ranean, and Central America. Priority locations
for collecting are found in Africa, northern Aus-
tralia, Central America, and the Andes (see Fig.
25.2). Because as many as 39 species occur sym-
patrically in parts of Africa, multiple gaps could
be filled with targeted collecting or establish-
ment of genetic reserves there (Ramı́rez et al.
2009). More detailed information is available at
(http://gisweb.ciat.cgiar.org/GapAnalysis/).

The integrity and security
of collections

Gene banks conserve seeds and other reproduc-
tive materials ex situ in the absence of natural
(environmental) and artificial (farmer) selection
pressures. Cereals and legumes are stored as
seeds, usually at low temperature; species that
are regenerated vegetatively, for example, ba-
nanas, potatoes, sweet potatoes, yams, and cas-
sava, are stored in vitro (in slow growth) or under
cryopreservation (in liquid nitrogen, at −196◦C).
Field gene banks and botanical gardens conserve
living plants, typically of species of which the
seeds cannot be stored, such as coconut (Coco
nucifera) and many other tropical tree species,
or which do not breed true, as is the case for
many fruit trees (see reviews by Engelmann and
Engels (2002) and Thormann et al. (2006)). To
retain the viability of stored seed, gene bank
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(a)

(b)

Fig. 25.2. Priority locations for in situ conservation and/or collections and conservation ex situ to fill gaps identified in current
ex situ collections for the gene pools of wild relatives of 13 important crops, based on: (a) taxon level richness and (b) genus
level richness; showing areas where multiple gene pools are not currently represented in collections or protected areas (Ramirez
et al. 2010).

managers must periodically regrow plants from
their stored seed to produce fresh seed, a pro-
cess referred to as regeneration. Gene banks aim
to maintain the genetic integrity of the mate-
rial at the time it was collected by following
best practices to reduce genetic drift, the loss of
unique genetic diversity in samples, which can
result when a proportion of seeds lose their via-

bility and when materials are regenerated. Chal-
lenges to regeneration include the control of plant
disease for vegetatively propagated species, pre-
venting cross pollination by other sources during
regeneration of allogamous species, and regen-
erating reproductive material requiring ecologi-
cal conditions not available in the vicinity of the
gene bank. Backlogs in regeneration, usually due
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to lack of funding, are a critical problem in ex
situ conservation (i.e., FAO 2010; Khoury et al.
2010).

Many gene bank collections cannot be consid-
ered secure. A recent review found that the num-
ber of individuals conserved per sample (seeds,
tubers, plants, tissues) is frequently below the
optimum for maintaining heterogeneous popula-
tions (FAO 2010). Most national collections have
lacked sufficient financial resources to maintain
the viability of their collections or to multiply
them sufficiently to ensure availability of repro-
ductive material. In the developing world, fre-
quent staff turnover has resulted in reduced man-
agement capacity. Natural disasters, conflicts,
and even changes in government have led to the
loss of important collections, for example, over
the past few years in the Philippines (where the
national gene bank was affected by a typhoon)
and in Iraq (where seeds were poured out by
looters who wanted the glass jars).

However, increased recognition of the cru-
cial importance of these collections has led to
some important recent investments. Two World
Bank grants, totaling approximately $20 million,
allowed the CGIAR Centres both to improve
the status of their collections and to develop
and make available knowledge and resources
for gene bank managers around the world (see,
for example, the Crop Gene Bank Knowl-
edge Base at http://cropgenebank.sgrp.cgiar.
org/). The Global Crop Diversity Trust (GCDT)
was founded in 2004 by FAO and Bioversity In-
ternational, on behalf of the CGIAR, to support
the conservation of the world’s plant genetic re-
sources for food and agriculture. The GCDT is
raising an endowment and defining strategic ac-
tions and investments to ensure the sustainable
availability of plant genetic resources in the pub-
lic domain. As part of this process, they over-
saw the collaborative development of ex situ
conservation and utilization strategies that de-
fine key crop diversity collections and conser-
vation/utilization needs within eight regions and
for each of 18 crops. In addition, the GCDT, in
collaboration with the Government of Norway,

established the Global Seed Vault at Svalbard
Island, above the Arctic Circle, where seeds are
being stored in chambers hollowed into a moun-
tain in permafrost, as the ultimate backup for the
world’s gene banks (www.croptrust.org).

Facilitating use of gene bank
collections by generating and
making available information

In order for breeders, researchers, or farmers to
select appropriate materials from germplasm col-
lections, they need information about the var-
ious samples and their characteristics, includ-
ing the climatic and soil conditions associated
with their collection sites, as well as the traits
of the cultivar itself. The degree of complete-
ness and quality of data associated with sam-
ples in gene banks varies among institutions.
While some institutions have online databases
incorporating descriptions, photos, georeference
data, and molecular data associated with sam-
ples, other gene banks rely on noncomputerized
lists of samples. In most cases, “passport” data,
the name of the sample and its origin, are rel-
atively complete; but not all samples are ac-
companied by the geographical coordinates of
their collection sites, most samples lack charac-
terization and evaluation data, and even fewer
have associated molecular characterization data
(Khoury et al. 2010). Currently, some crops (i.e.,
barley, banana, and coconut) have databases in-
tegrating information about samples in multi-
ple collections, and a few communities share
information about all the crops in their collec-
tions. Overall, however, data are scattered and
fragmented.

A major effort is under way to integrate
and enhance existing information and create a
global information system on gene bank sam-
ples accessible from any PC through the World
Wide Web. A global information portal called
GENESYS is being developed through a partner-
ship among Bioversity International, the GCDT,
the System-Wide Genetic Resources Programme
of the CGIAR, and the Secretariat of the
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International Treaty on PGRFA. This portal will
integrate information from the existing online
catalogue (SINGER) of more than 700,000 ac-
cessions in the 77 collections held in the 11
gene banks of the Consortium of CGIAR Cen-
tres and the Asian Vegetable Research and De-
velopment Centre (AVDRC); the EURISCO cat-
alogue (http://eurisco.ecpgr.org/), which incor-
porates data on 1.1 million accessions of 8650
species in 1450 genera held in 38 European coun-
tries; and the Germplasm Resources Informa-
tion Network of the US Department of Agri-
culture/Agricultural Research Service, which
houses information on more than 510,000 dis-
tinct samples in the National Plant Germplasm
System of the United States. The goal of the
GENESYS portal is to link collection man-
agers/data providers with breeders, researchers,
and other users, allowing users to search all
crop collections worldwide. Users will be able
to query and search using by combining fil-
ters on the characteristics of accessions and
the environments from which they were col-
lected; to select germplasm with the desired
traits including resistance to drought, salinity,
flooding, pests or diseases; and even to order
that germplasm through the internet (Arnaud
et al. 2010). The International Crop Information
System (ICIS; http://www.icis.cgiar.org) doc-
uments germplasm geneologies/pedigrees and
links this information with experimental obser-
vations from evaluations undertaken in the field,
greenhouse, or laboratory. ICIS has been de-
ployed for crops including rice, wheat, barley,
maize, common bean, chick pea, cowpea (Vigna
unguiculata), sugarcane (various species of the
genus Saccharum), potato, sweet potato, and a
range of vegetables (Portugal et al. 2007).

Most initiatives to use gene bank materials
to confront climate change focus on develop-
ing new climate-resistant varieties with specific
traits to withstand drought and high temperature.
Several CGIAR centers are exploring the pro-
cess of identifying varieties preadapted to likely
future climates using a technique known as Fo-
cused Identification of Germplasm Strategy. This

technique uses information about the environ-
ment from which samples have been collected
to predict where selection pressures for adapta-
tion traits may have occurred (e.g., Bhullar et al.
2009). Recent efforts have sought to add georef-
erence data for collection sites to samples in in-
ternational collections. Basic research tools and
GIS technology are available for determining the
climatic conditions at these locations. This infor-
mation can be combined with climate projections
to select germplasm from climatic analogs to fu-
ture conditions. Breeders can then integrate other
desirable traits into these preadapted cultivars.

The development of new crop varieties to
ensure food production in the face of climate
change will require new sources of genetic vari-
ation combined with more efficient breeding and
selection methods, for example, physiological,
trait-based approaches rather than breeding for
yield per se, to produce cultivars with higher tol-
erance to the stresses projected to result from
climate change (Ortiz et al. 2008). In order to
take full advantage of existing gene bank col-
lections, the samples must be characterized and
evaluated with regards to traits important for
management and breeding; then the data must
be made easily accessible. To facilitate tapping
the many important traits for adaptation among
the wild relatives of crops, molecular character-
ization is needed, taxonomic misidentifications
must be corrected, and ploidy must be deter-
mined (Khoury et al. 2010). Unpredictable and
variable conditions and extreme events are pre-
dicted to occur with increasing frequency. This
means resilience and variation within crops and
varieties, rather than the uniformity heretofore
sought by breeders, will be crucial to reduce the
risk of crop failures.

Selection for yield stability in stressed (low
yield) environments, which account for the
largest expanse of cultivated land, can provide
the greatest opportunity for increases. This will
require tackling major limitations on yield, such
as salinity, heat, and drought. To do so will re-
quire increased understanding of the molecular
basis of key traits, expansion of phenotyping
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and genotyping of germplasm collections, and
the development of new breeding strategies that
permit introgression of multiple traits, as well
as ensuring communication and mechanisms for
delivery of material to breeders. New molecu-
lar genetics tools permit the screening of large
numbers of varieties for specific traits, and for
“mining” them for associated specific genes that
can be bred into new varieties. New technolo-
gies for breeding to address complex traits have
been facilitated by new sequencing platforms,
including marker-assisted selection, gene pyra-
miding (creating durable resistance by select-
ing for two or more resistance genes against
a pathogen), and marker-assisted recurrent se-
lection, to bring multiple desirable alleles from
many sources into elite lines; genomic selection
to accelerate rates of genetic gain and breed-
ing cycles; high-throughput technologies to de-
termine the phenotypic components of complex
traits (phenomics), bolstered by developments in
statistical and modeling methods for the analy-
sis of phenotypic data from field and controlled
environment studies; expanding the germplasm
base in breeding programs using adaptive QTLs;
and accelerating introgression and strategies for
using heterosis more widely to create hybrids
from inbreeding species (Tester and Langridge
2010). Because many developing countries lack
the facilities or human resources to apply these
techniques, the CGIAR Centres joined forces to
establish the Generation Challenge Programme
(GCP), a collaborative platform that brings to-
gether their scientists and others at advanced
research institutes and national agricultural re-
search institutes in the developing world to apply
advanced molecular breeding tools to the collec-
tions of the CGIAR gene banks in order to ad-
dress the needs of poor farmers in the developing
world. The GCP focuses on addressing drought
tolerance among crops that are most important
to food security in areas of poverty (Ribaut and
Butler 2004; http://www.generationcp.org/).

Some of the challenges farmers will face
due to climate change could be met through
the identification and direct deployment, without

breeding, of landraces collected in an environ-
ment and climate analogous to the predicted
future climate where the vulnerable farmer is
located. Most farmers in the developing world
save seeds from one harvest for the next season’s
planting. Farmers commonly exchange seed with
relatives and neighbors in the same area (David
and Sperling 1999). As environmental conditions
for agriculture change, however, farmers will
need seeds from further afield, adapted to condi-
tions different from those prevailing locally. Cur-
rent systems of seed exchange among farmers
will have to be enhanced and expanded to draw
from a range of materials appropriate to future
climates. The distribution and re-release of ma-
terials conserved in gene banks could contribute
to this process. For example, the Ethiopian Na-
tional Gene bank at the Institute of Bioversity
and Conservation maintains a large collection,
including 20,000 samples of barley and durum
wheat (Triticum durum) from different agroe-
cological areas in Ethiopia. The locations from
which these materials were collected, identified
in the passport information associated with each
sample, can be used to define the climatic condi-
tions under which the material was being grown.
This information can be used to select materi-
als adapted to projected future climates at other
sites, which could be multiplied and distributed
to farmers. In the face of climate change, many
farming communities may lack awareness as to
the full range of options available for develop-
ing adaptive responses to potential disasters such
as drought; they need to be provided with such
options, which can include combinations of sow-
ing dates and phenology groups. Where new cli-
mates exceed the known temperature or drought
adaptation limits of some crops, farmers may
have to switch to more tolerant crops, such as
cassava or drought-hardy Lathyrus. Promising
varieties need to be evaluated by farmers in a
participatory way to ensure that such varieties
meet their needs. Experimental methods have
been shown to be effective tools for understand-
ing farmers’ preferences and their valuation of
desirable traits (Smale and Drucker, 2007).
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Interdependence

International exchange of genetic resources will
be crucial for adaptation to climate change.
Countries have long been interdependent with
regards to germplasm. For example, cassava,
maize, groundnut (A. hypogaea), and beans,
which originated in the Americas, became sta-
ples in sub-Saharan Africa, while the indigenous
millets and sorghums of Africa are important in
South Asia and Latin America. Widely planted
modern varieties of most staple crops integrate
genes derived from a pedigree of hundreds of
varieties from different regions across the world.
The globally popular VEERY wheat is the prod-
uct of 3170 crosses involving 51 parents from 26
countries (Palacios 1998 in Jarvis et al. 2009b).
To adapt to climate change, many countries will
need to seek cultivars from other countries with
current climates that are analogous to those pro-
jected to occur within their borders in the future.

Most of the world’s chronically hungry live
in rural farm households in Africa and South
Asia (Sanchez 2009). To evaluate the feasibil-
ity of African countries’ obtaining germplasm
preadapted to future climates from within their
borders or from neighboring countries, Burke
et al. (2009) estimated overlap between present
and future climates within African countries
where climate change is expected to have ma-
jor effects. The average overlap between a coun-
try’s current range of growing season tempera-
tures and its 2050 temperature range was 40%.
Countries with a range of current climates due to
topographic diversity had higher rates of overlap
with their future climates, including areas within
their borders that had climates analogous to fu-
ture projected climates elsewhere in the country.
However, projections showed that 51% of coun-
tries would need to seek germplasm from other
countries to adapt their agriculture to projected
future conditions (Burke et al. 2009). To obtain
and use these genetic resources, countries will
need access to information about these cultivars,
their traits, and the climatic and other environ-
mental conditions under which they are currently

growing. In addition, they will need ways to ob-
tain the germplasm itself—for subsequent test-
ing, breeding, multiplying, and then distribution
to their own farmers. Current climates in parts
of Tanzania, Kenya, Cameroon, Nigeria, and
Sudan may serve as near-universal analogs for
future climates in other African countries grow-
ing maize, millet, and sorghum. Additional col-
lections from these and other such countries
should be a high priority in building gene bank
collections to facilitate adaptation to climate
change (Burke et al. 2009).

Genetic resources were moved around the
world quite freely until the Convention on Bi-
ological Diversity recognized sovereign rights
to the biodiversity growing within a country’s
borders, significantly dampening collection and
exchange. A number of major collections, in-
cluding those of the CGIAR Centres, AVRDC,
and the Centro Agronomico Tropical de Inves-
tigación y Enseñanza (CATIE), are held in trust
for the peoples of the world under the auspices
of FAO; their materials can be tapped freely by
users in any nation. However, access by outside
users to material held in national gene banks
varies from one country to another. The United
States provides free and unrestricted distribu-
tion of germplasm in their collections to all
nations, but some national collections do not.
Several policies and agreements have been for-
mulated to provide a framework for the contin-
uing exchange of plant genetic resources, most
recently the International Treaty on Plant Genetic
Resources for Food and Agriculture (ITPGRFA),
which came into effect in 2004. The Treaty pro-
vides for multilateral exchange among the 120
signatories, under a standard material transfer
agreement, of plant genetic resources of 36 crops
listed on Annex I of the Treaty, including most
cereals, legumes, roots and tubers, oil crops and
fruits including banana, coconut, citrus spp. and
apples (Malus domestica), as well as forages
(Moore and Tymowski 2005). The implemen-
tation of the ITPGRFA and the application of its
terms to other crops will be vital to adaptation to
climate change.
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Conclusions

Climate change is projected to have a potentially
devastating effect on agriculture, particularly in
poorer countries like those of Africa and South
Asia, which already face chronic hunger. Support
from national and international agricultural re-
search and development agencies will be crucial
to help farmers obtain seed and other reproduc-
tive materials of varieties and crops adapted to
future conditions. The diversity of samples held
in the world’s gene banks will be vital to de-
veloping these varieties. Additional collections
are still needed to fill taxonomic, geographic, or
trait gaps in current collections and to ensure that
germplasm from analogs to future projected cli-
mates is conserved and made available to future
users. Additional efforts are needed to conserve
species threatened by habitat destruction or cli-
mate change, notably the wild relatives of crops.
In addition, more attention needs to be paid to
crops including starchy staples like cassava and
plantain (Musa balbisiana), which are critical
for food security in areas projected to suffer the
most. Investments will be needed to ensure that
collections are not only complete but also well
managed, that needed research is carried out on
conservation protocols and strategies, and that
collected materials are characterized and eval-
uated and information about them made avail-
able. Capacity building will be needed to ensure
that countries in tropical and subtropical regions,
where climate change impacts on agriculture are
projected to be most severe, are able to use these
materials in breeding new varieties appropriate to
their needs, and that seed systems are understood
and supported so they can provide for the distri-
bution of adapted varieties to farmers. Now, more
than ever, international exchange of germplasm
must be sustained, as many countries will need to
access genetic resources not currently available
within their borders.

Fortunately, the potential benefits of such in-
vestments are high: it was estimated, based on
Green Revolution increases in food production,
that conserving 1000 samples of rice generated

an annual income stream for developing coun-
tries with a direct use value of $325 million at a
10% discount rate (Evenson and Gollin 1997 in
FAO 2010). CGIAR research on maize, wheat,
and rice alone, derived from tapping into the ge-
netic diversity of those crops conserved in the
CGIAR’s gene bank collections, has been cal-
culated to have yielded annual benefits of > $1
billion/year since the early 1980s (CGIAR Fund
2011). The World Summit on Food Security has
declared a target of producing 70% more food by
2050 to feed projected increases in world popu-
lation. This will require that production increase
at a rate 38% greater than historical rates of in-
crease, and be sustained for 40 years. This un-
precedented increase will have to take place de-
spite limited options for expanding the amount
of arable land (Godfray et al. 2010); rising en-
ergy costs (Tester and Langridge 2010); a decline
in the availability of phosphorus (Cordell et al.
2009); and a need to reduce emissions of NO2,
a major greenhouse gas, of which the princi-
pal source is agriculture, primarily fertilizer use
(Tubiello et al. 2007). These increases in produc-
tion must also be achieved against the backdrop
of the challenges to agriculture imposed by cli-
mate change, not only the redistribution of cur-
rent climates but also the disappearance of some
current climates and the appearance of novel cli-
mates. If agriculture cannot increase production
despite these constraints, millions of people will
go hungry. In light of these needs and challenges,
the return on investments to expand, sustain, and
more effectively use genetic resources will be
greater than ever before.
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Chapter 26

Underutilized Species and Climate Change:
Current Status and Outlook
Stefano Padulosi, Vernon Heywood, Danny Hunter, and Andy Jarvis

Introduction

By “underutilized species” we refer to those
species whose potential to improve people’s
livelihoods, as well as food security and
sovereignty, is not being fully realized because
of their limited competitiveness with commodity
crops in mainstream agriculture. While their po-
tential may not be fully realized at national level,
they are of significant importance locally, being
highly adapted to marginal, complex, and diffi-
cult environments and contributing significantly
to diversification and resilience of agroecosys-
tems. This means they are of considerable inter-
est for future adaptation of agriculture to climate
change. Underutilized species include not just
food plants but also many other species—wild
or cultivated—used as sources of oil, fuel, fiber,
fodder, beverages, stimulants, narcotics, orna-
mental, aromatic compounds, and medicine.1

The definition of what constitutes an underuti-
lized species is not surprisingly challenging from
both a technical and cultural point of view. A
different approach, which would instead spell
out the features that make underutilized species
different from any other (commodity crop) is
thus preferred over the use of a simple definition
(Padulosi and Hoeschle-Zeledon 2004).

It is important also to clarify that when refer-
ring to underutilized species we do not include
neglected cultivars of major crops, as we are con-
cerned only with species which—unlike major
crops—have so far not received proper research
attention. Furthermore, the answer to whether a
species should be included or not in this portfolio
of “marginalized” genetic resources should also
be guided by principles of social equity (Padulosi
et al. 2008).

While there are many reasons today for pro-
moting a greater use of underutilized species in
agricultural activities (see later in the chapter),
the overarching justification for the development
and safeguarding of these species is certainly
their close link that binds these resources and
food security and climate change. The words
of I. Grainger-Jones (2009)2 well capture the
need for the change in paradigm we should be
pursuing:

specializing in crops and systems that are efficient in
certain temperature or precipitation ranges may not
be effective in the long term run[. . .]and therefore we
ought to investigate seriously (and urgently) in alterna-
tive forms of agricultural management, in which local
but neglected species and varieties can play a key for
the future of our planet.2

Crop Adaptation to Climate Change, First Edition. Edited by Shyam S. Yadav, Robert J. Redden, Jerry L. Hatfield,
Hermann Lotze-Campen and Anthony E. Hall.
c© 2011 John Wiley & Sons, Ltd. Published 2011 by John Wiley & Sons, Ltd.
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As already mentioned, underutilized species
can be wild or cultivated and because of their dif-
ferent status are characterized by having different
needs for their use and development (Hoeschle-
Zeledon and Jaenicke 2007). There is, in fact, an
almost complete spectrum between completely
wild and completely domesticated species
(Heywood 1999a) and many of what we under-
stand by underutilized species are often in a wild
or semidomesticated status. One particular group
of underutilized wild species that is of special
value in our response to climate change is the
wild relatives of crops (Heywood et al. 2007;
Dwivedi et al. 2008; Maxted and Kell 2009;
Hunter and Heywood 2011).

Importance of underutilized
species: a brief overview

The importance of underutilized species in con-
tributing to food and nutrition security has
received substantial coverage by scientists in
recent years (Smith 1982; Achinewhu et al.
1995; Longvah and Deosthale 1998; Hernández
Bermejo and León 1992; Eyzaguirre et al. 1999;
Heywood 1999a, 2008; Ali et al. 2000; Bahorun
et al. 2004; Mulokozi et al. 2004; Frison et al.
2006; Smith et al. 2006; Weinberger and Swai
2006; Bhardwaj et al. 2007; Chadha et al. 2007;
Hawtin 2007; Yang et al. 2007; Erlund et al.
2008; Smith and Longvah 2009). Likewise, their
role in income generation in both domestic and
international markets has been also highlighted
in several studies and projects (Asaha et al. 2000;
Mwangi and Kimathi 2006; Chadha and Oluoch
2007; Joordan et al. 2007; Hughes 2009; Mahyao
et al. 2009; Padulosi et al. 2009; Rojas et al.
2009). Only a diversified agricultural portfolio
represents a robust agricultural production sys-
tem with the capacity to withstand future changes
such as climate change (Cleveland et al. 1994;
Reidsma and Ewert 2008; Cavatassi et al. 2006;
Lovejoy 2006; Hassan and Nhemachena 2008;
Henry 2009) and the role of underutilized species
to that end need to be better recognized (Genetic
Resources Policy Committee 1999; Dawson

et al. 2007). Such a role can be realized in two
ways; first, by providing genetic traits for adap-
tation and second by strengthening the resilience
of agroecosystems through crop diversification.
With regard to the first point, historically, in a
climate stable world, crop wild relatives (CWR)
as gene donors for plant breeding have been a
major contributor to economic development and
food security. For instance, Prescott-Allen and
Prescott-Allen (1996) calculated that the yield
and quality contribution by CWR to US grown
or imported crops was over US$350 million a
year, while Phillips and Meilleur (1998) esti-
mated that potential losses associated with en-
dangered threats to food CWR was worth about
US$10 billion annually in wholesale farm values.
With the accelerated rate of change predicted for
future climate and recognition of the need to find
quick solutions to expected increases in abiotic
and biotic stresses, it is expected that the demand
for such genetic traits will also rise significantly.
Useful analyses of this point are those of Hajjar
and Hodgkin (2007), Maxted and Kell (2009),
and Maxted et al. (2010), whereas other chapters
of this book deal also specifically with the use of
climate-change related traits in CWR.

The other way in which underutilized species
help agriculture to adapt to climate change is
through their contribution in enhancing the di-
versification and resilience of agroecosystems in
order to withstand the impacts of climate change
scenarios (e.g., drought and increased frequency
and intensity of extreme weather events such
as cyclones and hurricanes). A good example is
that of bambara groundnut (Vigna subterranea),
a nutritious legume originating from west Africa
and cultivated throughout sub-Saharan Africa
(Heller et al. 1997). This legume, known for its
drought tolerance (Collinson et al. 1996; Andika
et al. 2008), is found growing in harsh climates
and marginal soils (Padulosi 1988; Heller et al.
1997); but in spite of these traits the crop still
suffers from a status of neglect because of its un-
predictability in yields, long cooking time, and
negative social image (Mayes et al. 2009). Other
underutilized crops known for their drought
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tolerance are the minor millets, a category of sev-
eral “coarse” cereals used particularly in South
Asia whose drought-resistant traits coupled with
an excellent nutritious profile offer major oppor-
tunities for the development of areas increasingly
affected by water shortages such as those in the
marginal hills of Tamil Nadu or Karnataka States
of India (Bala Ravi 2004; Padulosi et al. 2009).

With regard to resistance to cold weather con-
ditions, an interesting case is that of cañihua
(Chenopodium pallidicaule), an underutilized
Andean grain which has remarkable frost toler-
ance when compared with quinoa (C. quinoa)
and used for such reasons by local farmers
around the Titicaca Lake in Bolivia and Peru
in their coping strategies to face climate change
(Rojas et al. 2009). Among perennial species, a
good example is that of the sea buckthorn (Hip-
pophae rhamnoides), a species naturally dis-
tributed from Europe to Central Asia and China,
which has been found to be more tolerant to
abiotic stresses than apple and pear—tolerance
which seems associated with its high levels in
ascorbic acid and myo-inositol (Kamayama et al.
2009). Another excellent hardy crop is the tree
moringa (Moringa oleifera), the “wonder tree,”
which as well as its drought-resistance trait also
has leaves of high nutritional content.3 Several
species from India including custard apple (An-
nona squamosa), Indian gooseberry (Emblica of-
ficinalis), ber (Zizyphus mauritania), tamarind
(Tamarindus indica), and neem (Azadirachta in-
dica) are also well recognized for their drought
tolerance and ability to thrive in poor soils
and marginal lands (Hegde 2009). A globally
renowned hardy and multipurpose tree species
known for its drought resistance is prosopis
(Prosopis spp.), a reliable crop for both human
consumption and animal feed in difficult areas
(Pasiecznik et al. 2001). According to a recent
study (Smith and Beaulieu 2009), woody species
that are characterized by slow growth (and hence
slow adaptation) are expected to be more vul-
nerable to climate change than annual species.
These findings which seem to shed a different
light on our understanding of adaptation mecha-

nisms should be also taken in due consideration
in assessing genetic erosion risks of agrobiodi-
versity under climate change and guiding devel-
opment of appropriate conservation strategies.
Apart from being used directly in adaptation and
coping strategies, underutilized species are also
being used by farmers and community mem-
bers to predict changes and anticipate possible
shocks. This is the case for instance of so-called
local drought indicators, found in many cultures
around the world (see the case of the tree Dobera
glabra in Ethiopia (Tsegaye et al. 2007)).

Traditional societies deploy strategies that use
genetic diversity to reduce risks and mitigate
impacts of long-term environmental changes
(Jarvis et al. 2007). This is the case, for instance,
of Indian farmers who plant many crops and va-
rieties that allow them to adjust planting dates
and crop mixtures (e.g., “Akdi” and “Barhanaja”
systems) to better cope with erratic rainfall
patterns.

Despite a growing awareness of the poten-
tial of underutilized species for future climate
change adaptation and human wellbeing they
continue to be seriously threatened primarily
from habitat loss, fragmentation, and degrada-
tion. Further, underutilized species are seriously
under-conserved. Although there has been sig-
nificant attention given to in situ conservation
of underutilized species in recent years, espe-
cially CWR, the effectiveness and impact of this
appears to be far more uncertain than for ex
situ conservation. This is due to a range of fac-
tors including political and institutional as well
as technical and biological ones (Heywood and
Dulloo 2005; Hunter and Heywood 2011). While
Maxted et al. (2010) highlighted some exam-
ples of underutilized species, largely CWR, con-
served in protected areas the likelihood of such
areas continuing to afford adequate protection
under future climates is largely unknown (Lira
et al. 2009). The poor status of underutilized
species conservation is a severe barrier to their
successful improvement, utilization, and promo-
tion. Much more needs to be done to improve ex
situ and in situ conservation of these species as
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well as the linkages to end-users such as plant
breeders and agronomists (FAO 1996, UNEP
2009).

Climate change and underutilized
species: current studies and gaps
in knowledge

The potential impact of climate change on the
diverse range of underutilized species has not
so far been assessed. With regard to underuti-
lized species that are wild, the impact will af-
fect taxa differently depending on where they
occur and the detail of the climatic changes that
are anticipated, their adaptive and resilience ca-
pacities, their ability to migrate, their dispersal
capacity, the nature and ecology of their new
bioclimatic envelopes and their ability to survive
in them and spread, the availability of pollina-
tors and dispersal agents, the environment and
the management practices that might be associ-
ated with the species (e.g., timing or intensity
of the wild harvests made by local populations).
Extensive studies have been published on the
impact of climate change on plants species (see
Thomas et al. 2004 and references therein) that
provide some indication of areas which will be
most affected by the reductions in crop suitabil-
ity (Intergovernmental Panel on Climate Change
2007; Lobell et al. 2007, 2008; Hawkins et al.
2008; Heywood 2011; Jarvis et al. 2009). The
broad pattern of change in the location of veg-
etation belts is widely agreed, with movements
expected toward the poles and altitudinal shifts
but the details at local level is far from clear
and will not be resolved until more sophisticated
modeling can be undertaken. Along the same
line is the low predictability of soil moisture
variation in connection with expected climate
change. Furthermore, warnings on the spread-
ing of pests and diseases due to climate change
have been also voiced (Diffenbaugh et al. 2008)
along with preoccupations over the impact that
extreme variations in temperature may have on
the delicate stage of pollination (Lora Cabrera
2008). Models to predict these changes are still
not accurate enough to allow the development of

specific coping strategies by interested countries
which would make optimal use of biodiversity
and underutilized species in particular (Tanton
and Haq 2008), although some studies represent
a good basis for moving toward that direction
(see the work by van Zonneveld et al. 2009).

Enough evidence exists, however, to indicate
that many alpine/montane plants are likely to be
at risk from climate change and those that are
confined to specialized ecological niches may
have difficulty in migrating to suitable niches in
the new climatic envelopes (Heywood 2011a).
Given that many locally used wild species grow
in mountain regions, including aromatic and
medicinal plants, wild greens, and CWR, some
at least will be at risk from the effects of climate
change. For instance, the numerous records gath-
ered worldwide of shifting of species phenolo-
gies and distributions of plants due to change in
temperature and rainfall could result in negative
impacts for the survival of these species by ex-
posing plants to late cold spells or facilitating
the migration of invasive plants which would be
competing for resources with underutilized na-
tive species (Cavaliere 2009).

Many coastal habitats will be at risk from
predicted rises in sea level and this could af-
fect species that occur in such habitats, notably
mangrove species. Countries with least capac-
ity to cope with such events would bear ad-
ditional adverse impact of these changes. The
impact could be dramatic in those countries
characterized by poor coastal protection such as
Bangladesh where the anticipated 0.6 m raise in
sea level by 2080 is estimated to lead to the loss
of 17% of its land (Tanton and Haq 2008).

Climate envelope modeling, which is the
commonest approach used today to helping pre-
dict the likely response of species to climate
change, is rapidly developing technique and is
being applied to a wide range of plant (and ani-
mal) species but not specifically to underutilized
species. Bioclimatic modeling has so far been
applied to only a limited number of CWR but
results so far suggest that many of them will be
at risk through failure to migrate to new climatic
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envelopes. One of the few studies so far pub-
lished (Lane and Jarvis 2007; Jarvis et al. 2008)
used current and projected future climate data
for ∼2055, and a climate envelope species’ dis-
tribution model to predict the impact of climate
change on the wild relatives of the world’s major
food crops, peanut (Arachis), potato (Solanum),
and cowpea (Vigna). They considered three mi-
grational scenarios for modeling the range shifts
(unlimited, limited, and no migration) and found
that climate change strongly affected all taxa,
with an estimated 16–22% of these species pre-
dicted to go extinct and most species losing over
50% of their range size. Impacts were found to
be differential between gene pools, with wild
peanuts suffering far greater extinction risk when
compared to wild Vigna.

Lira et al. (2009) used bioclimatic mod-
eling and two possible scenarios of climatic
change in Mexico to analyze the distribution
patterns of eight wild Cucurbitaceae species
closely related to cultivated plants, Cucurbita
argyrosperma subsp. sororia, Cucurbita lundel-
liana, Cucurbita pepo subsp. fraterna, Cucur-
bita okeechobeensis subsp. martinezii, Sechium
chinantlense, Sechium compositum, Sechium ed-
ule subsp. sylvestre, and Sechium hintonii. Most
of these taxa have restricted distributions and
many show proven resistance to various diseases,
which could be crucial for the improvement of
their related cultivars. The possible future role
that the Mexican system of protected areas might
have in the conservation of these taxa was also as-
sessed. The results showed a marked contraction
of the distributions of all eight taxa under both
scenarios and also found that, under a drastic
climatic change scenario, the eight taxa would
be maintained in just 29 out of the 69 natural
protected areas where they are currently found.
Accordingly, it seems that most of the eight wild
taxa will not have many opportunities to survive
under such climate change.

Studies carried out on wild cowpea (Vigna
spp.) estimate that almost half of the natural dis-
tribution area of these species will be lost by
the middle of this century due to climate change

(Anonymous 2007). Underutilized species, such
as the forage species Vigna marina growing
along the sea shores of Africa, would be cer-
tainly among those particularly affected by the
rise of seawater levels.

Estimates of the number of underutilized wild
species that will be lost as a result of climate
change are currently not available as they are
such a numerous and diverse array of species.
Some ideas might be obtained indirectly from na-
tional Red Books or Lists, when they exist, which
indicate those species that are currently at risk.
It should be noted, however, that many species
which are not currently threatened may become
so as a result of accelerated climate change and
the widely used International Union for Conser-
vation of Nature (IUCN) criteria for assessing
threats do not take climate change into account
although this is under review. It should also be
stressed that the effects of climate do not op-
erate in isolation but interact with other compo-
nents of global change, notably habitat loss, frag-
mentation or degradation, changes in disturbance
regimes, and demographic factors such as human
population growth and migrations (Heywood
2011b; Hunter and Heywood 2011). As for
other groups of wild species, many underutilized
species will be threatened by climate change but
those that are not affected may well become ex-
tinct as a result of other global change processes.

Future opportunities and priorities
for underutilized species under
climate change

Maxted et al. (2010) highlight a number of im-
portant priority goals for CWR conservation and
utilization over the next 10 years that would ap-
ply also to other underutilized (wild and culti-
vated) species. Some of these goals are to refine
the estimate of global highest priority CWR for
food and agriculture (such a list would greatly
facilitate the targeting of in situ and ex situ con-
servation actions); take advantage of novel tech-
nological advances in trait recognition and inter-
specific breeding to extend the breadth of CWR
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use to a broader range of crops and systematically
review the potentially useful diversity in CWR
gene pools; undertake systematic threat assess-
ment for as wide a range of CWR taxa as pos-
sible, using IUCN or national criteria, or both;
extensive gap analysis of both ex situ and in situ
conservation and based on this a more strategic
approach taken to targeting ex situ CWR conser-
vation and continued efforts to strengthen CWR
conservation inside and outside protected areas.
Complementary to these points that focus partic-
ularly on conservation, are those emerging from
the 2007 Southampton conference on underuti-
lized species (Smartt and Haq 2008) which lists
some of the major issues that the research com-
munity need to address in order to enhance the
sustainable use of underutilized species in the
coming decades, namely, more studies on neg-
ative aspects (e.g., bitterness, lodging, and hard
seed coat) that limit the diffusion of underutilized
species; greater emphasis on consumer needs
and studies on how these can be met through
the plentiful diversity available in underutilized
species (focus particularly on traits such as shelf
life, processing aptitude, length of growing sea-
sons); and enhancement of both local and global
markets for target species (focus on demand cre-
ation, price stability, food safety, standards for
commercialization).

The prioritization and research
challenge

While the Green Revolution may have produced
advances in agricultural development in some
places with suitable physical and socioeconomic
environments, its continued promotion in some
regions such as Africa through the Alliance for
a Green Revolution in Africa (AGRA) is being
called into question. An alternative, or at the very
least a complementary strategy, is surely to har-
ness the huge potential of indigenous and under-
utilized species grown and conserved by local
communities for generations in diverse and com-
plex agroecosystems across variable climates.
Such an alternative has received support in re-
cent reports (e.g., WRI 2005; Perfecto et al. 2009;

FAO 2010b; Pretty et al. 2010; Frison et al. 2011)
that stress the need to give greater emphasis in
agricultural development to the needs of local
farmers and for investments that can “increase
the sustainable productivity of major subsistence
foods including orphan and underutilized crops,
which are often grown or consumed by poor
people” (McIntyre et al. 2008).

There is a large body of literature describing
the complex, diverse, and risk-prone small-scale
farming systems and the practices they use
and which occur in areas where most bio-
diversity occurs and which are hotspots for
most underutilized species (Altieri 1987; Pretty
2009; Holt-Giménez 2006, 2009). Such mixed
cropping systems are inherently more stable and
resilient compared to monocultures or simplified
agroecosystems. There is also evidence they are
biologically more productive than monocultures
(Jarvis et al. 2007), which can be explained
by more efficient patterns of resource capture
and use by component species. However, the
question remains, which underutilized species
are best suited to the resilience requirements for
agroecosystems in future volatile environments
such as those that will be found in many parts of
Africa. Although there has been work in the past
on the prioritization of underutilized species
(Padulosi 1999; Akinnifesi et al. 2008; Schmidt
et al. 2010), this has not been done in the context
of climate change. Whether there should be a
detailed (inclusive) or a definitive (exclusive)
list of priority underutilized species for variable
environments has been the subject of much
debate and there seems to be no agreement
on which species are best suited for particular
contexts or scenarios.

Assuming there are criteria and processes
that we can use to prioritize underutilized
species, answering the question of what ap-
proaches we might use to evaluate or assess
candidates for their adaptation potential to cli-
mate change calls for greater investments in re-
search and development (Tanton and Haq 2008).
As changes in climate are expected to be more
significant in Africa than other regions (Col-
lier et al. 2008), priority setting should assign



P1: SFK/UKS P2: SFK Color: 1C

BLBS082-26 BLBS082-Yadav July 13, 2011 9:50 Trim: 246mm X 189mm

UNDERUTILIZED SPECIES AND CLIMATE CHANGE 513

proper attention to drought-tolerant forages
(such as Stylosanthes scabra) that could pro-
vide also soil cover and protection from degrada-
tion in the face of increased grazing (Batjes and
Sombroek 1997).

The ex situ conservation challenge

Today, some 7.4 million accessions of plant
genetic resources for food and agriculture are
stored in around 1700 germplasm collections
around the world (FAO 2010a). The poor rep-
resentation of underutilized crops in ex situ
gene bank collections (Padulosi et al. 2002;
FAO 2010) has dramatic repercussions on ac-
cess to this diversity by users, besides represent-
ing a major constraint for those interested in so-
called gene mining aimed at identifying potential
source of resistance in samples originating from
areas affected by severe climatic and/or marginal
growth conditions. While botanic gardens may
do a better job of ex situ collection of underuti-
lized species, many of the botanic garden acces-
sions are small and genetically poorly sampled
(Heywood 1999b). Not enough attention is paid
to the ongoing (and unrecorded) erosion af-
fecting underutilized species, resulting from the
widespread use of a handful of commodity crops,
monoculture practices, standardization of market
systems, and other globalization trends such as
nutrition transition, all affecting local crops and
local diets (Frison et al. 2006; Smith and Long-
vah 2009).

The issue of broadening the mandate of na-
tional and international gene banks with the ob-
jective of including the thousands of neglected
and underutilized species used locally around the
world should thus receive the urgent attention of
policy makers. Unfortunately, the focus of the in-
ternational community continues to be geared to-
wards major crops and in particular those species
listed in Annex I of the International Treaty
on Treaty on Plant Genetic Resources for Food
and Agriculture (PGRFA) (Fujisaka et al. 2009;
Padulosi et al. 2009). Very little attention is
paid to safe-guarding all other species, includ-
ing underutilized species. The work of the Royal

Botanic Garden Kew Millennium Seed Bank,
which has already sampled 10% of all plant
species and aims to achieve 25% by 2020, is
an important contribution in that direction.4 An-
other interesting approach is that of the “climate
ready” collections, being practiced by the Cen-
tre for Pacific Crops and Trees in Fiji, where un-
derutilized crops such as the aroids Xanthosama,
Alocasia, and Cyrtosperma chamissonis (swamp
taro) (of known tolerance and/or resistance to
biotic stresses) are being multiplied and main-
tained in dedicated in vitro collections for pro-
moting their access by countries of the region.5

While broadening the mandate of gene banks
to include underutilized species is important,
it should be also noted that for many species
(that reproduce asexually, or having recalcitrant
seeds) this conservation method is not always a
viable option. Other disadvantages of ex situ con-
servation include its costs, possibility to maintain
only a limited amount of the diversity of the gene
pool, and loss of the natural and anthropocentric
processes that accompany in situ conservation
(Fowler and Hodgkin 2004). The safeguard also
of fast-disappearing local knowledge and wis-
dom related to underutilized species need to be
also stressed if we are to promote effective ap-
preciation and use of these species in the future
(Genetic Resources Policy Committee 1999).

The in situ conservation challenge

Consumption of underutilized species is more
diffused among poor households, in marginal
areas and communities isolated from markets,
where difficult communication hamper regu-
lar access to food and other products. The lit-
tle attention dedicated to on-farm conservation
represents a major shortcoming of the world’s
approach to safeguarding the agricultural biodi-
versity as it has also been recently acknowledged
during the preparatory meeting for the develop-
ment of the Convention on Biological Diversity
global conservation strategy.6 The widespread
cultural erosion and changes in food diets
taking place even in remote areas is, however,
changing these centuries-old food traditions at
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a fast pace with negative effects on sustainabil-
ity of agricultural practices and healthy nutrition
(Drewnowski and Popkin 1997; Hwalla and El
Khoury 2008). Compared to major crops, under-
utilized species are low-risk crops. Less invest-
ment is made in them by farmers with regard
to land and agricultural inputs, labour (mainly
from family members) being the major invest-
ment for the cultivation. These are mostly of a
traditional type and rely largely on local knowl-
edge transferred orally from one generation to
the next. The yield stability is dependent more
on the intrinsic genetic diversity of the diverse
populations grown and traditional practices em-
ployed rather than the use of improved varieties
(scarcely available). Underutilized species are
generally deployed in multicropping systems and
grown (or harvested in the wild) by people be-
cause of the multiple nature of their uses and
benefits to the household.

Because of their localized use, underutilized
species have been adapting to limited ecolog-
ical niches and little information is known of
their performance outside those areas of tradi-
tional cultivation. Many of them may be also
part of the natural vegetation (e.g., agroforestry
systems) and in that case their ecological role
in production systems should be also acknowl-
edged as an additional contribution to all other
specific values (food, fiber, medicine, wood, etc).
Underutilized species mostly rely on local seeds
that are usually saved either by the family or
through local seed networks active within the
community. Extension work on these species is
very limited, since both governments and devel-
opment agencies have traditionally focused on
commercial crops, which are more competitive
in the market and/or supported by government
policies that make their cultivation more con-
venient to farmers (Veteläinen et al. 2009). An
interesting case in point is that of subsidies and
procurements mobilized to rice and other staple
crops in India which makes minor millets less
economically advantageous for local communi-
ties (Padulosi et al. 2009). The impact, therefore,
of climate change on the seed systems of under-

utilized species should be another area of serious
concern for policy makers, and efforts should
be made to facilitating informal seed network-
ing outside original areas of their diffusion (De
Schutter 2009). In view of the fact that climate
change impact would vary across the landscape,
specific adaptation programs and policy mea-
sures should be thus developed in close collabo-
ration with communities where farmer-managed
seed networks will need to be properly assessed
and strengthened.

Serious concern over the loss of local bio-
diversity on farm, which affects both landraces
of major crops and underutilized species, has
been voiced at national and international level
(FAO 1996; SCAR 2008; Veteläinen et al. 2009).
The highly localized cultivation of underutilized
species and their consequent appeal mainly to lo-
cal populations familiar with their diversity bene-
fits and uses, make them a difficult case for wider
promotion beyond their centre of main diversity
and origin. While this has been always a limit
for canvassing greater support on their conserva-
tion, current calls for greater crop diversification
in the context of climate change are seen as an
emerging opportunity to promote their local uses
in harmony with community-led and livelihood
based adaptation strategies.

Although protected areas offer a degree of
protection for underutilized species, how ef-
fective this might be in the future under cli-
mate change has been called into question (Lira
et al. 2009). More efforts are, therefore, needed
on in situ conservation. There is an urgent
need to scale up the work of the UNEP/GEF-
supported project, “in situ” conservation of CWR
through enhanced information management and
field application, coordinated by Bioversity In-
ternational in five countries—Armenia, Bolivia,
Madagascar, Sri Lanka, and Uzbekistan7—to
other target species and protected areas, coun-
tries, and regions (Hunter and Heywood
2011).

Perfecto et al. (2009) elaborate in detail the
sort of paradigm shift and partnerships that
may be necessary, working through traditional
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agroecosystems and indigenous and social
movements, to ensure the conservation of thou-
sands of underutilized species.

The most important point to emphasize here is
that to enhance in situ conservation it is important
to recognize that conservation strategies are more
likely to be successful if national governments,
on-the-ground agencies, and local people set the
agenda, as it is they who will be responsible for
their implementation, with international NGOs
and IGOs playing a supporting role (Smartt and
Haq 2008; Smith et al. 2009).

The use enhancement challenge

Enhancing the use of underutilized species to
strengthen adaptation and resilience of agri-
cultural systems is a complex endeavor that
requires a highly multidisciplinary and mul-
tistakeholder approach (Hoeschle-Zeledon and
Jaenicke 2007). Efforts are highly interlinked
internally and with crosscutting themes such
as germplasm conservation, capacity build-
ing, policies, and public awareness (Jaenicke
and Höschle-Zeledon 2006; Rojas et al. 2009;
Padulosi et al. 2009).

We should be also aware of the negative im-
pact that some underutilized species may have
on people’s livelihood when their diffusion is not
accompanied by parallel dissemination of prac-
tices for their proper management and use as in
the case of the invasive Solidago canadensis in
Poland (Polok et al. 2008). An area emerging
also as highly strategic for deployment of under-
utilized species is that of biofuel (and in partic-
ular those of the second and third generation) in
view of the perspective to deploying hundreds of
hardy species in marginal or abandoned areas.

With regard to needs related specifically to
climate change and use enhancement research
for underutilized species, the following seem to
emerge as priority areas of intervention: (1) com-
parative studies to assess/confirm adaptation and
resilience capacities of species and varieties in
different contexts, (2) capacity building of re-
search in modeling for climate change adaptation

using the experience developed on major crops
and wild species, and (3) socioeconomic stud-
ies to predict impact of climate change on seed
systems and local markets.

The awareness and knowledge
challenge

One of the limitations in the popularization of
underutilized species is that related to poor un-
derstanding and perception of their roles and im-
portance by various elements of society. Despite
their enormous economic importance, and the
fact that the survival of many are severely threat-
ened, there is no way we can say that CWR
are considered as flagship or iconic species in
a way that corresponds to similarly threatened
species of animals. This is a major contributing
factor to their current poor state of conservation.
Likewise, underutilized cultivated species often
carry a “food-of-the-poor” image (Blench 1997;
Padulosi et al. 2009). This is a phenomenon
recorded across continents and cultures and it
is found to strongly discourage their wider pro-
motion and adoption, unless adequate campaigns
are made to change people’s perceptions. Great
efforts are indeed often required to show that
species perceived as inferior (“low status food”)
are in fact very relevant to food security and mi-
cronutrition as well as for many other social,
cultural, and environmental purposes. From a
social perspective, the vulnerability of people
in the context of climate change and biodiver-
sity should not be exclusively seen from the
physical angle (threats on genetic diversity, loss
of nutrition or income opportunities, etc.), but
also from the nonmaterial benefits that species,
including those underutilized, may provide
to people.

If we limit our analysis to food, biodiversity
is an essential conduit to our food culture, tradi-
tions, the sense of belonging to the territory and
shared history, intimate association with people,
sharing of similar emotions and identity.

Centuries of natural and human-driven selec-
tion have resulted into a vast array of diversity in
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agricultural crops in each region that is enriched
by a parallel cultural diversity related to identi-
fication and classification of species, knowledge
on where to find and how to harvest them (in the
case of wild species), where-when-how to grow
them (case of cultivated species), how to make
the best use of their products, etc. Climate change
is expected to have a wide range of negative con-
sequences on local knowledge, and we should
be prepared to prevent that from happening by
devising methods and tools that would make
people less affected. For instance, the chang-
ing of cultivating patterns arising from changes
in rainfall regimes will induce people to drop
some crops and select others. On the hypothe-
sis that underutilized species will hold compar-
ative advantages in such a change, we need to
devise ways through which these changes can
be facilitated and thus precious knowledge cur-
rently disappearing is documented, safeguarded,
promoted, and disseminated through social net-
works. The role of single community members as
well as that of collective actions will be equally
relevant in the context of coping strategies. To
that regard, empowerment of women through in-
centives and programs aimed at enhancing their
skills and capacities related to nutrition and in-
come generation from local biodiversity need
to also receive greater attention from Govern-
ments and relevant agencies (Balakrishnan 2000;
Padulosi et al. 2009).

Conclusions

The vulnerability of people to climate change
is a function of the natural, social, economic,
and political context in which they live. The di-
versification of agricultural production systems
through the promotion of underutilized species
offers opportunities for strengthening adaption,
mitigation, and resilience of both the natural
and socioeconomic systems. While scientific ev-
idence on the comparative advantages of under-
utilized crops over commodity crops is yet to
be fully demonstrated, the experience acquired
by farmers and other interdisciplinary considera-

tions strongly support a call for more investments
on these species at the local, regional, national,
and international level. As the debate over the
future of agriculture under climate change inten-
sifies, crop diversification is being advocated as a
key component for enhancing adaptation and re-
silience of production systems. Greater demand
of underutilized species is expected to fulfill di-
versification and maintain at the same time liveli-
hood options of people, particularly the rural and
urban poor. The complexity of the promotion of
underutilized species requires a paradigm change
in agricultural research so far. Greater multidisci-
plinary and intersector linkages will be needed to
face this challenge. Other strategic interventions
toward the realization of greater benefits from
underutilized species include (1) map their geo-
graphic distribution and shed more light on the
complex linkages between their diversity, pro-
duction, and stability of agroecosystems in the
context of climate change; (2) explore trade-offs
between the role of a few species with impor-
tant traits over that of many species with less
important traits in view of the fact that too many
species may lead to high transaction costs in ac-
cessing markets, particularly for the poor; (3)
promote nation-wide campaigns to remove the
image of food of the poor attached to under-
utilized species as a way to reinforce food and
nutrition security in climate change scenarios;
(4) raise awareness among the younger genera-
tion over the importance of safeguarding healthy
food habits and traditions associated with local
crops as a way to move away from the cur-
rent dependency over few crops and species;
(5) establish monitoring and early warning sys-
tems for underutilized species in the context
of greater interventions in support of in situ/on
farm conservation of local biodiversity; (6) pro-
mote greater access and exchange of diversity
of underutilized (including expansion of Annex
I list of the International Treaty on PGRFA8)
as a critical element in support of crop diver-
sification strategies; (7) take advantage of the
mounting climate change awareness as an oppor-
tunity to mainstream underutilized species into
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national and local development plans and strate-
gies and use them as an engine for rural and urban
growth.

Endnotes

1. See the 395 species listed as examples at www.
underutilized-species.org/species/specieas_mask.asp.

2. http://www.donorplatform.org/content/view/289/157.
Accessed December 10, 2009.

3. Moringa is reported to have seven times richer vitamin C
content than oranges, four times more vitamin A content
than carrots, and four times more Ca than milk (plus dou-
ble of its protein) and three times more potassium than
bananas (http://www.moringanews.org/doc/GB/Posters/
Broin_poster.pdf).

4. http://www.kew.org/science-conservation/conservation-
climate-change/millennium-seed-bank/index.htm

5. http://www.agrobiodiversityplatform.org/blog/?p=96
6. “Especially in the light of biodiversity and climate change,

it is now particularly important to emphasize other socio-
economically valuable plants, including medicinal plants,
nontimber forest products, local land races, wild relatives
of crops, and neglected and underutilized plant resources.
Priority species can be selected on a case-by-case ba-
sis at the local, national, and regional level” (source:
UNEP/CBD/LG-GSPC/3/4. 2009).

7. http://www.cropwildrelatives.org/
8. http://www.planttreaty.org/texts_en.htm

References

Achinewhu SC, Ogbonna CC, Hart AD (1995) Chemical
composition of indigenous wild herbs, fruits and leafy
vegetables used as food. Plant Foods for Human Nutrition
448: 341–348.

Akinnifesi FK, Aiayi OC, Gudeta S et al. (2008) Domesti-
cating and commercializing indigenous fruit and nut tree
crops for food security and income generation in sub-
Saharan Africa. In J Smartt and N Haq (eds) New Crops
and Uses: Their Role in a Rapidly Changing World. Cen-
tre for Underutilized Crops. University of Southampton,
Southampton, UK.

Ali, M, Wu SN, Wu MH (2000) Evaluation of the Net Nu-
tritive Gain of Policy Interventions: An Application to
Taiwan Household Survey Data. Asian Vegetable
Research and Development Center, Tainan, Taiwan.

Altieri, MA (1987) Agroecology: The Scientific Basis of Al-
ternative Agriculture. Westview Press, Boulder, CO.

Andika DO, Onyango MOA, Onyango JC (2008) Role of
Bambara groundnut (Vigna subterranea) in cropping sys-
tems in Western Kenya. In: J Smartt and N Haq (eds)
New Crops and Uses: Their Role in a Rapidly Chang-
ing World. Centre for Underutilized Crops, University of
Southampton, Southampton, UK.

Anonymous (2007) The Conservation of Global Crop Ge-
netic Resources In the Face of Climate Change. Summary
Statement from a Bellagio Meeting organized by the
Global Conservation Trust, held on September 3–7, 2007.
Available from: http://www.croptrust.org/documents/
WebPDF/Bellagio_final1.pdf. Accessed December 10,
2009.

Asaha S, Tonye MM, Ndam N et al. (2000) State of
knowledge on Gnetum africanum Welw and Gnetum bu-
cholzianum Engl. A report for the Central African Repub-
lic Program for the Environment. Limbe Botanic Garden,
Limbe, Cameroon.

Bahorun, T, Luximon-Ramma A, Crozier A et al. (2004)
Total pieno, flavonoid, proanthocyanidin and vitamin C
levels and anti-oxidant activities of Mauritian vegeta-
bles. Journal of the Science of Food and Agriculture 84:
1553–1561.

Bala Ravi S (2004) Neglected millets that save the poor from
starvation. LEISA India 6(1): 34–36.

Balakrishnan R (2000) Gender-defined strategies for biodi-
versity management for household food security. In FAO
Regional Technical Consultation: Gender Dimensions in
Biodiversity Management and Food Security: Policy and
Programme Strategies for Asia. M.S. Swaminathan Re-
search Foundation, Chennai, India.

Batjes NH, Sombroek WG (1997) Possibilities for carbon
sequestration in tropical and subtropical soils. Global
Change Biology 3: 161–73.

Bhardwaj R, Rai AK, Sureja AK et al. (2007) Nutritive value
of indigenous vegetables of Arunchal Pradesh. In: Pa-
per presented at Proceedings of 2nd Indian Horticul-
ture Congress 2007—Opportunities and Linkages for
Horticulture research and development, ICAR-complex
for NE region. April 18–21. Barapani, Meghalaya,
India.

Blench R (1997) Neglected species, livelihoods and
biodiversity in difficult areas: how should the public
sector respond? Overseas Development Institute. Nat-
ural Perspectives Magazine. No. 23. Available from:
http://www.odi.org.uk/resources/download/2134.pdf.
Accessed December 10, 2009.

Chadha ML, Oluoch MO (2007) Healthy diet gardening kit
for better health and income. Acta Horticulturae 752:
581–583.

Cavaliere C (2009) The effects of climate change on medic-
inal and aromatic plants. HerbalGram 81: 44–57.

Cavatassi R, Lipper L, Hopkins J (2006) The role of
crop genetic diversity in coping with agricultural
production shocks: Insights from Eastern Ethiopia,
Working Papers 06–17, Agricultural and Development
Economics Division of the Food and Agriculture
Organization of the United Nations. Available from:
http://ideas.repec.org/p/fao/wpaper/0617.html. Accessed
December 10, 2009.

Cleveland DA, Soleri D, Smith SE (1994) Do folk crop va-
rieties have a role in sustainable agriculture? Bioscience
44(11): 740–51.



P1: SFK/UKS P2: SFK Color: 1C

BLBS082-26 BLBS082-Yadav July 13, 2011 9:50 Trim: 246mm X 189mm

518 CROP ADAPTATION TO CLIMATE CHANGE

Collinson ST, Azam-Ali SN, Chavula KM et al. (1996)
Growth development and yield of bambara groundnut
(Vigna subterranea) in response to soil moisture. Jour-
nal of Agricultural Science 126: 307–318.

Dawson IK, Guarino L, Jaenicke H (2007) Underutilized
plant species; impacts of promotion on biodiversity. Po-
sition Paper 2. ICUC, Sri Lanka.

Diffenbaugh N, Krupke CH, White MA et al. (2008)
Global warming presents new challenges for maize
pest management. Environmental Research Letters 3(4).
doi:10.1088/1748-9326/3/4/044007. Available from:
http://www.iop.org/EJ/article/17489326/3/4/044007/
erl8_4_044007.pdf. Accessed December 10, 2009

De Schutter O (2009) The right to food. Seed policies and the
right to food: enhancing agrobiodiversity and encourag-
ing innovation. UN general Assembly, sixty-fourth ses-
sion. A/64/170. July 23, 2009.

Drewnowski A, Popkin B (1997) The nutrition transition:
new trends in the global diet. Nutrition Reviews 55(2):
31–43.

Dwivedi SL, Upadhyaya HD, Stalker T et al. (2008) En-
hancing crop gene pools with beneficial traits using wild
relatives. Plant Breeding Reviews 30: 180–230.

Erlund, I, Raika Koli Alfthan G et al. (2008) Favorable ef-
fects of berry consumption on platelet function, blood
pressure, and HDL cholesterol. The American Journal of
Clinical Nutrition 87: 323–31.

Eyzaguirre P, Padulosi S, Hodgkin T (1999) IPGRI’s strategy
for neglected and underutilized species and the human di-
mension of agrobiodiversity. In: S Padulosi (ed) Priority
Setting for Underutilized and Neglected Plant Species
of the Mediterranean Region. Report of the IPGRI Con-
ference, February 9–11, 1998, ICARDA, Aleppo, Syria.
International Plant Genetic Resources Institute, Rome,
Italy.

FAO (1996) Global Plan of Action for the Conservation and
Sustainable Utilisation of Plant Genetic Resources for
Food and Agriculture and Leipzig Declaration, adopted
by the International Technical Conference on Plant Ge-
netic Resources, Leipzig, Germany, June 17–23, 1996.
Food and Agriculture Organization of the United Na-
tions, Rome, Italy.

FAO (2010a) Second report on the state of the world’s
plantgenetic resources for food and agriculture. Commis-
sion on Genetic Resources and Agriculture. FAO, Rome,
Italy.

FAO (2010b) The state of food insecurity in the world. Ad-
dressing food insecurity in protracted crises. FA0, Rome.

Fowler C, Hodgkin T (2004) Plant genetic resources for food
and agriculture: assessing global availability. Annual Re-
view of Environmental Resources 29: 143–79.

Frison EA, Smith IF, Johns T et al. (2006) Agricultural bio-
diversity, nutrition and health: making a difference to
hunger and nutrition in the developing world. The Food
and Nutrition Bulletin 27: 167–179.

Frison EA, Cherfas J, Hodgkin T (2011) Agricultural bio-
diversity is essential for a sustainable improvement in

food and nutrition security. Sustainability 3, 238–253.
Doi:10.3390/su3010238.

Fujisaka S, Williams D, Halewood M (eds) (2009) The im-
pact of climate change on countries’ inter-dependence on
genetic resources for food and agriculture. Background
paper no. 48 prepared for the twelfth regular session of
the FAO Commission on Genetic Resources for Food and
Agriculture. FAO, Rome, Italy. 79pp.

Genetic Resources Policy Committee (1999) Enlarging the
basis of food security: role of underutilized species, pro-
ceedings of the international consultation organized by
the Genetic Resources Policy Committee of the CGIAR
at the M.S. Swaminathan Research Foundation, Chennai,
India from February 17–19, 1999.

Hassan R, Nhemachena C (2008) Determinants of African
farmers’ strategies for adapting to climate change: Multi-
nomial choice analysis. The African Journal of Agricul-
tural and Resource Economics 2: 83–44.

Hawtin G (2007) Underutilized plant species research
and development activities—review of issues and op-
tions. GFU/ICUC. International Plant Genetic Resources
Institute, Rome, Italy.

Hegde NG (2009) Promotion of underutilized crops for in-
come generation and environmental sustainability. Acta
Horticulturae 806: 563–577. ISHS.

Heller J, Begemann, FL, Mushonga J (1997) Promotion,
conservation and use of underutilized neglected crops.
Bambara groundnut. Proceedings of the workshop on
conservation and improvement of Bambara groundnut,
November 14–16, 1995.

Henry R (2009) Plant Resources for Food, Fuel and Conser-
vation, 200pp. Earthscan, London.

Hernández Bermejo JE, León, J (1992) Cultivos Marginados.
Otra Perspectiva de 1492. FAO, Rome.

Heywood V (1999a) Use and Potential of Wild Plants in
Farm Households. FAO, Rome, Italy.

Heywood VH (1999b) The role of botanic gardens in ex situ
conservation of agrobiodiversity. In: T Gass, L Frese,
F Begemann and E Lipman (eds) Implementation of the
Global Plan of Action in Europe—Conservation and Sus-
tainable Utilization of Plant Genetic Resources for Food
and Agriculture, pp. 102–107. Proceedings of the Euro-
pean Symposium, June 30–July 3, 1988, Braunschweig,
Germany. International Plant Genetic Resources Insti-
tute, Rome.

Heywood VH (2008) The use and economic potential of wild
species: an overview. In: N Maxted, BV Ford-Lloyd, SP
Kell, JM Iriondo, ME Dulloo, and J Turok (eds) Crop
Wild Relative Conservation and Use, Chapter 43. CABI,
Wallingford.

Heywood VH (2011a) An outline of the impacts of climate
change on endangered species in the Mediterranean re-
gion. Naturalista sicil 35(1): 107–119.

Heywood V (2011b) The impacts of climate change on plant
species in Europe. Report prepared by Professor Ver-
non Heywood School of Biological Sciences, University
of Reading with contributions by Dr Alastair Culham.



P1: SFK/UKS P2: SFK Color: 1C

BLBS082-26 BLBS082-Yadav July 13, 2011 9:50 Trim: 246mm X 189mm

UNDERUTILIZED SPECIES AND CLIMATE CHANGE 519

Cahiers Nature and Environment, Council of Europe,
Strasbourg (in press).

Heywood V, Casas A, Ford-Lloyd B et al. (2007) Conserva-
tion and sustainable use of crop wild relatives. Agricul-
ture, Ecosystems and Environment 121: 245–255.

Heywood VH, Dulloo ME [2006 (2005)] In situ Conser-
vation of Wild Plant Species—a Critical Global Review
of Good Practices. IPGRI Technical Bulletin No. 11.
FAO & IPGRI. IPGRI, Rome.

Hajjar R, Hodgkin T (2007) The use of wild relatives in
crop improvement: a survey of developments over the
last 20 years. Euphytica 156: 1–13.

Hoeschle-Zeledon I, Jaenicke H (2007) A strategic frame-
work for global research and development of underuti-
lized plant species: a contribution to the enhancement of
indigenous vegetables and legumes. Acta Horticulturae
(ISHS) 752: 103–110.
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Chapter 27

Wild Relative and Transgenic Innovation
for Enhancing Crop Adaptation to Warmer
and Drier Climate
Gang-Ping Xue and C. Lynne McIntyre

Introduction

Climate change scenarios suggest a warmer and
frequently drier climate in the future. In agri-
culture, such a scenario would require a shift of
focus in plant breeding for most regions of the
world from increasing yield potential to improv-
ing yield stability in drought- and heat-prone
environments through the increased stress tol-
erance. Drought and heat stresses can cause a
marked reduction in crop productivity. Drought
and heat, in combination, are known to have an
even more severe impact on carbon assimilation
and hence crop yield (Barnabás et al. 2008). Ex-
tensive selection for yield potential in agricul-
tural environments in the last century has greatly
reduced genetic variation, especially for agro-
nomic traits necessary to meet the challenge of
abiotic stresses. Introduction of stress-resistance
genes from wild relatives (WRs) that currently
grow in existing harsh environments is an essen-
tial part of crop breeding for the future. How-
ever, it is generally considered that breeding for
enhancing yield in drought and heat-prone envi-
ronments is technically difficult (Richards 1996;
Rauf 2008), as many morphological, physiologi-

cal, and biochemical attributes contribute to yield
and each is a multigene trait. Many of drought
and heat-resistance traits are expressed through
interaction between genetics and environment.
There is a strong need to elucidate the molecular
and genetic bases of drought and heat resistance
in crop species, to identify beneficial genes and
alleles, and to utilize them in breeding programs
for efficient selection of superior varieties in the
future.

The understanding of the molecular mecha-
nisms underpinning each stress-resistance trait
is required to achieve a more rapid and substan-
tial progress in the improvement of crop abi-
otic stress resistance. It is generally thought that
success in pyramiding of the best stress adapta-
tion genes in future crop varieties in a relatively
short time is likely to result from an integrated
approach of trait-based breeding and molecu-
lar technologies. Recent molecular and genomic
studies on plant adaptation to drought and heat
stresses and the development of transgenic crop
technologies provide a foundation for potentially
rapid incorporation of the crucial stress adapta-
tion genes into crop species in future breeding
programs. Furthermore, crop WRs that inhabit

Crop Adaptation to Climate Change, First Edition. Edited by Shyam S. Yadav, Robert J. Redden, Jerry L. Hatfield,
Hermann Lotze-Campen and Anthony E. Hall.
c© 2011 John Wiley & Sons, Ltd. Published 2011 by John Wiley & Sons, Ltd.

522



P1: SFK/UKS P2: SFK Color: 1C

BLBS082-27 BLBS082-Yadav July 12, 2011 17:16 Trim: 246mm X 189mm

ADAPTATION TO WARMER AND DRIER CLIMATE 523

Protective protein
capacity

Antioxidative
capacity

Osmotic
adjustment

General abiotic
stress protection

Drought
escape

Transpiration
efficiency

Stomatal
conductance

Carbon
assimilation

Water-use
efficiency

Crop productivity
under water deficit

Stem carbon
reserve

Deep soil water
extraction

Maintaining
photosynthesis

Delayed leaf
senescence

Early
phenology

Osmotic protection
capacity

Fig. 27.1. Physiological and biochemical mechanisms relevant to crop productivity in
drought-prone environments.

extreme drought and heat environments could
provide some superior alleles for crop improve-
ment. This chapter will outline our current under-
standing in the molecular mechanisms of drought
and heat resistance in crop species and their
WRs, examine genes that are associated with
stress resistance, and review recent progress in
transgenic innovation for enhancing crop adap-
tation to drought and heat stresses.

The molecular mechanisms of
drought and heat resistance

For understanding molecular mechanisms un-
derlying drought and heat resistance, first we
need to understand physiological and biochem-
ical mechanisms. It should be aware that not
all stress adaptive mechanisms are beneficial to
yield. Some traits that enhance crop survival may
only produce a small or no yield improvement
under stress (Blum 2005).

Some useful physiological and biochemical
mechanisms relevant to crop productivity un-
der water-limited conditions are summarized

in Fig. 27.1. Antioxidative, osmotic protection
and protective protein capacities are important
biochemical mechanisms that have not been dis-
cussed in the previous chapters. The antioxi-
dant system is required to remove toxic reac-
tive oxygen species (ROS) (e.g., O2

−, H2O2,
and OH−), which are overproduced in plants
during abiotic stress, through both enzymatic
(e.g., superoxide dismutase, ascorbate peroxi-
dase, and glutathione peroxidase) or nonenzy-
matic reactions (e.g., ascorbic acid, glutathione,
and α-tocopherol as well as some sugar alco-
hols: proline, mannitol, etc). The osmotic pro-
tection system serves as osmoprotectant to sta-
bilize proteins and cell structures in dehydrated
plants and consists of various osmolytes: sug-
ars (e.g., hexoses and sucrose), polyhydric al-
cohols (e.g., mannitol and pinitol), and amines
(e.g., glycine betaine and proline), although the
types of osmolytes that are accumulated dur-
ing drought stress vary among species (Bartels
and Sunkar 2005; Xue et al. 2008a). The pro-
tective protein system consists of mainly two
important protein families—late embryogenesis
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Fig. 27.2. Physiological and biochemical mechanisms relevant to crop productivity in heat-prone
environments.

abundant (LEA) protein and heat shock protein
(HSP)/chaperone. LEA proteins include a num-
ber of loosely related groups of proteins and
many of them are produced in maturing seeds and
dehydrated vegetative organs. Certain LEA pro-
teins are often referred to as dehydrin. It has been
proposed that LEA proteins are able to protect
other proteins or membranes, in a fashion simi-
lar to sugars, perhaps by acting as water replace-
ment molecules. HSPs/chaperones also consist
of several groups and most of them are induced
during heat stress (Wang et al. 2004). How-
ever, a few members are induced during drought
stress (Bartels and Sunkar 2005). Many HSPs
are responsible for protein folding, assembly,
translocation, and degradation in normal cellular
processes, functioning as molecular chaperones.
Under drought and heat stress, HSPs/chaperones
can stabilize membrane, assist protein refolding,
and prevent protein denaturation. However, these
biochemical mechanisms are rarely exploited by
breeders in current breeding practices. In con-
trast, the physiological mechanisms (or traits)

listed in Fig. 27.1 have often been used in breed-
ing programs (Cattivelli et al. 2008; Reynolds
and Tuberosa 2008; previous chapters). Many
of these physiological mechanisms are deter-
mined by morphological characters (Reynolds
and Tuberosa 2008).

The physiological and biochemical mech-
anisms for crop adaptation to heat stress
share some similarity with drought adaptation
(Fig. 27.2). Three most important differences
are: (1) leaf cooling, (2) thermostability of pro-
teins involved in photosynthesis and metabolic
reactions, and (3) membrane thermostability. An
increase in water evaporation helps cooling the
leaf temperature. However, it depends on wa-
ter availability. A deep root system may pro-
vide more water for leaf cooling during heat
stress in drought-prone environments. Protein
thermostability is an important issue for crop
productivity under high temperatures, as many
proteins in plants are thermolabile. For ex-
ample, high growth temperature leads to the
multimeric dissociation and/or denaturation of
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Rubisco activase in plants (Salvucci and Crafts-
Brandner 2004b). Rubisco activase is a regula-
tory protein for keeping Rubisco at an activated
state. Other important thermolabile enzymes are
soluble starch synthase from wheat endosperm
(Keeling et al. 1993) and ADP-glucose py-
rophosphorylase from maize endosperm (Greene
and Hannah 1998). Membrane thermostability
is important for maintenance of the integrity of
photosynthesis apparatus and in general relies
on lipid composition in the membrane. A high
level of saturated fatty acid such as palmitic
acid in chloroplast membranes is known to be
associated with heat resistance in Arabidopsis
(Kunst et al. 1989). The thermolabile property of
Rubisco activase and chloroplast membrane is a
major factor responsible for a heat-induced de-
cline in photosynthesis. During heat stress, some
HSPs/chaperones play an important role in sta-
bilizing thermolabile proteins and membrane.

The molecular bases of
drought adaptation

Genotypic variation in physiological and bio-
chemical traits of drought adaptation is de-
termined by differences either in protein con-
centrations or protein sequence. Each of the
adaptive traits is underlain by multiple genes.
Recent molecular studies on plant response to
drought using genome-wide expression profil-
ing have shown that more than a thousand genes
change their mRNA levels (Rizhsky et al. 2004),
which usually lead to changes in their pro-
tein levels. Most of these genes are not di-
rectly related to drought resistance, but are a
secondary consequence of drought stress, which
results from extensive metabolic changes includ-
ing those involved in photosynthesis and car-
bohydrate metabolism (Xue et al. 2008a). To
date, drought upregulated genes have attracted
the most attention. These genes are involved ei-
ther in the known physiological and biochemical
mechanisms of drought resistance or in the reg-
ulation of other drought-responsive genes, in-
cluding those involved in abscisic acid (ABA)

synthesis. ABA is the major phytohormone that
mediates plant drought response (stomatal clo-
sure and induction of drought-responsive genes).

The molecular studies of drought stress genes
during last 20 years have led to our current
knowledge on extensive gene regulatory net-
works involved in plant response or adapta-
tion to drought stress, mediated by both ABA-
dependent and independent pathways (Shinozaki
and Yamaguchi-Shinozaki 2007), although much
of the details of the connection within and be-
tween individual networks still needs to be deter-
mined. A brief summary of drought stress pro-
tection genes, regulators, and their association
with drought adaptation is given below.

Drought adaptation genes

Some drought adaptation genes, particularly
drought upregulated ones, can be directly as-
sociated with the known physiological or bio-
chemical traits of drought resistance. The most
characterized groups are genes encoding: (1) en-
zymes for osmolyte synthesis, (2) LEA proteins
or HSPs/chaperones, and (3) antioxidative en-
zymes or enzymes for the synthesis of antioxi-
dants. A comprehensive review of this topic is
covered by Bartels and Sunkar (2005). How-
ever, many drought adaptation genes that un-
derlie the morphological and physiological traits
of drought resistance, such as a deep root sys-
tem and water-use efficiency (WUE), are still
unknown.

The knowledge about the role of indi-
vidual genes in drought resistance is mainly
derived from genetic or transgenic studies. A
number of genes that encode LEA proteins and
enzymes involved in osmolyte synthesis or ROS
removal have been shown to improve drought
resistance when they are overexpressed in trans-
genic plants (see Section “Genetic engineering of
crops for adaptation to drought and heat stresses”
of this chapter). The positive association of some
drought upregulated genes at the mRNA level
with drought resistance has been observed in sev-
eral crop species. For example, the levels of some
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LEA protein transcripts are positively associated
with genotypic variation in drought resistance
(Lopez et al. 2003). Comparative functional ge-
nomic studies have shown at least a hundred
genes that are differentially expressed between
genotypes with a contrasting drought-resistance
trait (Xue et al. 2006; Degenkolbe et al. 2009).
Some of these differentially expressed genes are
involved in the drought response, such as dehy-
drin, DnaJ (molecular chaperone), and enzymes
involved in proline synthesis (Xue et al. 2006;
Schafleitner et al. 2007; Degenkolbe et al. 2009).
However, many genes that are positively associ-
ated with drought-resistance traits encode un-
known proteins. This indicates that many more
novel genes related to drought resistance still
await functional characterization.

Regulatory genes

Genotypic variation in drought resistance is often
underpinned by differences in expression levels
of multiple genes (often several gene networks).
The requirement of simultaneous alterations in
the mRNA levels of multiple genes is obvious
in views of known biochemical processes such
as ROS removal, which involves a number of
antioxidative enzymes (Møller et al. 2007). The
expression of these genes involved in the same
metabolic or detoxification pathway is often con-
trolled by a specific group of regulatory genes.
Therefore, a regulatory gene can play a more im-
portant role than a single stress protection gene
in drought resistance.

Regulatory genes that are involved in drought
response include: (1) signalling proteins (e.g.,
protein kinases and phosphatases), (2) transcrip-
tion factors (TFs) that are involved in tran-
scriptional regulation through directly binding to
cis-elements in promoters, (3) transcriptional co-
factors that are capable of modifying or inter-
acting with TFs, (4) proteins involved in post-
transcriptional regulation (i.e., RNA processing,
mRNA degradation, and translation), (5) proteins
involved in regulating the turnover rate of regula-
tory proteins, and (6) enzymes involved in ABA

synthesis. This category should also include
genes for small interfering RNAs and micro
RNAs (Shukla et al. 2008) and genes involved in
epigenetic regulation through DNA methylation
or histone modification (Chinnusamy and Zhu
2009). A large amount of information related
to drought-induced gene regulation is covered
in recent reviews by Shinozaki and Yamaguchi-
Shinozaki (2007) and Nakashima et al. (2009).

Evidence for the important contribution of
regulatory genes to drought resistance is de-
rived mainly from genetic and transgenic studies.
A large number of regulatory genes have been
shown to confer drought resistance in transgenic
plants (see Section “Genetic engineering of crops
for adaptation to drought and heat stresses”).

The molecular bases of heat adaptation

A comparative expression analysis between heat-
and drought-responsive genes has revealed some
common abiotic stress protection genes, but
the majority of the heat-responsive genes dif-
fer from drought-responsive ones (Rizhsky et al.
2004). This suggests that there are both com-
mon and unique molecular mechanisms for heat
and drought resistance. The common-responsive
genes cover most of those involved in ac-
tive cellular stress protection, such as ROS re-
moval, osmolyte synthesis, and some members
of HSPs/chaperones. However, plant adaptation
to heat differs from drought in several aspects
as described earlier. This section will discuss the
genes encoding heat adaptation proteins under-
lying biochemical and physiological attributes to
heat resistance as well as known regulators con-
trolling the expression of heat adaptation genes.

Heat adaptation genes

Heat resistance of plants can be altered by
changes in the expression of genes that are
involved in cellular heat protection. This is
particularly evident for acquired thermotoler-
ance through preexposure of plants to permis-
sive temperature, during which a large number
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of heat protection genes are induced, such as
HSPs/chaperones, enzymes for ROS, and os-
molyte synthesis (Larkindale and Vierling 2008;
Qin et al. 2008). A higher level accumulation of
these gene transcripts during heat stress in heat-
acclimated plants than nonacclimated ones is ac-
companied with a better survival rate at subse-
quent exposure to high temperatures (Larkindale
and Vierling 2008). The recent comparative ge-
nomic studies also suggest that genotypic differ-
ences in heat tolerance are generally associated
with the higher mRNA levels of some critical
protection genes (Zhang et al. 2005b; Qin et al.
2008). Hsp70 in Festuca is one of the examples
(Zhang et al. 2005b).

It is also perceivable that genotypes or species
with genes encoding a biochemically superior
form of a critical stress protection or metabolic
protein can have some improvement of thermo-
tolerance. One of the better-studied examples
is Rubisco activase. A 10◦C difference in the
heat susceptibility of this enzyme was observed
between creosote bush and Antarctic hairgrass
(Salvucci and Crafts-Brandner 2004a). Other
perceivable superior forms of stress protection
proteins that are likely to exist are higher spe-
cific activity or high substrate-binding affinity of
some important enzymes such as those involved
in ROS removal. The superior thermostability of
critical metabolic enzymes is likely to be more
important than their protein concentrations for
effective adaptation to heat stress. However, dis-
covery in the superior forms of the genes at the
protein structure/function level is relatively slow,
compared to the identification of genes based on
the expression level.

Regulatory genes

Similar to regulators involved in drought stress,
a heat-responsive regulatory gene can play a
more important role than a single heat protec-
tion gene in contributing to heat-stress resistance.
If the regulatory process of a gene has a link
to more than one of morphological, physiolog-
ical, or biochemical mechanisms of heat resis-

tance, the gene could have a significant impact
of heat resistance. Some members of HSPs such
as Hsp90 can modulate the activity of a num-
ber of regulatory proteins in plants, leading to a
number of morpho-physiological changes such
as leaf shape and flowering time (Sangster et al.
2007; Yamada et al. 2007).

Among regulators involved in heat-stress re-
sponse in plants, heat shock factors (Hsf) have
been well studied (von Koskull-Döring et al.
2007). The Hsf family consists of 21 members
in Arabidopsis and >23 in rice (von Koskull-
Döring et al. 2007). Although most Hsf genes are
upregulated by heat, a few are regulated by ROS
(Davletova et al. 2005), ABA (Kotak et al. 2007),
or by both drought and heat (Schramm et al.
2008). The downstream genes of Hsf proteins
include various HSPs/chaperones, antioxidative
enzymes, and enzymes involved in osmoprotec-
tant synthesis (Busch et al. 2005; Nishizawa et al.
2006; von Koskull-Döring et al. 2007). Several
studies have shown that overexpression of some
Hsf genes or a TF upstream of an Hsf can im-
prove heat resistance in transgenic plants (see
Section “Genetic engineering of crops for adap-
tation to drought and heat stresses”). The Hsf
family is not the only TF group that is involved
in heat response in plants. A few genes from
other families have been shown to be upreg-
ulated by heat, such as Arabidopsis DREB2A
(AP2) and bZIP28 (Sakuma et al. 2006a; Gao
et al. 2008), and rice ZFP177 (C2H2 zinc fin-
ger) and WRKY11 (Huang et al. 2008; Wu et al.
2009). Some of these TFs have been shown to
have an important role in heat resistance from
transgenic studies (see Section “Genetic engi-
neering of crops for adaptation to drought and
heat stresses”).

Simultaneous drought and heat stress

Many crops in the field often encounter simulta-
neous drought and heat stresses at certain stages
of their growth period. Particularly, high tem-
perature speeds up water evaporation from both
plant and soil and hence promotes or intensifies
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drought stress, which in turn increases leaf tem-
perature due to the reduced rate of transpiration.
A combination of drought and heat stresses has
a much greater detrimental effect on the growth
and productivity of field crops than a single stress
(Barnabás et al. 2008).

There are some unique features in the phys-
iological response of plants to the combination
of drought and heat stresses. The most notable
one is transpiration rate, which is higher in heat-
stressed plants to cool the leaf, but becomes
lower during the combined stresses (Rizhsky
et al. 2002). The drought and heat stress com-
bination can markedly reduce the ratio of photo-
synthesis to respiration due to the reduced pho-
tosynthesis combined with increased respiration
(Mittler 2006). This is likely attributed to the
combination of several factors such as stomatal
closure, the reduced activation status of Rubisco,
and differential changes in the relative solubility
of Rubisco substrates: CO2 and O2. High tem-
perature leads to a more pronounced decrease
in the solubility of CO2 than that of O2, thus
favoring Rubisco activity toward the photores-
piration pathway (Rennenberg et al. 2006). In
addition, simultaneous drought and heat stress is
likely to exacerbate the reduction in the various
components of photosynthesis including chloro-
phyll and the Calvin cycle enzymes as observed
in drought or heat stress.

Some metabolic changes in plants during ex-
posure to the simultaneous drought and heat
stress are also different from individual stresses.
The simultaneous stress leads to an accumulation
of sucrose, maltose, and glucose in Arabidopsis,
but not proline (Rizhsky et al. 2004). Proteomic
analysis by Koussevitzky et al. (2008) identi-
fied 45 proteins that specifically accumulated in
Arabidopsis, in response to the drought and heat
stress combination. These specifically accumu-
lated proteins include enzymes involved in ROS
removal, malate metabolism, and the Calvin cy-
cle. Expression profiling analysis showed a new
set of stress-responsive genes in plants exposed
to the drought and heat stress combination, in
addition to stress-responsive genes that overlap

with those induced by either drought or heat
(Rizhsky et al. 2004). However, in general, the
majority of the biochemical and molecular mech-
anisms that are involved in drought or heat adap-
tation are used in plant response to the stress
combination.

Some common molecular mechanisms are
used in both drought and heat adaptation. For ex-
ample, some regulatory genes have been shown
to be involved in both drought and heat stresses
such as DREB2A in Arabidopsis and maize
(Sakuma et al. 2006a; Qin et al. 2007) and
WRKY11 in rice (Wu et al. 2009). Over-
expression of these TFs in transgenic plants
showed improved resistance to both drought and
heat stresses (see Section “Genetic engineer-
ing of crops for adaptation to drought and heat
stresses”). Improvement of crop yield under si-
multaneous drought and heat stresses is chal-
lenging, but it is also likely to attract the interest
of more plant stress biologists in the future.

Drought and heat resistance in
wild relatives of crop species

Genetic variation in many crop species is rela-
tively limited due to the focus on yield poten-
tial during the domestication of crop species. A
lack of allelic variation will restrict the develop-
ment of drought- and heat-resistant cultivars suit-
able for future warmer and drier environments
through traditional breeding. The WRs of crop
species potentially provide a valuable source of
genes and traits for crop improvement. WRs that
inhabit harsh environments are usually better
adapted to abiotic stress than cultivated species.
However, crosses between crop species and WRs
frequently have a negative effect on crop yield in
agricultural production environments.

A recent review by Hajjar and Hodgkin (2007)
indicated that of 19 species surveyed, wild gene
incorporation reaching the released cultivar stage
was found in 13. They found that more than 60
wild species had contributed more than 100 ben-
eficial traits to 13 crops. While the most common
use of WRs in the past was as a source of pest and
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disease resistance, WRs have also contributed to
abiotic stress-resistance traits.

Drought-resistance traits in
wild relatives

Superior drought-resistance traits have been
identified in WRs of many important crop
species, such as rice (Liu et al. 2004), bar-
ley (Nevo 2007), wheat (Reynolds et al. 2007),
chickpea (Toker et al. 2007; Canci and Toker
2009), potato (Coleman 2008), sunflower (Rauf
2008), and groundnut (Nautiyal et al. 2008). The
drought-resistance traits reported in or derived
from wild wheat species are high WUE (Nevo
2007; Reynolds et al. 2007), early vigor (Ter
Steege et al. 2005), high productive tillers, high
grain weight, and better yield stability under
water-limited conditions (Baalbaki et al. 2006).
In wild rice species, a number of useful traits
for the improvement of upland rice drought
resistance have been observed, such as high
WUE, greater membrane stability, increased root
biomass, and better maintenance of leaf elonga-
tion under drought stress (Liu et al. 2004). The
superior root traits such as deep root and high
root biomass have also been observed in WRs
of chickpea (Gaur et al. 2008). One of the most
common drought-resistance traits is high WUE,
which is also observed in WRs of other crop
species such as wild potato (Coleman 2008) and
wild sunflower (Rauf 2008). Other potentially
useful drought-resistance traits include a better
recovery rate after severe drought stress in wild
Cicer species (Toker et al. 2007) and high harvest
index under drought in wild sunflower species
(Rauf 2008). Some crop WRs such as Glycine
latifolia are able to tolerate a very low soil mois-
ture and low leaf water content (McLean, James,
and Xue, unpublished). The critical relative leaf
water content of G. latifolia is about 23%, while
that of the soybean cultivars is about 35%. The
critical relative leaf water content is the threshold
at which a leaf is no longer able to be rehydrated.
This cellular drought-tolerant property is rare in
cultivated species.

Only a small number of cultivars have been
released with abiotic stress resistance that has
been contributed by WRs (Hajjar and Hodgkin
2007). WRs have contributed drought tolerance
to released cultivars of tomato, chickpea, barley,
rice, sorghum, sunflower, and wheat (Hajjar and
Hodgkin 2007).

Heat-resistance traits in wild relatives

Only a limited number of reports describe the
comparative analysis of heat resistance between
crop species and their WRs. However, superior
heat resistance has been observed in some crop
WRs. For example, Solanum gandarillasii ex-
hibits remarkably higher membrane thermosta-
bility than cultivated potato (Coleman 2008).
Within wild species, a wide genetic variation
for heat resistance also exists among accessions
originated from a diverse range of environments
(Nautiyal et al. 2008). Heat-resistance traits can
also be derived from inter- or intraspecific hy-
brids such as synthetic wheats (Yang et al. 2002;
van Ginkel and Ogbonnaya 2007). Some pri-
mary synthetic wheats have higher chlorophyll
content under high temperature growth condi-
tions and more resistance to heat-induced ac-
celeration of grain-filling duration than wheat
cultivars (Yang et al. 2002). One interesting as-
pect of heat-resistance genetics from crop WRs
is that some WRs inhabiting hot environments
might provide superior alleles for thermostable
proteins. A marked difference in the thermosta-
bility of Rubisco activase has been observed
between two C3 species inhabiting contrast-
ing thermal environments (Salvucci and Crafts-
Brandner 2004a). Khanna-Chopra and Sabari-
nath (2004) have shown the remarkable ther-
mostability of a chloroplastic Cu/Zn superoxide
dismutase from Chenopodium murale that inhab-
its the environment of up to 45◦C.

To date, there are few reports of released cul-
tivars with heat tolerance derived from WRs.
Hajjar and Hodgkin (2007) cite the release of a
chickpea cultivar with thermotolerance derived
from a related species.
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Molecular basis of drought and
heat-resistance traits in wild relatives

Although a number of drought and heat-
resistance traits have been characterized in crop
WRs, the molecular basis for these traits is
essentially unknown. The identification of crit-
ical genes underpinning the trait can be ex-
tremely useful for the introgression of stress-
resistance genes from wild species into crops
by either marker-assisted breeding or transgenic
technology. Recent advance in the elucidation
of molecular mechanisms of abiotic stresses
and progress in functional genomics have pro-
vided appropriate tools for the identification of
genes underpinning these adaptive traits in WRs.
Perceivably, two approaches can be used
for identification of critical genes underlying
drought and heat-resistance traits in WRs: analy-
sis of known candidate genes and genome-wide
search (comparative functional genomics).

Candidate gene approach

This approach is based on the current knowledge
about hundreds of stress adaptation and regula-
tory genes that are involved in plant response
to drought and heat stresses. The effect of WR
genes on drought or heat resistance can be envis-
aged as either a difference in protein sequence or
the concentration of a given protein that is often
reflected by its mRNA level.

The comparative studies of gene expression
or sequences of drought and heat stress genes
in WRs are relatively few to date. Suprunoval
et al. (2004) have shown that some drought-
upregulated genes such as dehydrins are ex-
pressed higher in drought resistant genotypes
of Hordeum spontaneum than susceptible ones.
Chen et al. (2006) have shown that the mRNA
level of a drought upregulated TF (DREB) is
higher in a drought-resistant Glycine soja than
a sensitive soybean cultivar. We have also ob-
served a few stress-protection genes (e.g., su-
peroxide dismutase and dehydrin) that are ex-
pressed at much higher levels in highly drought
resistant G. latifolia than two soybean cultivars

(McLean et al. unpublished). Few comparative
studies have been reported about allelic variation
in the sequences of stress-protection proteins be-
tween WRs and crop species. One example for
this is the observation of allelic variation in Dhn4
between H. spontaneum and barley (Nevo 2007).

The candidate-gene approach has a seri-
ous limitation, as the molecular basis of many
drought- or heat-resistance traits are still un-
known even in crop species. A seemingly appar-
ent trait can actually be a consequence of another
trait or be linked to a change in an unknown
biochemical reaction. Therefore, genome-wide
search is generally more appropriate for the iden-
tification of genes associated with the trait.

Comparative functional genomics

Comparative functional genomics is a rapidly ex-
panding branch of functional genomics. With the
availability of large amounts of EST sequences
in major crop species (e.g., rice, wheat, and bar-
ley) and large-scale expression profiling plat-
forms (e.g., cDNA microarray and Affymetrix
arrays), genome-wide searches for differentially
expressed genes between stress resistant and sus-
ceptible genotypes has become feasible. To date,
a number of comparative functional genomic
studies in this area are based on the identifi-
cation of genes associated with genotypic vari-
ation in drought or heat resistance (Schafleit-
ner et al. 2007; Qin et al. 2008). There are
also some studies on a defined drought adap-
tive trait, such as osmotic adjustment in rice
(Hazen et al. 2005), transpiration efficiency in
wheat (Xue et al. 2006), photosynthetic mainte-
nance in potato plants under drought (Vasquez-
Robinet et al. 2008), and stem water soluble car-
bohydrates (WSC) in wheat (Xue et al. 2008b).

These types of studies provide a list of po-
tential candidate genes that are associated with
a trait for further investigation. Many of these
differentially expressed genes are only casually
associated with the trait, particularly when only a
few genotypes are used for comparison. It should
also be noted that most of trait-associated genes
identified by expression analysis do not possess
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causal allelic variation in sequence, as geno-
typic differences in the expression levels of many
genes are merely a reflection of allelic variation
in their upstream regulator.

Comparative functional genomic studies be-
tween a crop species and its WRs have not been
reported to date for several reasons. Firstly, gene
sequence information on WRs is scarce. Sec-
ondly, the sequences of many gene transcripts
may differ considerably between a crop species
and its WR, which prevents a direct comparison
of expression levels between crop species and its
WR using the current genome array platforms
based on sequences from a crop species. Thirdly,
genetic differences between a crop species and
its WR are generally too large to pinpoint the as-
sociation of differentially expressed genes with
a drought or heat-resistance trait. This problem
is also relevant to the comparison of expres-
sion profiling between two unrelated genotypes
within a crop species. The relevance of differ-
entially expressed genes to a trait under study
increases with the number of genotypes contrast-
ing with the trait. Furthermore, precision in the
identification of the candidate genes can be im-
proved by focusing on analysis of known func-
tion genes involved in the process if the physi-
ological and biochemical bases of the adaptive
trait are known. Such a case study is well illus-
trated in the identification of genes associated
with genotypic variation in the stem WSC by ex-
amining the genes involved in WSC metabolic
pathways (Xue et al. 2008b).

Introgression of drought- and
heat-resistance genes from
wild relatives

A direct means of exploitation of a novel wild
gene pool is to cross elite material with its WR
that is adapted to drought or heat stress envi-
ronments. Introgression from compatible wild
germplasm has resulted in the release of some
more abiotic stress-resistant cultivars of several
crop species (Hajjar and Hodgkin 2007). More
drought- and heat-resistant lines have also been
reported in synthetic wheats derived from cross

between tetraploid wheat and Aegilops tauschii
(Reynolds et al. 2007; Ortiz et al. 2008). Ex-
ploitation of wild gene pools from sexually in-
compatible distant WR species can be achieved
by cell-fusion technique–somatic hybridization
(Liu et al. 2005). Introgression of WR genes by
interspecific or intergeneric somatic hybridiza-
tion has been achieved in many crop species,
such as rice, wheat, Brassica, and potato (Liu
et al. 2005; Liu et al. 2006; Zhao et al. 2008;
Thieme et al. 2008). This technique provides
a powerful means to further increase allelic di-
versity in crop species. However, generation of
drought- or heat-resistant somatic hybrids with-
out compromising yield and quality traits is
still a challenging task for the future. Molecu-
lar marker-assisted or genomic-guided selection
tools are likely to be necessary for accelerating
progress in this area.

Genetic engineering of crops
for adaptation to drought and
heat stresses

The advantage of genetic engineering for im-
provement of a plant trait or acquisition of a
new trait is that any genetic modification can
be designed and tailored by introduction of one
or a few known gene(s). This is in contrast to
the conventional crossing or somatic hybridiza-
tion, which has a severe drawback of uninten-
tional introduction of a large chunk of unknown
DNA with undesirable characteristics. Another
advantage of transgenic technology is its ability
to greatly amplify the expression (hundreds folds
if necessary) of the gene of interest in a trans-
genic line compared to the parental genotype,
while natural allelic variation in gene expression
levels is generally within a few folds (Xue et al.
2006, 2008b).

Despite the advantages, transgenic technol-
ogy requires known candidate genes for the
traits. For drought- or heat-resistance traits, some
candidate genes underlying certain physiological
and biochemical mechanisms have been identi-
fied, such as genes encoding dehydrins, antiox-
idant enzymes, or Rubisco activase. However,
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candidate genes for most drought- or heat-
resistance traits are still unknown. In the past
decades, many of drought- or heat-responsive
genes, particularly the upregulated ones, have
been selected as potential candidates for func-
tional evaluation in transgenic plants. In this sec-
tion, we are going to examine the studies demon-
strating improved resistance.

Enhanced drought resistance

Numerous studies have demonstrated the en-
hanced drought resistance in transgenic plants
under laboratory and greenhouse conditions. A
number of recent reviews have covered this
area (Shinozaki and Yamaguchi-Shinozaki 2007;
Cattivelli et al. 2008; Gosal et al. 2009). The
genes that have a positive effect on drought
resistance cover several groups as listed in
Table 27.1.

Most of these genes are involved either in cel-
lular stress protection or in drought-stress sig-
naling and transcriptional activation for upreg-
ulation of stress-protection genes. Some genes
are known to be linked to specific physio-
logical traits, such as AtMYB61 for reduced
transpiration by positively controlling stomatal
closure (Liang et al. 2005; Hu et al. 2006),
NADP-malic enzyme for the improvement of
WUE through reduction of stomatal conduc-
tance (Laporte et al. 2002), WXP1 for leaf wax
deposition which affects nonstomatal leaf wa-
ter loss rate (Zhang et al. 2005a). Improve-
ment of transpiration efficiency through re-
duced stomatal conductance was also observed
in transgenic peanut overexpressing Arabidopsis
DREB1A (Bhatnagar-Mathur et al. 2007). In ad-
dition to stress-upregulated genes, the improve-
ment of drought resistance can also be achieved
by nonstress genes such as isopentenyltrans-
ferase which catalyses the rate-limiting step in
cytokinin synthesis (Rivero et al. 2007) and 14-
3-3 protein GF14λ (Yan et al. 2004). The overex-
pression of isopentenyltransferase in transgenic
tobacco delays leaf senescence (“stay green”
like) and confers drought resistance (Rivero et al.

2007). The transgenic cotton with overexpres-
sion of the Arabidopsis GF14λ also exhibits a
“stay green”-like trait and the transgenic lines
also have a higher photosynthesis rate and are
more drought-resistant under water deficit condi-
tions (Yan et al. 2004). The 14-3-3 protein family
is one group of regulatory proteins through inter-
action with other proteins including TFs, antiox-
idative enzymes, and HSPs. The improvement
of WUE can be also achieved by the enhance-
ment of carbon-fixation rate by overexpress-
ing a C4-phosphoenolpyruvate carboxylase gene
as shown in transgenic maize under moderate
drought conditions (Jeanneau et al. 2002). Re-
cently, Yu et al. (2008) have shown that the root
system can be manipulated by overexpression of
a homeodomain-START TF. The overexpress-
ing transgenic tobacco plants have a more exten-
sive and deeper root system, as well as reduced
leaf stomatal density and improved drought
resistance.

These transgenic studies have shed some light
on the genes underpinning some physiological
and biochemical mechanisms of drought adapta-
tion. However, most physiological adaptive traits
such as stay green and WUE can arise from al-
lelic variation in completely different genes. Not
all these genes (possibly only a small portion)
have been identified by genetic and transgenic
studies to date. Furthermore, the ultimate goal
of crop improvement of drought resistance is to
improve yield in drought-prone environments.
This requires not only the genes for combating
cellular stress, but also identifying genes under-
pinning plant ability of extracting water in deep
soil (e.g., a deep root system) or better parti-
tioning of assimilated carbon to grains. Genes
associated with some of these important drought-
adaptive traits are still unknown. It is likely that
some traits require manipulation of more than
one gene. Further scope for improvement of crop
yield in drought-prone environment may lie in
the improvement of efficient use of energy un-
der stress through metabolic engineering as pro-
posed by Dobrota (2006). The outcome of this
type of genetic manipulation may be seen as a
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Table 27.1. Transgenes confer drought resistance.

Protein group encoded by transgene Expression mode Examples of transgene

Late embryogenesis proteins Over-expression (OE) Barley HVA1 (Bahieldin et al. 2005) and
rice LEA3 (Xiao et al. 2007)

Heat shock proteins/chaperones OE HSP70-1 (Cho and Hong 2006) and BiP
(Alvim et al. 126)

Enzymes for the synthesis of
osmoprotectants

OE Mannitol-1-phosphate dehydrogenase
(Abebe et al. 2003) and
�1-pyrroline-5-carboxylate synthetase
(Kavi Kishor et al. 1995)

Antioxidative enzymes for removal of
reactive oxygen species

OE Mn-superoxide dismutase (McKersie et al.
1996) and antiquitin-like protein
(antiquitin catalyses acetaldehyde
oxidation) (Rodrigues et al. 2006)

Enzymes for polyamine synthesis OE Arginine decarboxylase (Capell et al.,
2004) and S-adenosylmethionine
decarboxylase (Waie & Rajam 2003)

TFs involved in drought response OE DREB2A (Sakuma et al. 2006b) and ABF3
(Oh et al. 2005)

TFs involved in cold response OE DREB1A/CBF3 (Kasuga et al. 1999)

TFs controlling leaf cuticular wax
production

OE WXP1 (Zhang et al. 2005a)

TFs involved in regulation of stomatal
conductance

OE AtMYB61 (Liang et al. 2005), SNAC1 (Hu
et al. 2006) and AtMYB44 (Jung et al.
2008)

Protein kinases or phosphatase involved in
stress signalling

OE NPK1 (Shou et al. 2004), OsCDPK7 (Saijo
et al. 2000), and protein phosphatase 2a
(Xu et al. 2007)

Enzymes for ABA synthesis OE AtNCED3 (Iuchi et al. 2001)

Farnesyltransferases involved in regulation
of ABA sensing

Repression ERA1 (Wang et al. 2005) and FTA (Wang
et al. 2009)

Regulatory proteins not involved in
drought response

OE Isopentenyltransferase (Rivero et al. 2007),
14-3-3 protein GF14� (Yan et al. 2004)
and homeodomain-START TF(Yu et al.
2008)

reduction in respiration rate, consequently im-
proving carbon-use efficiency and WUE.

Another underexploited area is to use supe-
rior alleles from drought-resistant wild or ex-
tremophilic species that inhabit extreme drought
environments. However, this requires prior
molecular/biochemical studies of these genes
to characterize their superior function, such as
better enzymatic properties or stronger regula-
tory activity.

It should be noted that not all of these
transgenic experiments resulted in a yield

advantage under field drought conditions or
have been tested in a range of relevant field
environments. In fact, many overexpressing
transgenic plants showed a slow growth rate
(Kasuga et al. 1999; Iuchi et al. 2001), which
is likely to lead to lower crop productivity under
normal growth conditions. Increasingly, trans-
genic experiments are being undertaken in field
conditions to obtain a more realistic and rele-
vant evaluation of the performance of the trans-
gene; those undertaken to date are listed in
Table 27.2.
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Table 27.2. Transgenic crops with improved yield under field drought conditions.

Gene description Host Expression mode Acquired traits Reference

Nicotiana plumbaginifolia
Mn-superoxide dismutase

Alfalfa Constitutive
overexpression
(OE)

Reduced injury from
drought stress and improved
herbage yield under
water-limited conditions

McKersie et al.
1996

E. coli BetA (choline
dehydrogenase)

Maize Constitutive OE An increase in glycine
betaine concentration,
improved membrane
stability and photosynthesis
rate under osmotic stress,
improved grain size and
grain weight per plant under
drought

Quan et al. 2004

Arabidopsis ERA1
(farnesyltransferase
�-subunit

Canola Drought-inducible
repression

Reduction in stomatal
conductance and water
transpiration and improved
yield under drought

Wang et al. 2005

Barley HVA1 (LEA protein) Wheat Constitutive OE Improved biomass and grain
yield under dryland
conditions

Bahieldin et al.
2005

Rice SNAC1 (NAC TF) Rice Constitutive OE Improved spikelet fertility
under drought and reduced
transpiration

Hu et al. 2006

Maize NF-YB2 (NF-YB TF) Maize Constitutive OE Less wilting, delayed
senescence, higher
photosynthesis rate and
improved yield under
drought

Nelson et al.
2007

Rice LEA3 (LEA protein) Rice Constitutive or
drought-inducible
OE

Improved grain yield under
drought

Xiao et al. 2007

E. coli CspA and CspB
(RNA Chaperones)

Maize OE Improved growth,
chlorophyll content,
photosynthesis rate, and
yield under drought

Castiglioni et al.
2008

Thellungiella halophila
vacuolar
H+-pyrophosphatase

Maize Constitutive OE Improved grain size and
grain weight per ear under
drought

Li et al. 2008

Tomato SlTIP2;2 (tonoplast
aquaporin)

Tomato Constitutive OE Transpire more and for a
longer period and an
increase in biomass and fruit
yield under drought in a
commercial glasshouse

Sade et al. 2009

Canola farnesyltransferase
�-subunit

Canola Shoot-specific
repression

Improved yield stability
under drought

Wang et al. 2009

ZAT10 (C2H2 zinc finger
TF)

Rice Drought-inducible
or constitutive OE

Improved spikelet fertility
and grain yield per plant
under drought

Xiao et al. 2009
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Table 27.2. (Continued)

Gene description Host Expression mode Acquired traits Reference

NPK1 (protein kinase) Rice Drought-inducible
or constitutive OE

Improved spikelet fertility
and grain yield per plant
under drought

Xiao et al. 2009

CBF3 (C-repeat binding TF) Rice Drought-inducible
OE

Improved spikelet fertility
and grain yield per plant
under drought

Xiao et al. 2009

LOS5 (molybdenum
cofactor sulfurase)

Rice Drought-inducible
or constitutive OE

Improved spikelet fertility
and grain yield per plant
under drought

Xiao et al. 2009

Enhanced heat resistance

Many transgenic studies documenting the im-
provement of heat resistance have been covered
in a recent review by Singh and Grover (2008). In
general, transgenes that have been shown to con-
fer heat resistance cover the following groups
(Table 27.3): (1) HSPs/chaperones, (2) antiox-
idative enzymes, (3) enzymes affecting the sat-
uration of membrane fatty acids, (4) enzymes

involved in photosynthesis, (5) enzymes in-
volved in osmoprotectant synthesis, (6) enzymes
involved in polyamine synthesis, (7) Hsf, and
(8) other regulators which control heat-shock re-
sponse or antioxidative enzymes. In addition, a
recent study has shown that the overexpression of
a cold-inducible TF (AtDREB1A) in Chrysan-
themum also confers heat resistance and in-
duce heat upregulated genes in transgenic plants
(Hong et al. 2009).

Table 27.3. Transgenes confer heat resistance.

Protein group Expression mode Examples of transgenic studies

Heat shock proteins
(HSP)/chaperones

Overexpression (OE) Hsp17.7 (Malik et al. 1999; Sato and Yokoya, 2008) and
chaperones (DjA2 and DjA3) (Li et al. 2007)

Antioxidative enzymes OE Ascorbate peroxidase (Tang et al. 2006) and superoxide
dismutase (Tang et al. 2006)

Enzymes affecting the
saturation of membrane
fatty acids

Repression or OE Repression of �-3-fatty acid desaturase (Murakami et al.
2000; Sohn and Back 2007) and over-expression of
glycerol-3-phosphate acyltransferase (Yan et al. 2008)

Enzymes involved in
photosynthesis

OE Thermostable Rubisco activase (Kurek et al. 2007) and
Sedo-heptulose-1,7-bisphosphatase (Feng et al. 2007)

Enzymes involved in the
synthesis of osmoprotectants

OE Betaine aldehyde dehydrogenase (Yang et al. 2005) and
choline oxidase (Alia et al. 1998)

Enzymes involved in
polyamine synthesis

OE S-adenosylmethionine decarboxylase (Cheng et al. 2009)

Heat shock factor (Hsf) TF
family

OE Hsf1 (Lee et al. 1995) and HSFA2e (Yokotani et al. 227)

Other TF families regulating
heat shock response

OE WRKY11 (Wu et al. 2009), DREB2C (Lim et al. 2007),
and ZFP177 (Huang et al. 2008)

Other regulatory genes OE Multiprotein bridging factor 1c (Suzuki et al. 2008) and
nucleotide diphosphate kinase 2 (Tang et al. 2008)
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All these transgenes appear to have known
physiological and biochemical bases for im-
proving heat resistance. However, the molecular
mechanisms of these regulatory genes including
TFs and some HSPs/chaperones in heat resis-
tance are not fully understood yet. Despite many
heat-resistant transgenic plants that have been
generated, no studies describing the field per-
formance of the transgenic plants have been re-
ported to date. Furthermore, some specific issues
related to heat resistance at the reproductive stage
of temperate cereals have not been addressed by
the current transgenic studies. Improvement of
heat resistance at the vegetative stage by these
genes may not solve the yield problem at the
reproductive stage of heat stress for some crop
species. For example, soluble starch synthase in
wheat endosperm is markedly inhibited at tem-
peratures above 30◦C (Keeling et al. 1993). An-
other detrimental effect of heat stress at the re-
productive stage on the grain yield and weight is
through shortening of the grain-filling duration
(Barnabás et al. 2008). The grain-filling dura-
tion in some heat-resistant genotypes appears to
be less sensitive to high temperatures. Gene that
can minimize the effect of heat on the grain-
filling duration and improve the thermostability
of enzymes involved in starch synthesis should
be useful.

Enhanced drought and heat resistance

As drought and heat stresses often occur con-
currently in the field conditions for many crop
production regions, global warming further stim-
ulates the demand for breeding crop varieties
with the improvement of both drought and heat
resistance. Most of transgenic studies focus on
genes involved in a single stress to date. Re-
cently, a number of reports describe the resis-
tance of transgenic plants to both drought and
heat stresses and in some cases to simultaneous
drought and heat stress (Table 27.4).

Many of these genes in Table 27.4 are up-
regulated under both drought and heat condi-
tions, indicating their role in adaptation to these

stresses. A single transgene that has an effect
on both drought and heat resistance in most
cases appears to have a regulatory role, including
trehalose-6-phosphate synthase and trehalose-6-
phosphate phosphatase, which are involved in
sugar sensing and signaling as well as regu-
lating plant architecture and cell shape (Chary
et al. 2008). The overexpression of these reg-
ulatory genes upregulates an array of drought-
and heat-inducible genes (Sakuma et al. 2006a,
2006b; Qin et al. 2007). Besides the regulatory
genes, enhancing the antioxidant capacity also
improves both drought and heat resistance (De
Ronde et al. 2004; Kocsy et al. 2005; Tognetti
et al. 2006), suggesting an important role of an-
tioxidative capacity in both drought and heat re-
sistance. Improvement of both drought and heat
resistance by a single transgene is scientifically
interesting. However, whether these genes rep-
resent better genes for the improvement of crop
yield stability under drought- and heat-prone en-
vironments awaits field evaluation.

Enhanced stress resistance linked to
yield improvement

Although numerous transgenic studies have
demonstrated the improvement of stress resis-
tance, many drought- or heat-resistant transgenic
lines with constitutive overexpression of a trans-
gene exhibit a slower rate of growth under non-
stress conditions as mentioned in the previous
section. We have also noticed a reduction in the
grain weight of transgenic wheat plants consti-
tutively overexpressing a drought upregulated
TF at a high level under well-watered condi-
tions, even though the growth rate of transgenic
plants at the vegetative stage is not impaired (Xue
et al., unpublished data). Field trials have also
shown that some trangenes tend to have a nega-
tive effect on grain yield under normal growth
conditions (Xiao et al. 2009; Bahieldin et al.
2005). This phenomenon can theoretically result
from the following two causes: (1) genes that
are induced during stress generally have a nega-
tive impact on the growth and yield and (2) the
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Table 27.4. Transgenic plants conferring drought and heat resistance.

Gene description Expression mode Host species Transgenic phenotypes Reference

OsWRKY11
(a drought and heat
upregulated
WRKY TF)

Over-expression
(OE)

Rice The slower leaf wilting
and higher survival
rate under
simultaneous drought
and heat. A slower rate
of water loss in
detached leaves.

Wu et al. 2009

Arabidopsis ABF3
(an ABA upregulated
bZIP TF)

OE Arabidopsis and
tobacco

A high survival rate
under either drought
or heat stress. A slower
rate of water loss from
plants under water
deprivation.

Kim et al. 2004

Arabidopsis ABF3
(an ABA upregulated
bZIP TF)

OE Agrostis mongolica A small stomatal
aperture size and high
leaf water content
under drought. A high
survival rate under
either drought or heat

Vanjidorj et al.
2006

Arabidopsis ABF9
(an ABA upregulated
bZIP TF)

OE Arabidopsis An improved
photosynthesis rate
under simultaneous
drought and heat

Zhang et al. 2008

Maize DREB2A
(a drought and heat
upregulated AP2 TF)

OE Arabidopsis A slower rate of water
loss from plants under
drought and a higher
survival rate under
drought or heat

Qin et al. 2007

Arabidopsis DREB2A
(a drought & heat
upregulated AP2 TF)

OE Arabidopsis A slower rate of water
loss from plants under
drought and a higher
survival rate under
drought or heat

Sakuma et al.
2006a, 2006b

Capsicum CaPF1
(an AP2 TF)

OE Potato A higher survival rate
under drought or heat

Youm et al. 2008

A chimeric protein of
yeast trehalose-6-P
synthase &
trehalose-6-P
phosphatase

OE Arabidopsis A slower rate of water
loss from plants under
drought and a higher
survival rate under
drought or heat

Miranda et al. 2007

Bacillus CspB (RNA
chaperone)

OE Rice Improved growth rate
under heat or drought

Castglioni et al.
2008

Poly(ADP-ribose)
polymerase

OE Brassica napus &
Arabidopsis

A higher survival rate
and higher biomass
under simultaneous
drought and heat

De Block et al. 2005
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Table 27.4. (Continued)

Gene description
Expression
mode Host species Transgenic phenotypes Reference

�-pyrroline-5-
carboxylate reductase
involved in proline
synthesis

OE Soybean Reduced injury and
higher leaf water
content and an
enhanced antioxidative
capacity under
simultaneous drought
and heat

De Ronde et al.
2004; Kocsy et al.
2005

Cyanobacterial
ferredoxin

OE Tobacco Reduced injury and an
enhanced antioxidative
capacity under heat, a
lower rate of plant
water loss under
drought

Tognetti et al. 2006

energetic cost of transgene expression or its cat-
alytic products. The first instance is typified by
drought upregulated regulatory genes such as
Arabidopsis DREB2A (Kasuga et al. 1999). Re-
duction in growth during drought stress is a ben-
eficial physiological process for plant survival
under stress conditions, which allows plants to
redistribute water, carbon, and energy for stress
protection as well as effective accumulation of
the high osmolyte concentrations through a re-
duced rate of dilution by cell expansion. For the
second cause, the mRNA and protein synthesis of
a transgene or enhanced osmolyte accumulation
by overexpression of an osmolyte-synthetic en-
zyme requires extra carbon and energy. However,
if the expression level of a transgene is low and it
does not impact the expression of other genes, the
carbon and energy cost may not be significant. In
either case, the expression of a transgene needs
to be tailored to meet the requirement for plant
stress adaptation if the crop yield is concerned.
Any reduction of crop yield under normal growth
conditions could potentially override a marked
yield advantage under stress. This is because the
crop productivity during good years represents
farmers’ major income in the most crop produc-
tion regions.

The expression of a transgene can be tai-
lored to stress adaptation by using a drought-or

heat-inducible promoter for driving the ex-
pression of a stress-responsive gene. For
example, transgenic Arabidopsis plants carrying
a drought-inducible, promoter-driven DREB2A
exhibit the improved drought resistance with no
significant difference in growth rate under nor-
mal growth conditions (Sakuma et al. 2006b).
Similarly, an oxidative stress-inducible SWPA2
promoter has successfully been used for driv-
ing the overexpression of Arabidopsis nucleotide
diphosphate kinase 2 gene in potato for improve-
ment of heat and drought tolerance (Tang et al.
2008). Other aspects for consideration of min-
imizing the negative impact of transgene ex-
pression on growth and yield include the ap-
propriate expression level of a transgene and
cell specificity. In most cases, the expression
of a stress-protection gene should be avoided
in the endosperm of cereal crops or the tubes
of potato.

Concluding remarks

Breeding crop varieties for adaptation to warmer
and drier climate relies on our understand-
ing of drought and heat-resistance mechanisms
and their impacts on crop productivity. Sub-
stantial progress in unveiling these resistance
mechanisms among and within plant species
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has been made through extensive physiological,
biochemical, and molecular studies over the past
two decades. Some improvement of drought or
heat resistance can now be achieved through en-
hancing the capacity of individual mechanisms
by genetic manipulation of a critical underlain
gene. However, drought and heat-induced cellu-
lar injuries in plants are multifacets and there ex-
ist multiple weak physiological and biochemical
components in current crop varieties in combat-
ing drought and heat stresses. Hence, simulta-
neous enhancement of several stress-protection
mechanisms is required in order to achieve sub-
stantial improvement of crop adaptive capacity.
Natural variation in drought or heat resistance
observed among plant species generally adopts
multiple resistance mechanisms and multiple
gene networks. In particular, global warming
will lead to more frequent simultaneous drought
and heat stress events in the future agricultural
environments. Therefore, enhancement of both
drought and heat resistant capacities needs to be
considered for breeding future adaptive crop va-
rieties, which would exclude some mechanisms
that are beneficial to one stress and undesirable
for the other. For example, lowing stomatal con-
ductance is a most effective mean for enhancing
drought resistance, but reduces the leaf cooling
capacity during heat stress. On other hand, some
common stress avoidance and protection mech-
anisms such as a deep root system, and an an-
tioxidant capacity can be used for improvement
of both drought and heat adaptation.

Improvement of crop productivity in drought-
and heat-prone environments still remains a
challenging task. It requires two seemingly
opposing physiological processes: enhancing
stress-resistant capacity and maximizing carbon
assimilation. Enhancement of stress-protection
capacity or deep-soil water extraction capac-
ity generally leads to delayed stress-induced
leaf senescence and maintaining better photo-
synthesis capacity and water/carbon/energy use
efficiencies under drought and heat stress condi-
tions. However, some drought-resistance mech-
anisms such as low stomatal conductance or

slow growth rate generally result in a reduc-
tion in carbon assimilation and hence crop
productivity. Even a big root system demands
an extra amount of carbon and would reduce
above-ground biomass growth in favorable en-
vironments if the carbon assimilation capac-
ity is not improved. Similarly, improvement of
drought and heat resistance using the stress es-
cape mechanism (early phenology) would also
reduce yield potential in many crop species
if the growth rate is not enhanced. Therefore,
the manipulation of stress-resistant capacity is
only one side of the story for improvement
of yield in the future cropping environments.
Simultaneous enhancement of stress-resistant
capacity and carbon assimilation should be con-
sidered for future breeding, as this might coun-
teract some negative effects of enhanced stress-
resistant capacity on plant productivity under
favorable conditions. This might be achieved by
genetic manipulation of multiple genes to en-
hance both stress-resistant capacity and carbon
assimilation efficiency. Some genes that have
demonstrated to improve stress resistance or car-
bon assimilation in transgenic studies may be
pyramided into a single line to examine their
effects on yield in drought- and heat-prone en-
vironments. In some crop species, enhancement
of temporary carbon reserve capacity can signif-
icantly improve yield in drought and heat-prone
environments, such as stem WSC in temperate
cereals, which is an important carbon source for
grain filling, particularly under terminal drought
and heat stresses.

Tailoring stress resistance also depends on
crop species and their cropping environments as
well as the timing and extent of expression of
individual resistant capacities and the develop-
mental stages of crops. Improvement of stress
survival by reducing the number of stomata and
tightly closing stomata or shedding old leaves is
useful for crop adaptation to the stress at the
vegetative stage, but is not suitable for many
crops, particularly those which grow in terminal
drought and heat stress environments. Although
constitutive reduction in the stomatal number and
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conductance is undesirable for crop productiv-
ity, a certain degree of enhancement of stress-
inducible reduction of stomatal conductance that
matches with root water uptake might be bene-
ficial for improvement of yield in drought- and
heat-prone environments. Several genes that un-
derlie the stomatal conductance trait have been
identified. The current transgenic technology is
capable of the manipulation of stomatal conduc-
tance by controlling both the expression level
and drought-driven induction. However, the ap-
propriate level and timing of this modification
need to be verified through many years of field
trials in the whole system, which includes natural
cropping environments with both good and bad
years and the genetic background of the genotype
into which the new trait is introduced. Similarly,
a drought-inducible, strong, and deep root sys-
tem is also likely to be better than the constitutive
one in term of crop productivity.

The most challenging task is to improve yield
under simultaneous drought and heat stress at
the reproductive stage. A substantial improve-
ment requires enhancing the thermostability of
many critical proteins involved in photosynthe-
sis, grain starch synthesis, or other biological
processes that might be thermolabile, besides
general drought and heat stress avoidance and
protection mechanisms. Pyramiding of multiple
genes required for achieving substantial resis-
tance to simultaneous stresses without affecting
yield potential is still a formidable task through
genetic engineering at the present. In some cir-
cumstances, if a WR that is adapted to an ex-
tremely dry and hot environment is available,
introgression of stress-resistant genes from the
wild species may provide a better option for
bringing all these necessary genes into a new
crop variety. Modern molecular technologies in-
cluding comparative functional genomics can
provide powerful tools in identification of allelic
genes associated with traits or screening the traits
in breeding populations at individual gene levels.
In addition, further investigation into drought and
heat-resistance mechanisms and genes underpin-
ning individual resistance traits is likely to pro-

vide us better knowledge to tackle this complex
drought and heat problem in the future.
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Chapter 28

Energy Crops to Combat Climate Change
Abdullah A. Jaradat

Introduction

The public interest in stabilizing the atmospheric
abundance of CO2 and other greenhouse gases
(GHG) and mitigating the risk of global climate
change (GCC) places new and more challeng-
ing demands on agricultural productivity, land
and water resources, biodiversity, environmen-
tal health, and ecosystem services (IPCC 2007;
Lal 2009). Biomass has the potential to become
one of the major global primary energy sources
during the twenty-first century, and the future
demand for biofuels is one component of the
expanding human demand for plant-fixed car-
bon (C) (Carroll and Somerville 2009). Modern
bioenergy systems will be important contributors
to future sustainable energy systems; whereas,
biomass derived from dedicated energy crops
(DECs) will play an important role in combat-
ing GCC and will increase the share of renew-
able energy sources worldwide (Muller 2009).
However, using biological systems to store C
and reduce GHG emissions is a potential mit-
igation approach for which equity considera-
tions are complex and contentious (IPCC 2007).
Nevertheless, positive impacts on ecosystem ser-
vices will be more important when DECs are de-
ployed on a large scale in the landscape (Oliver
et al. 2009).

The amount of biofuel that can be produced
globally in an environmentally responsible way
is limited, and needs of land provide one of the
major constraints. For example, conversion of
forest, grassland, and abandoned cropland to bio-
fuel crops could lead to significant CO2 emis-
sions and C-debt of up to several hundred years;
whereas, the conversion from forest peat-land
to oil palm releases about 3450 tCO2/ha over
50 years and requires 420 years to pay the C-debt
(IPCC 2007). Currently, only about 10% of the
global primary energy demand is covered by
renewable resources and humans, already ap-
propriate large percentages (from 20% to 90%)
of potentially available biomass; therefore, the
grand challenge for biomass production is to de-
velop DECs with a suite of desirable physical and
chemical traits while, at least, doubling biomass
production (IFPRI 2007).

Dedicated energy crops

The development and deployment of DECs have
been proposed as a strategy to produce alterna-
tive energy without impacting food security or
the environment (Ferre et al. 2005; Carroll and
Somerville 2009). Potential DECs are mainly
perennial herbaceous and woody plants and may
include algae, which are typically, at least, an
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order of magnitude more productive than the
fastest growing DECs. Potential DECs should be
easy to propagate and establish, capable of rapid
growth in a wide range of environments, and
have considerable genetic diversity, especially
for water-use efficiency (WUE) and nitrogen-use
efficiency (NUE). Moreover, DECs should have
the added benefit of providing certain ecosys-
tem services, including C sequestration, biodi-
versity enrichment, salinity mitigation, and en-
hancement of soil and water quality. The value
of these services will depend on the particu-
lar bioenergy system in question and the ref-
erence land use (LU) that it displaces (Tilman
et al. 2006, 2009). However, under certain GCC
scenarios (IPCC 2007), inevitably DECs will
compete with food crops for land, water, nu-
trient resources, and other inputs (Searchinger
et al. 2008). A significant advantage of devel-
oping and using DECs is that the plants can be
bred exclusively for that purpose, and they have
a rich and largely untapped genetic resources
base to develop high-yielding cultivars (Oliver
et al. 2009). This could involve development of
higher C : N ratios, higher yields of biomass or
oil, and cell wall lingo-cellulose characteristics
that make the feedstock more amenable for pro-
cessing (Boe and Beck 2008). Genetic resources
for the development of DECs with low re-
quirements for biological, chemical, or physical
pretreatments are expected to be more
environment-friendly and contribute positively
to GCC mitigation more than current energy
crops (Carpita and McCann 2008).

There is already a greater variety of highly
productive DECs that can be grown in trop-
ical countries compared to those that can be
grown in temperate countries. The private sec-
tor is prospectively defining criteria to choose
plants with potential to serve as DECs (Carroll
and Somerville 2009). The criteria include cell
wall composition, growth rate, suitability of
growth in different eco-geographical regions,
and resource-use efficiency. Some crops favored
for investigation as DECs include: (1) cellu-
losic crops, including short rotation trees and

shrubs, such as eucalyptus (Eucalyptus spp.),
poplar (Populus spp.), willow (Salix spp.), and
birch (Betula spp.), (2) perennial grasses such
as giant reed (Arundo donax), reed canary grass
(Phalaris arundinacea), switchgrass (Panicum
virgatum), elephant grass (Miscanthus × gigan-
tus), Johnson grass (Sorghum halepense) and
sweet sorghum (Sorghum bicolor), (3) nonedi-
ble oil crops such as castor bean (Racinus com-
munis), physic nut (Jatropha curcas), oil radish
(Raphanus sativus), and pongamia (Pongamia
spp.), and (4) trees and shrubs such as souari nut
(Caryocar brasilensis), buruti palm (Mauritia
flexuosa), grugri palm (Acronomia aculeate),
and neem (Azadirchta indica). Short Rotation
Coppice (SRC) plantations are among the most
promising DECs for bioenergy production and
GCC mitigation. The SRC plantations may re-
sult in more biomass and have larger potential
for GCC mitigation than herbaceous perennial
DECs; however, they can be more disturbing
for biodiversity (Carere et al. 2008; Kalita 2008;
Rockwood et al. 2008).

Breeding dedicated energy crops

Breeding of DECs implies breeding for adapta-
tion to long-term GCC and the replacement of
crops having high interannual yield variability
with new ones having more stable yields (Bush
2007), and may involve innovative plant design
via accelerated domestication (Rae et al. 2009). It
is unrealistic to assume that plantations of DECs
can be started with little or no domestication;
large deployment of wild species in the land-
scape as energy crops is bound to lead to unfore-
seeable biological and environmental problems
(Howarth et al. 2009). Biomass and bioenergy
yields of lignocellulosic crops could increase
significantly over time since breeding research,
including genetic modification of energy crops,
is at an early phase compared with food crops
(Rockwood et al. 2008).

A basic breeding program for DECs entails
collection and evaluation of genetic resources,
genetic analyses, and development of criteria
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for selection, development of novel tools for
selection, and testing novel varietal concepts,
and genetic improvement for biomass yield and
energy-related properties (Basha and Sujatha
2007). Breeding objectives of DECs include
the improvement of biomass yield, quality, and
conversion efficiency, either through selection
among progeny obtained by crossing parents
with desirable traits, or as a way to enhance
the agronomic performance of promising mu-
tants and transgenic plants (Bouton 2007). For
example, breeders of SRC trees must reduce the
number of years required to complete a gen-
eration of testing and its deployment, improve
understanding of the genetic control of desir-
able timber traits, and produce fast-growing SRC
cultivars (Sticklen 2006). Traditional breeding
has increased yield performance of perennial
grasses (e.g., switchgrass by 20–30% from exist-
ing parental types) (Casler et al. 2007; Vogel and
Mitchell 2008), and several SRC species (Jessup
2009). Breeding DECs for improved NUE, es-
pecially under low N conditions, will help lower
N2O emissions (Rowe et al. 2009). Nevertheless,
breeding challenges of DECs are numerous and
include: (1) long-yield cycles (e.g., 4 years to
first harvest of willow, then 3-year cycle for sub-
sequent harvests), (2) complex genetics (dioecy
in willow, polyploidy, and self incompatibility
in many grass species), (3) multiplication (rhi-
zomes, tissue culture of perennial grasses such as
Miscanthus), and (4) implementation of expen-
sive long-term experiments involving perennial
species and their interaction with the environ-
ment (Bouton 2007; Bush 2007).

Further improvements both in genetics and
agronomics, when achieved, will improve
biomass yield, conversion efficiency, and net
energy yield of DECs (Sticklen 2006; Carere
et al. 2008). Self-incompatibility in some peren-
nial grasses (e.g., switchgrass) may allow for
the development of high-yielding single cross
hybrids, and the use of F1 hybrids would have
the potential of dramatically increasing biomass
yield (Casler et al. 2007; Vogel and Mitchell
2008). Transformation methods (e.g., Agrobac-
terium-mediated transformation of switchgrass)

can be used to incorporate value-added genes that
cannot be transferred through crossing and se-
lection. A transgene (e.g., for reduced lignin
content) should not cause environmental harm;
however, an energy crop with reduced lignin con-
tent may be less environmentally fit because of its
increased pest problems and the need for chem-
ical control (Bush 2007).

Heritability of biomass yield in perennial
grasses is high enough to allow plant breeders
to predict and demonstrate adequate gain from
selection; however, yield gains per cycle varied
from zero to a maximum of 6% and were not
linear across cycles (Lewandowski et al. 2000;
Boe and Beck 2008). Significant breeding ad-
vances have been documented in several peren-
nial grass species for dry biomass yield (DBY),
and the potential for increasing their DBY is
significant because of the large genetic varia-
tion available within the species. For example,
genotypes of Bermuda grass (Cynodon dactylon
L. Pers.) bred for high DBY produced twice as
much as the unimproved, and recent yield tri-
als indicated that switchgrass yields were 50%
greater than those achieved in early 2000 (Vogel
and Mitchell 2008). Ligno-cellulosic yield of
perennial grasses and SRC trees parallels their
DBY, which is total yield of all harvested com-
ponents with only the water removed; therefore,
improvements in DBY should be part of all future
breeding efforts (Carroll and Somerville 2009).
Finally, the development of an index for instant
determination of “energy value” can be a valu-
able tool for plant breeders and growers to tailor
hybrid selection and crop management to give
the highest DBY possible (Ortiz 2008). Hybrid
DECs are feasible in the mid- to long term and
will undoubtedly enhance biomass and GCC mit-
igation potential. Criteria for the development
of novel hybrid DECs include (1) large-seeded
crops with vigorous establishment to simplify
biofuel production systems, (2) delayed flower-
ing through photoperiodism to enhance greater
biomass accumulation and potentially prevent
seed-borne weed risks, and (3) sterility, based on
cytoplasmic-, genetic-, or wide-hybridization, to
enable larger bioenergy production and reduced
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invasiveness potential (Grattapaglia et al. 2009).
Improvement of these traits can be achieved
through classical breeding and selection based
on existing genetic variation; whereas, trans-
genic and genetic modification technologies can
be used to introduce new genes and modify ex-
isting genes, or to interfere with gene expression
(Gressel 2008; Grattapaglia et al. 2009).

Genomics and genetic modification
of energy crops

The next generation of DECs is being developed
(Gressel 2008) by using marker-assisted breed-
ing and the creation of hybrids and transgenics
with a broad portfolio of proven traits, such as
DBY, plant architecture, tolerance to biotic and
abiotic stresses, and NUE and WUE. Transgenic
alfalfa lines, for example, yielded nearly twice
as much sugar from cell walls as wild plants.
Although classical breeding and selection tech-
niques have much to offer in developing new en-
ergy crops; however, genetic modifications will
overtake these practices to develop new crops, in-
crease their productivity, and minimize their en-
vironmental impact (Gressel 2008; Grattapaglia
et al. 2009). Genomic information gathered from
across the biosphere, including potential energy
crops and microorganisms able to breakdown
biomass, will be vital for improving the prospects
of significant cellulosic biofuel production from
current and future DECs with reduced conver-
sion costs and favorable GHG profiles (Patil et al.
2008; Grattapaglia et al. 2009).

Until recently, minimal effort has been di-
rected toward optimizing potential DECs for the
production of biofuels. However, genomic infor-
mation and resources are being developed that
will be essential for accelerating their domes-
tication (Bouton 2007). Many of the traits tar-
geted in the genomes of energy-relevant plants
for optimization in potential cellulosic energy
crops are those that would improve growth on
poor soils and minimize competition with food
crops over LU, and affect growth rate, response
to competition for light, branching habit, stem
thickness, and cell wall chemistry (Rubin 2008).

Genetic engineering could produce crop plants
with reduced biomass conversion costs by de-
veloping crop cultivars with less lignin, crops
that self-produce cellulase enzymes for cellu-
lose degradation and liginase enzymes for lignin
degradation, or plants that have increased cellu-
lose content (i.e., polysaccharides) or an over-
all larger dry biological yield using genes for
delayed flowering (Kalita 2008; Carroll and
Somerville 2009).

Genetic modification could be a useful tool
in developing fast-growing DECs to gain larger
yields from lower inputs, and to reduce GHG
emissions through lower inputs and reduced or
no tillage of perennial energy crops. Genetically
modified energy crops offer great potential for
GCC adaptation and mitigation through multi-
ple resistances or tolerance to biotic and abi-
otic stresses, herbicides, salinity, and environ-
mental toxicity (Gressel 2008). Preprocessing in
planta via expression of cellulases and cellulo-
somes could potentially reduce the cost of enzy-
matic saccharification of lignocellulosic biomass
(Lee 1999). Alterations of the ratios and struc-
tures of the various macromolecules forming the
cell wall are a major target in energy crop do-
mestication and development. This allows for
easy postharvest de-construction of these macro-
molecules at the cost of a less rigid plant. The
genetic engineering industry is actively seeking
ways of using genetic modification to simplify
and streamline processes to breakdown cellu-
lose, hemicellulose, and lignin, so as to produce
inexpensive and environment-friendly biofuels
more easily and efficiently from plant biomass
(Gressel 2008; Grattapaglia et al. 2009).

One of the immediate objectives of tree ge-
nomic research is to identify genes for increased
C partitioning to above-ground woody matter,
increased cellulose availability for enzymatic di-
gestion, manipulating genes for N metabolism,
delaying senescence and dormancy, increased
photosynthesis, and adaptation to drought and
salinity. Mapping of genomes of ∼40 feedstock
model crops, and eight energy-producer microor-
ganismsis in draft form, in progress or already
completed (Carroll and Somerville 2009; Jessup
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2009). Genomic information and resources are
being developed that will be essential for accel-
erating their domestication. Populus trichocarpa
was the first tree and potential energy crop to
have its genome sequenced (Rae et al. 2009); the
already identified quantitative trait loci (QTL)
hotspots will serve as useful targets for directed
breeding for improved biomass productivity that
may also be relevant across additional poplar
hybrids.

Ediotypes of energy crops

Most traits that have been suggested to develop
DECs ideotypes are similar to those that used to
develop cereal ideotypes of the Green Revolution
era. However, additional traits that may provide a
variety of ecosystem services, such as C seques-
tration, pollination, and biodiversity conserva-
tion, should be considered for the development of
DECs ideotypes (Bouton 2007; Carpita and Mc-
Cann 2008). Corn and sorghum are suggested as
genetic models for the improvement of perennial
C4 energy grasses. Both crops have close evolu-
tionary relationship with future energy peren-
nial grasses, C4 photosynthetic pathway, histor-
ical depth of genetic knowledge and a rapidly
growing resource of genetic tools. Rice (Oryza
sativa) and brachypodium (Brachypodium dis-
tachyon), a grass with a small genome, are also
suggested as comparative models for grass cell
biology (Carpita and McCann 2008).

SRC is considered to be amenable to ideotype
breeding, and poplars are recognized as model
systems for woody species with a broad genetic
base for breeding, an extensive understanding of
genetics, biology, and physiology, the availabil-
ity of sequenced genome, and a well-established
set of molecular tools that can be used for im-
provement of energy SRC and other tree species
(Rockwood et al. 2008; Rae et al. 2009).

Balancing food and biofuel
production

The growing threat of food insecurity, which
was confounded by the emphasis on biofuels

in large parts of the world, necessitates a crit-
ical appraisal of agronomic strategies needed to
enhance and sustain productivity while mitigat-
ing GCC, improving biodiversity, restoring wa-
ter and soil quality, and improving the environ-
ment (Lal 2009). Bioenergy is expected to create
additional demand for crop production; there-
fore, biofuels may increase farm income and en-
hance rural development. Nevertheless, the ac-
tual or perceived negative impact of biofuel pro-
duction on food prices may have tempered the
enthusiasm about their potential to reduce GHG
emissions and address energy security concerns
(Rosegrant 2008). Substantial opportunities are
projected for developing countries to produce
DECs (e.g., sugarcane) and transition away from
subsistence farming largely due to lower op-
portunity costs of marginal lands (Alston et al.
2009); bioenergy crops would not be displacing
food or feed crops in these countries. In order to
minimize adverse effects on food and feed pro-
duction, it is suggested that a substantial propor-
tion of bioenergy can be produced on marginal
lands in South America and sub-Saharan Africa
where agricultural land base can be quadrupled
to accommodate DECs (Searchinger et al. 2008).

Based on current biofuel production technolo-
gies, it is highly unlikely that most countries
will be able to displace any significant share of
their fossil fuel consumption. The United States,
Canada, and Europe, for example, could displace
a small portion (10%) of their gasoline consump-
tion with biofuel, if they recruit 30–70% of their
respective croplands (Rajagopal and Zilberman
2007). Searchinger et al. (2008), for example,
estimated that 10.8 million hectares (Mha) have
to be brought under cultivation to expand the US
corn ethanol production and produce 56 billion
liters; the diversion of such land area is unlikely
and would entail significant increases in food
prices. Therefore, unless and until DEC-based
sustainable production systems on marginal
lands and more efficient conversion technolo-
gies are developed, more productive land will be
diverted for bioenergy production, especially if
economic incentives became available (Khanna
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et al. 2009). In addition, the use of crop residues,
and biomass from double or mixed cropping sys-
tems, in which food and energy crops are grown
on the same land, are LU options with poten-
tial to produce biofuels without decreasing food
production or clearing natural habitats (Tilman
et al. 2009). However, these options may lead to
extractive farming practices and would result in
agrarian stagnation and perpetual food deficits,
as was the case in sub-Saharan Africa (IFPRI
2007). Retention of crop residues is essential to a
large number of ecosystem services such as C se-
questration, soil and water conservation, and sus-
taining soil fertility and productivity. The future
of biofuels will depend on their ability to miti-
gate negative impacts on food availability and se-
curity. Scientific breakthroughs and agricultural
productivity gains similar to those realized dur-
ing the last 50 years could free enough farmland
for DEC production and, at the same time, feed a
population of 9 billion people in 2050 (Lal 2009;
Young 2009); therefore, future investments in re-
search on food crops and DECs should be viewed
as a policy to enhance food security.

Climate change and biofuels

The potential of bioenergy to reduce GHG emis-
sions largely depends on the source of the
biomass and its LU effects (IPCC 2007). Recent
studies suggested that current bioenergy policy
directives may have negative and indirect effects,
not only on food security but on local, regional,
and global climate systems as well (Georgescu
et al. 2009). Therefore, it is imperative to iden-
tify the potential magnitude of regional temper-
ature and precipitation effects due to land-use
change (LUC), and to diagnose the relative
climate importance of the different phenolog-
ical and eco-physiological variables of DECs.
This information would help design schemes for
spatio-temporal deployment of DECs and their
species and varietal composition.

The impact on local and regional climate,
especially at higher latitudes, can be attributed
to changes in the energy and moisture balance

of land surface following LUC, and upon con-
version to large-scale DEC plantations such
as switchgrass, Miscanthus, and SRC poplars.
Changes attributed to albedo variability, mini-
mum canopy resistance, and rooting depth of
DECs are expected to drive local and regional
changes in temperature and summertime rainfall
(Georgescu et al. 2009). However, phenologi-
cal and eco-physiological differences between
DECs and annual bioenergy crops may reveal
additional climate impacts. Therefore, not all
DECs, annual bioenergy crops, or regions may
have the same or significant impact on climate.
Identifying biophysical variables and regional
differences will be critical to informing bio-
fuel policy design that considers impact of GHG
emissions as well as LUC on the climate. Recent
studies (Wise et al. 2009 and references therein)
estimated that a global CO2 target of 450 ppm
(IPCC 2007) would cause DECs to expand to dis-
place virtually all the world’s natural forests and
savannahs by 2065, releasing up to 37 Gt of CO2

per year, if all bioenergy crops are considered C
neutral. However, based on economic consider-
ations only, bioenergy could displace 59% of the
world’s natural forests and release an additional
9 Gt of CO2 per year to achieve a 50% reduction
in GHG emissions by 2050.

Environmental impact of biofuels

Biofuels have the potential to reduce net GHG
emissions to the atmosphere through enhanced
C management and may contribute to the devel-
opment of a sustainable bioenergy system with
positive environmental, economic, and social im-
pacts (Rowe et al. 2009). However, the impacts
of biofuels on GCC, LUC, water resources, de-
forestation, and energy and food security vary
by feedstock, and method and location of pro-
duction. These impacts can be predicted through
complex models based on numerous assump-
tions, many of which are open to critical review
(Fan et al. 2007; Tilman et al. 2009).

Biofuel production from DECs has a vari-
ety of positive and negative effects on local and
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regional environments, and may help relax some
of the biophysical constraints on food and feed
production. Therefore (Howarth et al. 2009), as-
sessing the environmental performances of en-
ergy crops and their biofuels implies covering a
wide range of different DECs as sources of di-
verse feedstocks, conversion technologies, LU
options, and issues related to LUC and wa-
ter availability. The success of DECs is depen-
dent on the proper functioning and integrity of
ecosystems and particularly on ecosystem ser-
vices related to soil, air, water, and biodiver-
sity; therefore, DECs will have environmental
effects beyond their impacts on GHG emissions
such as water use and quality (Fan et al. 2007;
Lal 2009). Water is needed to grow bioenergy
crops and for the conversion process, which is
water intensive. One liter of ethanol produced
from corn and sugar beets requires 3500–5800
liters of water; in comparison, average daily diet
in the United States and sub-Saharan Africa re-
quires 5000 and 1900 liters, respectively. These
values suggest that, in ∼90 years, water use
by biofuel crops could exceed the total water
being used now by global croplands (GEMIS
2009). Therefore, whether extensively or inten-
sively produced, biofuels will contribute to fu-
ture water shortages and quality problems due to
more LU and chemical inputs.

The overall environmental impact of bioen-
ergy production is largely determined by the
scale of direct and indirect LUC, whether for
total GHG balance or the conservation of natu-
ral resources and biodiversity. If land is fertile
enough to grow DECs, it should be suitable to
grow food crops as well (Altson et al. 2009).
However, if DECs are grown on land that is un-
suitable for crop production, they will be de-
pendent on chemical inputs and irrigation; these
factors will disrupt the energy balance and would
lead to N2O emissions with the potential to over-
compensate all GHG gains.

Herbaceous perennial grasses may provide
improved soil structure and function, which
would reduce runoff and erosion risk. Grass-
land ecosystems are usually more biodiversity-

friendly than cropping systems. Perennial poly-
cultures offer a low-input, less polluting, and
more efficient alternative to annual monocultures
for bioenergy production. The use of diverse na-
tive perennial grasses may be a viable alterna-
tive to monocultures of grass species as they
require fewer inputs, promote biodiversity, and
reduce the risk of becoming invasive (Tilman
et al. 2006; Rowe et al. 2009). However, non-
native grass species may have invasive traits
and can result in reduced biodiversity and in-
creased fire hazards. Large-scale deployment of
DECs could accelerate and worsen the current
unsustainable trends of deforestation and deple-
tion of natural resources; deforestation accounts
for 20% of worldwide GHG emissions (Ferre
et al. 2005; Carroll and Somerville 2009). Also,
many of the SRC plantations established today
are causing a range of environmental and so-
cial problems, including loss of biodiversity, soil
erosion, and displacement of local people (Rock-
wood et al. 2008). However, there is a large body
of data suggesting that the C benefits of bio-
fuels will be eliminated, if not reversed; if in-
tact, C-rich managed or natural ecosystems are
converted to biofuel production (Barbara 2007;
Johnston et al. 2009).

Life cycle analysis

Energy cropping systems vary with respect to
length of plant life cycle, yields, feedstock con-
version efficiencies, nutrient demand, soil C in-
put, and N losses. These factors affect the magni-
tude of the components contributing to net GHG
fluxes and nutrient losses (Adler et al. 2007).
Assessment of the GHG implications of LU and
LUC to growing DECs is a very complex and
contentious issue. Life cycle analysis (LCA) is
used to examine the validity of bioenergy as a
means to reduce GHG emissions (Adler et al.
2007; Rowe et al. 2009). Searchinger et al. (2008)
were the first to analyze the C emissions of corn
ethanol and account for LUC. They concluded
that adding 10.8 Mha to grow more corn for
ethanol would double C emissions relative to



P1: SFK/UKS P2: SFK Color: 1C

BLBS082-28 BLBS082-Yadav July 12, 2011 17:18 Trim: 246mm X 189mm

ENERGY CROPS TO COMBAT CLIMATE CHANGE 553

fossil fuel over 30 years. A similar LCA study
(Fargione et al. 2008) concluded that the produc-
tion of food-crop ethanol in the United States,
Brazil, and Southeast Asia would induce LUC
that increase C emissions from 17 to 420 times
the annual C savings of biofuels, depending on
LUC assumptions.

The Global Emission Model for Integrated
Systems (GEMIS 2009), used in conducting
LCA, maintains a database for energy, mate-
rial, and transport systems and includes the to-
tal life cycle in its calculations of impacts. The
Global Emission Model for Integrated Systems
(GEMIS) database covers efficiency, power, di-
rect air pollutants, GHG emissions, solid wastes,
liquid pollutants, and LU for each process. Most
LCA studies reported mixed results of net reduc-
tions in GHG emissions and fossil energy con-
sumption when ethanol and biodiesel are used to
replace fossil fuels (GEMIS 2009). A few studies
examined impacts of LUC on local air pollution,
acidification, eutrophication, and ozone deple-
tion, and concluded that the positive impacts on
GHG emissions may carry an additional environ-
mental cost (Barbara 2007; Rowe et al. 2009).
Several LCA studies concluded that bioenergy
is the superior LU option delivering the greatest
mitigation benefits where DEC growth rates are
high, biomass is used efficiently, initial C stocks
are low, and a long-term view is taken (Bren-
des et al. 2003). Land converted from row crops
to perennial DECs showed an increase in C se-
questration of up to 1.1 t C/ha during five years;
other studies reported increases in soil C at rates
of 0.2–1.0 t C/ha/yr for several decades (Adler
et al. 2007). Nevertheless, the positive impacts
on GHG emissions may carry a cost in other en-
vironmental areas, so that a much more careful
analysis is needed to understand the trade-offs in
any particular situation (Searchinger et al. 2008).

Economic sustainability
of biofuels

Similar to food crops, the economic sustainabil-
ity of biofuels depends on the cost of production,

the market price they command, existing poli-
cies, tariffs, and mandates (IFPRI 2007; Young
2009). In particular, the long-term sustainability
of corn ethanol depends on its ability to deal with
volatility in fossil fuel and corn prices; whereas,
that of cellulosic ethanol depends on the cost of
growing DECs, and the development of a com-
mercially viable conversion and production tech-
nology. However, DECs need to be competitive
with conventional crops nationally, and in case
of free trade in biofuels, internationally (Khanna
et al. 2009). For example, corn ethanol in the
United States would need to compete with the
less costly and less C- and energy-intensive sug-
arcane ethanol from Brazil.

The effects of future expansion of biofuels
on food prices are difficult to predict or isolate;
however, the growing reliance on food-based
biofuels has already created considerable con-
cern and controversy about their impact on food
prices, soil and water resources, and the environ-
ment. Prices of corn, soybean, and rapeseed in
the United States and Europe increased dramati-
cally due to the exhaustion of their stocks in the
bioenergy industry. Although rising crop prices
may contribute to improved welfare on the farm,
they may also be capitalized into land rents and
the price of other inputs, thus reducing the benefit
to farmers (IFPRI 2007). The worldwide rise in
commodity prices between 2005 and 2008 was
triggered by a threefold rise in the share of corn
used for ethanol production in the United States
to 30%, while land area under corn increased
by 15% (Khanna et al. 2009). A wide range of
negative impacts of biofuel production on crop
and food prices has been reported in the litera-
ture (Searchinger et al. 2008). Corn ethanol, for
example, was reported to be responsible for a
small fraction (3%) of the 43% increase in world
food prices in 2008 (Hochman et al. 2008). How-
ever, the World Bank (unpublished report) at-
tributed 70% of the 140% increase in world food
prices (2002–2008) to biofuels; whereas, Roseg-
rant (2008) attributed 39% of food price increase
during the same period to biofuel demand. Nev-
ertheless, the effect of higher food prices will,
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necessarily, vary across countries depending on
whether these are food exporting or importing
countries.

Conclusions

DECs are set to increase in the developing as
well as the developed world and dedicated en-
ergy cropping systems are expected to help off-
set GHG emissions and contribute positively to
GCC adaptation and mitigation efforts. How-
ever, quantifying that offset is complex and con-
tentious. A combination of larger yields and
more efficient processing methods are needed to
maximize the environmental benefits of DECs;
they have the added benefit of providing certain
ecosystem services, including C sequestration,
biodiversity enrichment, salinity mitigation, and
enhancement of soil and water quality. The value
of these services will depend on the particular
bioenergy system in question and the reference
LU that it displaces.

New genetic resources need to be evaluated
for their potential prior to being released, and the
crops that would eventually serve as sources of
biofuels will likely be highly genetically modi-
fied from existing DEC species. Genetic modifi-
cations will help simplify and streamline indus-
trial processes to breakdown cellulose, hemicel-
lulose, and lignin. Genetically modified DECs,
which include dormant cellulose-degrading en-
zymes, are a potential goal of genetic research.
Nothing is known about the impact of their de-
ployment at a large scale into ecosystems; there-
fore, ecological concerns, as well as their im-
pact on LUC and food production, should be
addressed before they are released to farmers.
Research on direct production of hydrocarbons
from plants or microbial systems is needed to
develop energy crops with higher photon conver-
sion efficiency, can couple CO2-neutral biofuel
production with C sequestration, and produce
nontoxic and highly biodegradable biofuels.
LCA is needed to help validate bioenergy as
a means of reducing GHG emissions, and as a
comprehensive strategy to understand direct and
indirect impacts and interactions of a wide range

of factors on the environment. This analysis is
essential in order to ensure that DECs have a
positive and sustainable impact on GCC adapta-
tion and mitigation efforts.
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Chapter 29

Research from the Past to the Future
EC (Ted) Wolfe

Introduction

The context for this chapter is the history of and
results from crop improvement, from the early
domestication of useful crops to the present.
Progress has occurred during successive phases
of development (Table 29.1), beginning with the
discovery of useful plant types, their domesti-
cation as early as 8600–8000 BC (Zohary and
Hopf 2000), and their spread to new locations.
Progress continued with the selection of utilitar-
ian plant traits by farmers and seedsmen, before
an era of scientifically based crop improvement
that began in the nineteenth century. At present,
there is a vigorous application of specific disci-
plines (genetics, biotechnology, statistics, and in-
formation systems) to plant breeding processes.

The main topic of the chapter is an analysis
of factors necessary to ensure that plant science
is holistically, realistically, and advantageously
placed to meet the demands of the future. The
scale of these demands is toward a historic crisis
in producing food for the increasing world pop-
ulation. This population may increase by 40%
over the next 40 years. By 2050, the level of
food insufficiency will depend on the extent of
climate change, population trends, resource con-
straints, and trends in crop production.

In this chapter, future gains in plant science
and crop production are considered from two
perspectives. The first is a disciplinary overview
of the history of crop improvement, one that
compares the possibilities for ”great leaps for-
ward” along with the continuation of incremen-
tal progress in plant breeding. This overview is
based on the available literature and partially on
the chapters of this book. These chapters consti-
tute a timely analysis of the effects of climate on
crop genotypes and the way forward, involving a
broad array of physiological pathways and plant
breeding approaches.

The second perspective is more complicated
and less exact. It is a consideration of princi-
ples that are evident at higher levels of ecosys-
tem organization, where studies of organisms
and processes at the cellular or disciplinary lev-
els become confounded by the complexity of
interacting components and limiting factors at
the ecosystem level (Giampietro 1994, 2004).
Such complexity goes beyond the plant science
disciplines, encompassing real-world constraints
such as the availability of research funds; syner-
gism and antagonism in research including rela-
tionships within and between private and public
institutions; the future availability of essential
resources such as land, fertilizer, and energy; the

Crop Adaptation to Climate Change, First Edition. Edited by Shyam S. Yadav, Robert J. Redden, Jerry L. Hatfield,
Hermann Lotze-Campen and Anthony E. Hall.
c© 2011 John Wiley & Sons, Ltd. Published 2011 by John Wiley & Sons, Ltd.
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Table 29.1. A brief history of plant improvement.

Phases
Examples of crops, processes, and activities along the pathway to
commercialization

Domestication and selection � Wild forms of wheat (Triticum spp.) were grown in Mesopatamia as early
as 20,000 years ago, brought into cultivation through the selection of
materials that were not shattering, nondormant, large-seeded, even
ripening, lighter color, and better-tasting. Dispersed along trade routes into
Europe.

� Maize (Zea mays), originating in Mesoamerica around 10,000 years ago,
spread through the Americas as a food staple, then worldwide.

International trade � The culture of coffee (Coffea spp.) began in Ethiopia, thence to the Arabian
Peninsula (1100 ad) where the roasting/boiling recipes were perfected to
popularize coffee. In the early 1700s, coffee beans/plants were
surreptitiously introduced to Latin America (early 1700s) and other
geographical areas. Tea, originating in China, had a similar history.

� Potato (Solanum tuberosum), domesticated in Peru-Chile between 3000 bc
and 2000 bc; introduced to Europe (fifteenth century), Asia (sixteenth to
seventeenth centuries), Africa (twentieth century).

Genetics and purposeful plant
breeding

� This phase includes the deliberate collection, conservation, and storage of
useful crop plants and their progenitors (land races, wild relatives),
beginning with plant collection expeditions of early civilizations and
culminating in a network of international plant genetic resource centers
(CGIAR network established in 1974).

� The purposeful improvement of crop plants by propagation, crossbreeding,
and selection for desirable traits began as a science during the past two
centuries, following on from the pioneering work and publications of
Mendel and Darwin in the mid-nineteenth century.

Hybridization � Natural hybridization occurred in the development of tetraploid durum
(Triticum durum, AABB, 2n = 28) and Timopheev wheats (Triticum
turgidum, AAGG, 2n = 28) and hexaploid bread wheat (Triticum
aestivum, AABBDD, 2n = 42).

� In maize, the morphology of this monecious plant (terminal male florets on
the main stem, female florets on cobs in axillary and lateral positions) is
suitable for the exploitation of plant hybrids to simplify breeding and gain
from heterosis.

The green revolution
The ecogreen revolution

� Refers to the introduction and widespread use of dwarfing genes to enhance
the standability and harvest index of wheat and rice varieties. Great
progress was made during the 1960s and 1970s. Followed by an “ecogreen
revolution” (Swaminathan 2006) in which crop management was refined to
reduce adverse environmental effects and to ensure social equitability.

� Broadening of the base of useful crops such as legumes to provide
biologically fixed nitrogen. For example, the production of sweet lupin
varieties for use in Western Australia from the 1970s (Gladstones 1970).

The biotechnology era � DNA extraction and amplification (PCR). The developing sciences of
molecular genetics (genomics, transgenics, genetic markers) provide new
tools for plant breeders.

Future innovation � Marker-assisted plant breeding and strategic releases of transgenic crops.
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human resources that are available for farming;
and the expectations of consumers with regard
to the availability and quality of food and fiber
derived from crops.

An overview of the history
of crop improvement

An overview of the phases of crop domestication,
development, and use is contained in Table 29.1.
The phases (rows in the table) are arranged from
the earliest (top) to the most recent (bottom) but
there is overlap between the phases to greater and
lesser extents. The early history of crop plants
was dominated by the discovery of useful new
crops, such as wheat in the Near East, maize
in Central America, potato in South America,
and soybean in China. Following those discov-
eries, plans (sometimes ambitious, occasionally
secret) were usually made for the transport of
seeds, cuttings, or whole plants of specific crops
to new locations that were suitable, climatically
and strategically, for the culture of these crops.
Thus, maize became a major crop in south and
east Africa, potato in Europe, soybean and wheat
in the America, cassava in West Africa, rubber
in Malaya, and tea in India. With the progression
in climate change, further shifts in crop types
may become necessary from region to region
and country to country.

Advances in plant breeding occur from suc-
cessive cycles of introduction, crossing, and se-
lection in order to achieve vigor, reduce dis-
ease, and adapt to new habitats and uses. Break-
throughs in plant breeding (Khush 2005) are rare
but they do occur both deliberately (see the ex-
amples in the following section) and sometimes
fortuitously (e.g., the discovery of colchicines
for doubling chromosome number). Plant breed-
ers have now gone beyond the early “low hang-
ing fruit” approach toward a state where their
breeding aims, models, and strategies are con-
tinuously refined in order to increase their likeli-
hood of success. Although in past decades it was
suggested1 that 90% of the gain in plant breed-
ing was produced by 10% of the plant geneti-

cists and breeders (the idea of leaders and fol-
lowers), modern plant breeding activities have
become better integrated, nationally and glob-
ally, through improvements in communication
and intra-/interdisciplinary cooperation.

The preceding chapters of this book provide
several perspectives for enhancing the productiv-
ity of crops, such as the potential for overcoming
the limitations to temperate crops of the C3 pho-
tosynthetic pathway (see, for example, Chapters
12 and 16 of this volume, for rice and cowpea,
respectively). The reader needs to explore these
perspectives, written by authors who rely on their
professional analysis of the patterns and gaps
evident in past progress, plus their knowledge
of new scientific technologies and innovations,
to increase the likelihood of disciplinary break-
throughs and/or incremental gains.

Inspiring breakthroughs
in plant science

Schiere et al. (2006) emphasized the importance
of events and processes in agriculture that in-
teract rather than behave in a straightforward
manner. Plant scientists and farmers need to
be more aware of the potential of these inter-
actions that may trigger “nonlinear paradigm
shifts” or “mode changes” in agriculture. During
the twentieth century, rapid rather than incre-
mental changes were triggered by events such
as the “dustbowl” era on the North American
Great Plains, high wool prices and pasture im-
provement technologies during the 1950s in Aus-
tralia, and economic reforms in China during late
twentieth century. Future perturbations to world
agriculture may arise from not only rapid climate
change but also sudden fuel shortages or changes
in government policies, which may require ma-
jor changes to the agricultural systems of whole
countries. Plant breeding can be imagined in
these terms, with certain genetic breakthroughs
producing paradigm shifts in food production,
shifts that contrast with the more usual pattern
of progress in plant breeding and application.



P1: SFK/UKS P2: SFK Color: 1C

BLBS082-29 BLBS082-Yadav July 12, 2011 17:22 Trim: 246mm X 189mm

RESEARCH FROM THE PAST TO THE FUTURE 559

This pattern is characteristically steady and
sometimes frustratingly slow.

An obvious example of a mode of change is
the “Green Revolution”, which was based on the
introduction of dwarfing genes into cereal crops.
In wheat, the dwarfing alleles Rht-B1b (or Rht 1)
and Rht-D1b (Rht 2) were sourced from the
Japanese variety Daruma and perpetuated by
the Norin 10-Brevor 14 crossbred; in rice, the
dwarfing gene from a Chinese cultivar “Dee-gee-
woo-gen” was a feature of the crossbreeds TN-1
(Taiwan) and IR-8 (IRRI-Philippines). These
dwarfing genes, which impair the biosynthesis of
the growth hormone gibberellin (Hedden 2003),
produced semidwarf plants that not only directed
more assimilate to the grain component of the
crop (i.e., the plants had an inherently higher
harvest index) but also were physically more ca-
pable of supporting a heavy grain crop (i.e. re-
sistant to lodging).

The boost in crop yields from the semidwarf
cultivars also depended on the application of
higher levels of fertilizer, water, and pesticides,
which at the farm level was encouraged by a mas-
sive extension campaign. However, the combi-
nation of high-yielding genotypes and increased
inputs caused adverse changes in the biological
balance, including the depletion of soil nutrients
and groundwater resources, the application of
excess levels of fertilizers that caused pollution
and eutrophication, and an increased susceptibil-
ity to diseases and pests as a consequence of a
less diverse genetic base.

Hence, the Green Revolution of the 1960s
and 1970s eventually swung more toward the
concept of an “Evergreen Revolution” (Swami-
nathan 2006), in which the new technologies
were implemented in a manner that was more
acceptable, environmentally and socially. These
objectives entailed matching fertilizer and chem-
ical applications to crop requirements, adopt-
ing integrated pest and disease management
strategies, involving the farmers in co-learning
processes, and improving the access of small-
holders to credit. The process of achieving
higher yields in a more sustainable and equi-

table manner is an ongoing one—as noted by
Swaminathan (2006), there must be synergy be-
tween science and public policy to alleviate
hunger.

Another interesting example of the impor-
tance of collaboration between disciplines is the
account of Busch et al. (1994) concerning the
conversion by Canadian scientists of rapeseed
(Brassica napus = B. campestris and B. rapa)
to canola. The market for rapeseed oil, a steam
engine lubricant that contains high levels of eru-
cic acid (C22 : 1), collapsed after World War II
with the widespread replacement of steam-
powered marine and locomotive engines with
diesel engines. The pathway toward a new food-
oil crop required a change in the composition of
the oil component from the unpalatable erucic
acid (which was potentially threatening to hu-
man heart function) to oleic acid (C18 : 1), plus
the removal of glucosinolate compounds (goitro-
genic to pigs and chickens) that contaminated
the meal portion of the oilseed. This transfor-
mation journey, from the mid-1950s to the late
1970s and beyond, was based on an understand-
ing of the genes responsible for oil composi-
tion. However, success depended also on other
crucial components, such as important devel-
opments in gas–liquid chromatography that re-
duced the volume of oil needed for assay from
several liters to a few milligrams, and an un-
derstanding of the nutritional properties of oil
and meals for humans and farm animals. By
the 1980s, Canadian farmers had a crop that ri-
valed the versatility of soybeans grown in the
United States.

Once canola was available, the cycle of in-
novation continued. The inclusion of a canola
crop in crop rotations was demonstrated to be
beneficial to the following wheat or barley crop,
due to the break in the life cycle and levels of
soil pathogens, reducing the incidence of cereal
root rots in both Canada (Bourgeois and Entz
1996) and Australia (Angus et al. 1999). At a
time of considerable world investment in the
new technologies of molecular biology to under-
take further genetic transformations in oilseeds
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(soybean, sunflower, Brassica, and peanut—
Burton et al. 2004), Canada concentrated on
Brassica crops (Scarth and Tang 2006) and, to
a lesser extent, on linola/flax (Linum usitatis-
simum). In Brassica, natural or induced muta-
tions produced crops with altered levels of eru-
cic acid, oleic acid, and linolenic acid (C18 :
3). Gene transfer was involved in the production
of canola with a high proportion of lauric acid
(C12 : 0), the world’s first transgenic commer-
cial oilseed. Then followed several other Bras-
sica genotypes with novel genes for oil com-
position (Scarth and Tang 2006), herbicide re-
sistance and the production of hybrid seed. In
Australia, during the 1990s, the popularity of
canola stimulated the use of lime to correct soil
acidity of many croplands, and these limed soils
were also beneficial for the establishment of
lucerne (alfalfa) for the pasture phase in crop
rotations.

Another important example of a technologi-
cal breakthrough in the 1990s was the transfer
to cotton of the Bt gene and the Roundup-Ready
trait, a development that was crucial in the in-
tegrated pest and weed management programs
that are now features of Australian and world
cotton production (Knox et al. 2006; Werth et al.
2006). Bt cotton in particular was a crucial de-
velopment due to the development of resistance
by key insect pests to a succession of chemical
insecticides.

These examples of success contrast with the
tortured history of commercialization of geneti-
cally modified crops in many countries, includ-
ing Australia. Skerritt (2004) provided a com-
prehensive summary of the ongoing discussions
between science, industry, and society that have
delayed or thwarted the commercialization of
transgenic or genetically modified (GM) crops.
However, even that account falls short of ex-
plaining either the deep suspicion of European
people toward any tampering with the integrity of
their food supply or the antagonism of European
agribusiness interests, which initially felt threat-
ened by North American agribusiness firms that
pioneered the GM technology. Subsequently, the

debate has ebbed and flowed, with GM crops
not gaining much of a foothold in many Euro-
pean countries (France, Germany) and Australia.
Christoph et al. (2008) concluded that consumers
who oppose genetic modification lack trust in au-
thorities, industry, and scientists. Skerritt (2004)
remarked that “The opposition to GM crops is
confusing to many scientists, who through their
training use reason rather than perceptions to
come to conclusions and thus in some cases
(they) can be dismissive of social process and
perceptions”. Much to the chagrin of the propo-
nents of GM, campaigns to educate consumers
will not necessarily cause more support for GM
crops, because additional knowledge can gen-
erate opposition as well as support (Christoph
et al. 2008). The response of producers is simi-
lar. Producer groups and consumer groups, with
the opportunity of choice, will exercise that
choice. Perhaps the influential opponents of GM
technology will selectively accept innovation
only when the choices become starker, such as
producing a profitable or an unprofitable crop
and/or having sufficient or insufficient supplies
of food.

Hence, in summary, paradigm shifts of the
type referred to by Schiere et al. (2006) have only
partially occurred so far in the case of GM crops;
the overall response is underwhelming com-
pared with the extravagant claims and counter-
claims made by both the techno-positivist and
enviro-pessimist sectors of society. However,
the work of scientists at the cell and molecu-
lar levels is finding application in plant breed-
ing (see case studies A and E below). Agricul-
tural development at various scales (paddock,
farm, regional, or national) is most balanced and
successful when principles and research find-
ings from the disciplines of plant breeding and
agronomy are combined with other disciplines
from the domains of environmental science
and social science. This necessary collabora-
tion should be borne in mind when reading
earlier chapters, which are written naturally
enough from a reductionist rather than a systemic
perspective.
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Incremental advances in plant
breeding—the hard slog

A number of books and papers have presented
the historical trends in crop yields (t/ha). These
reports have highlighted a continuous upward
trend in crop yields. For example, Egli (2008)
summarized progress in corn and soybean yield
in the United States, noting in corn a five-
fold increase in average yields during the cen-
tury from the founding date of the Ameri-
can Society of Agronomy (1907) (1706 kg/ha)
to 2005 (9300 kg/ha). In 2009, average US maize
yields reached a historical high of 10.2 t/ha.
Similarly, US soybean yields rose approximately
fourfold over the period from 1924 (739 kg/ha)
to 2005 (2909 kg/ha). Both Egli (2008) and At-
ack et al. (2009) provided several examples of
“hockey stick” yield curves of various crops in
the favorable US environment—a slow increase
in crop yields up until the 1950s, when a more
rapid linear trend began. Egli (2008) attributed
the rapid phase to a dramatic shift from a low-
to a high-input production system that includes
new hybrid cultivars, a rapid escalation in the
use of N fertilizer on corn, better weed control
using herbicides, mechanization (timely sowing,
increases in plant population), and specialization
toward the dominant corn-soybean rotation. At-
ack et al. (2009) took a broader view of agricul-
tural innovation in the twentieth century, adding
developments in plant protection, grain protec-
tion, finance/marketing and logistics to the ge-
netic, fertilizer, and mechanical advances.

In England, also, the average yield of wheat
increased steadily during 750 years, from 0.5 t/ha
in the first half of the thirteenth century to
3.4 t/ha in the third-quarter of the twentieth cen-
tury; it currently stands at >8 t/ha. In the Euro-
pean Union, postwar yield trends were linearly
positive in most countries for the main crops, es-
pecially wheat and barley (Chloupek et al. 2004).
Chloupek et al. (2004) attributed yield improve-
ment to optimization of many factors, inclusion
of varieties, fertilization, plant protection, and
warmer seasons.

Even in the marginal environment for wheat
production in Australia, where average wheat
yields declined toward 500 kg/ha in 1900 due
to nutrient exhaustion and crop diseases, yield
increases during the next century were up-
ward during and across each of three stepped
phases—1900 to 1950 (with average national
wheat yields rising to a new plateau of 800 kg/ha
due to new cultivars, superphosphate fertilizer,
and water conservation); 1950 to 1990 (1.4 t/ha,
due to better varieties, legume nitrogen, and
timely sowing; and from 1990 to 2000 (2.0 t/ha,
due to break crops, N fertilizer, and no tillage)
(Angus 2001).

In summary, the recent history of world crop
yields has been one of near-linear increases over
the last 5–8 decades, with no conclusive evidence
of a decline in the rate of yield improvement as
yet. However, ongoing forward projections (Har-
ris and Kennedy 1999, Gilland 2002, Keating and
Carberry 2010) indicate the difficulty of match-
ing food supply to population growth by 2050,
with estimates of food production in particular
being based on arguable assumptions.

What are the future prospects for the contin-
uation of the upward trend in crop yields? To
add to the individual perspectives included in
this book, I used the world literature to evalu-
ate progress toward some specific objectives in
crops. These evaluations are summarized in the
case studies A to E below:

� Case study A: Drought tolerance improvement
in crop plants. Improving the tolerance of wa-
ter stress for dryland crops is a strategic ob-
jective of prime importance. Cattivelli et al.
(2008) outlined an integrated approach to im-
proving traits that reduce the gap between
potential and actual crop yields in drought-
prone environments. First, they argued that
selection for high yield in stress-free envi-
ronments has indirectly improved yield in
water-limiting situations. Second, a number
of physiological traits (stomatal conductance,
time of flowering, the stay-green characteris-
tic, and osmotic adjustment) are known to be
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relevant to drought conditions. Third, selection
for drought tolerance is poised to become more
efficient due to the application of QTL (quan-
titative trait loci) analysis, making available a
number of markers that are tightly linked to
loci for stress-related traits. Progress could be
slow because of the number of genes involved,
the interactions among them, and the pre-
cision required for marker-assisted selection
(MAS) of drought tolerant QTLs. Cattivelli
et al. (2008) concluded that genomics-assisted
breeding had so far made only a marginal con-
tribution to selecting drought-tolerant geno-
types, but the way forward for research (dis-
covery of physiological traits, identifying fa-
vorable loci, MAS, gene cloning and insertion,
elite genotypes, and field validation) is clear.

� Case study B: Drought tolerance and water
use efficiency in rice. A series of recent ar-
ticles in Advances in Agronomy (Wassmann
et al. 2009a and 2009b, Farooq et al. 2009,
Serraj et al. 2009) targeted strategies to en-
hance the adaptation of rice to climatic stress.
The general tone of these publications is op-
timistic in terms of manipulating physiologi-
cal mechanisms of stress tolerance/avoidance,
adjusting crop management, tuning irrigation
systems toward a more efficient use of water,
and enhancing the adoption of innovations by
farmers. However, as is noted in Chapter 12 of
this book:
� the effects of CO2 and higher temperatures

on rice plants grown in cool temperate areas
are likely to be different from those in warm
areas, and

� the future CO2-rich, warmer environment
will affect other field parameters such as
humidity levels and soil nitrogen content.

The development and field validation of ro-
bust air-plant models and plant-soil models for
rice and other crops are major challenges to
agricultural scientists, challenges that urgently
require inputs from environmental scientists. It
is important that the historical standoff between
these respective silos of science is resolved, en-

abling new partnerships that contribute to the
future of managed systems (including human so-
ciety) as well as natural ecosystems.

� Case study C: Improving tolerance of heat
stress in cotton. From the literature reviewed
by Singh et al. (2007), it is expected that ris-
ing temperatures will exert a negative influ-
ence on the crop growth rate, photosynthesis,
phenology, and yield of world cotton crops,
most of which are nearing the limit of high-
temperature tolerance. Aside from the issue
of water availability, rising temperatures in-
terfere with the interception and absorption
of photosynthetically active radiation, as well
as increase dark respiration. The pathway to-
ward heat tolerance in cotton is not clear cut,
with much genetic, physiological, biochemi-
cal, and field work needed before additional
heat-tolerance traits can be identified and uti-
lized (Singh et al. 2007). Hence, breeding
for high-temperature tolerance in cotton, us-
ing traits such as stomatal water conductance
(heat avoidance), smaller and thicker leaves,
and flowering dynamics at high temperatures,
is likely to be characterized by incremental
progress rather than rapid advances.

� Case study D: Genetically based variation in
N2 fixation has been demonstrated for soy-
bean and other legume species but incorpo-
rating such variation into cultivars has had
little success (Herridge and Rose 2000). In
hindsight, these authors reasoned that their
chances of success were low since the N2

fixation trait must be combined with several
other desired traits, and it is difficult to assess
in large breeding populations. They suggested
that soybean breeders should be encouraged to
conduct their entire programs in low N2 soils.

� Case study E: Flowers and Flowers (2005)
considered the question “Why does salin-
ity pose such a difficult problem for plant
breeders?”. Enhancing the salt tolerance of
plants, particularly for use in delta regions,
has met with limited success due to the
complexity of the trait, both genetically and
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physiologically. For example, according to
Flower and Flower (2005), salt tolerance in
plants depends on plant and leaf morphology,
compartmentation (salt storage in vacuoles),
the presence of organic solutes that protect
plant metabolism, regulation of transpiration,
control of ion movement, membrane charac-
teristics, and tolerance of high Na/K ratios in
the cytoplasm. Several of the underlying phys-
iological processes are not well understood.
The genetic control of the quantitative trait
of ”salt tolerance” is multigenic and, further,
the putative markers for each loci involved are
sensitive to the conditions under which plants
are grown. While there have been some suc-
cesses in mapping salt-tolerant traits using a
QTL approach (e.g., Lindsay et al. 2004, se-
lecting genotypes with low Na+ accumulation
in wheat), thereby opening the way for MAS,
the overall utility of the approach has yet to be
confirmed. One complication is that genotypes
that survive by excluding salt may worsen the
salt content of the growing environment.

In summary, these are challenging times for
plant physiologists, geneticists, and plant breed-
ers. For major crops such as rice, wheat, and
maize, with integrated teams of plant scientists
building up a wealth of information and work-
ing internationally to a set of clear objectives,
the likelihood of both occasional breakthroughs
and steady progress is high. Even research into
human genomics may produce dividends for
plant scientists. Spillover benefits are likely from
major crops to lesser crops, and from environ-
mental science to agricultural science. However,
research progress depends on maintaining or in-
creasing investment from private/public sources
as well as ensuring effective, unselfish collabo-
ration.

The potential of biotechnology

At this point, it is worthwhile to consider the
future potential of biotechnology (= molec-
ular biology, bioengineering) applications for
plant species improvement. Biotechnology is

justifiable on the basis that it has the po-
tential (1) to achieve what conventional plant
breeding might never achieve and (2) to en-
hance the efficiency of the plant breeding pro-
cess itself, primarily through MAS. Spangenberg
et al. (2001) outlined a number of opportunities
and approaches for the application of transgenic
and genomic technologies for the improvement
of forage plants, while Langridge and Gilbert
(2008) realistically appraised the prospects of
genetic technologies to effect further improve-
ments in the yield and quality of cereals. In a
number of chapters in this book, examples are
given of the potential for marker-assisted plant
breeding. Beyond the practical realm of MAS
toward the ideal of gene insertion, biotechnolo-
gists have often expressed unrealistic optimism
in terms of achieving, on-time and on-budget,
the targets that they or their backers set (e.g., the
search for salt- and cold-tolerant crops). In the
majority of cases, the pathway from the cell to
the ecosystem level may be impossibly difficult
unless there are known functional relationships
that link gene function to plant physiology and
field performance (Hammer et al. 2008). The sci-
entific understanding of the plant genome is still
poor—substantial effort will be needed to as-
sign function to genes, particularly when protein
function is context dependent.

Even in the case of single gene transforma-
tions where plant phenotypic response scales
directly from the molecular level (e.g., the Bt
gene), there is a complex sequence of steps nec-
essary to insert the gene, alter its level of expres-
sion and utilize it (Oram and Lodge 2003). The
experience of Dear et al. (2003) with transgenic
subterranean clover is revealing. A gene for tol-
erance to bromoxynil herbicide (bxn) was iso-
lated from a soil bacterium and inserted success-
fully into a range of agricultural plants, among
them subterranean clover (a pasture legume).
Dear and his colleagues explored some of the
potential changes that a random insertion of the
bxn gene might cause. The inclusion of the bxn
gene did not change the agronomic characteris-
tics of one of the three resultant lines, but the gene
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or transformation process did have unintended
effects (reduced seed production, lower levels of
hard seed, and changes to the levels of phyto-
oestrogens) on the other two transgenic lines.

The pathway to commercialization is long,
involving a considerable regulatory burden to
ensure full deregulation of a GM product (Lan-
gridge and Gilbert 2008). However, there are sev-
eral public-private plant breeding groups, work-
ing with a major species for the world market,
that possess sufficient expertise and experience
for success at the genome, plant, and industry
levels. Such groups will utilize molecular marker
technologies that are useful in exploring plant
genomes and in building up genetic combina-
tions for yield and disease resistance. A good
example of such an approach was recently re-
ported by Kolmer et al. (2008), who identified
an allele (csLV34b) that has a strong association
with the LR34/Yr18 leaf rust/yellow rust gene in
wheat, a gene that is impossible to detect by phe-
notype or biochemical means. This development
exemplifies the ideal of an integrated genetic ap-
proach, in which specific processes at the gene
level are linked with whole plant physiology and
field assessments (Boote and Sinclair 2006; Cat-
tivelli et al. 2008).

Ecosystem complexity—what it
means for farm adaptation and
plant breeding

Giampietro (1994) reminded scientists of the im-
portance of considering the spatiotemporal scale
and complexity of agricultural ecosystems when
evaluating the likely impact of technological ad-
vances. He used the green revolution in agricul-
ture to warn about the consequences of “silver
bullet” solutions—in this case, the simple fix of
new rice and wheat genotypes, which produce
more food for an expanding population. As noted
above, Swaminathan (2006) advocated greater
consideration of the effects on land and water
resources, and on farmer equity of agricultural
innovations such as new genotypes, higher rates
of fertilizer, and more crop protection chemi-

cals. Giampietro (1994) wrote about an addi-
tional concern—the future danger of producing
additional food and sustaining additional people
without considering the traditional cultural con-
trol of food supply on the fertility of human popu-
lations. Hence, it is important for plant scientists
to retain a perspective that plant breeding is but
one of the disciplines that contributes to agricul-
ture, and agriculture is but one disciplinary area
in the landscape of human affairs on planet Earth.

The importance of the above perspective is il-
lustrated by a list of developments in sustainable
crop production, produced by Crookston (2006)
and his colleagues from the Crop Science So-
ciety of America (Table 29.2). Improved crop
genetics is acknowledged as the number one fac-
tor that has impacted on crop production and this
impact is seen as unambiguously positive. In two
respects, the makeup of the #2–9 topics on the
list was interesting:

� The list illustrated the wide diversity of top-
ics that are currently considered relevant by
farmers and scientists.

� Several topics remain controversial in terms
of their positive and negative impacts on
agriculture.

It is important that these examples of diver-
sity and controversy are recalled when reading
the reviews in this book from crop specialists,
who understandably take a “techno-positivist”
approach rather than an “enviro-pessimist” ori-
entation.

In summary, the emphasis of research into
crop improvement has evolved from a sin-
gular or narrow focus on factors limiting
potential yield and production to one that
encompasses a production-environmental ap-
proach, such as the adjustment of local agri-
culture to climate change, the management
of agricultural systems and catchments to
avoid physico-chemical imbalances (soil and
water pollution, nutrient exhaustion, acidifi-
cation, salinization, air quality including the
emission of greenhouse gases), improving the
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Table 29.2. A “top 10” lista of the “most important developments and/or issues that had impacted on crop ecology,
management, and quality during the past 50 years” – Crookston (2006).

Rank, development
Number of times

nominated Comments

1. Improved crop genetics, by
conventional breeding or
bioengineering

112 Comments on conventional plant breeding
(embracing also the collection and storage of genetic
resources) were universally positive. Comments on
bioengineered crops were both positive and
cautionary.

2. Substitution management—the
replacement of crop rotations and
animals with chemicals (nitrogen
fertilizers, herbicides, and
pesticides)

96 Many comments were positive but concern was
expressed over the loss of biodiversity, the decline in
“family farming,” and the inevitable emergence of
resistance to pesticides. N fertilizers and chemical
weed control received more “pro/con” comments
than chemical control of insects/pathogens.

3. Government programs and
policies

45 The impact of crop subsidy programs (eliminating
rotations and delaying rural adjustment) dominated
comments. Also see 6.

4. The environmental movement,
sustainable agriculture

43 The controversy concerning traditional and
sustainable practices has shifted in the last 20 years
toward an appreciation of public opinion and a
professional acceptance of sustainable agriculture

5. Conservation tillage 40 Conservation tillage has increased the conservation
of soil, time, energy, water, and carbon. CT
contributed much to the acceptance of sustainable
agriculture but the dependency on chemicals has
increased.

6. Changes in the operation of the
Land Grant system of R, D, and E

35 Nostalgia remained among the older professionals
but there was full acknowledgment of the shift in
“power” from the public Land Grant system to the
current mix of public, industry (vertically integrated
“big” agriculture), and agribusiness interests.

7. Precision technologies (GPS and
GIS)

32 This technology received mixed reviews, with the
challenge to produce more agronomic benefits to
match the appeal of GPS/GIS technologies to
farmers.

8. Improved mechanization 31 The wonderful but expensive array of power tools
and instruments has boosted farmer productivity
and sustainable practices.

9. Improved water management 20 Most respondents came from arid States and
irrigated regions, where competition for water and
water quality are already escalating issues.

10. Alternative crops (to cereals)
and alternative uses for crops

18 The impact of alternative crops and alternative
usage of traditional crops was considered generally
positive but there were some negative responses
directed against growing crops for fuel.

11–20. Miscellaneous, not listed
above

72 These topics included globalization, economic
analyses and modeling, demographics etc.

a415 crop specialists were contacted by email, and the 94 people who responded submitted a total of 545 nominations
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adaptation of crops to environmental stressors
(chemical, physical, and biological), and the on-
going need to achieve improvements in crop
water-use efficiency and drought tolerance. In
part, this evolution is a response to the ideas
on sustainable development espoused by au-
thors such as Gordon Conway (productivity,
stability, sustainability, and equity—Conway
1986) and Jules Pretty (external costs of
agriculture—Pretty et al. 2000). In recent years,
the research agenda has further broadened to in-
clude environmental, financial, and social issues
on the farm (e.g., Mason et al. 2003). Unfortu-
nately, past research into on-farm business man-
agement and off-farm supply chains has often
not been relevant to farm profits (McCown and
Parton 2006) and, while the need for social indi-
cators in agriculture is acknowledged, there are
as yet no agreed protocols for the routine collec-
tion of indicators that define the social capital of
farm families.

Regional impacts of climate
change on crop production

Turning to specific impacts of climate change
on food production, a preliminary analysis by
Reidsma et al. (2010) of European crop and
farm production highlighted the importance of
adaptive capacity. This term was defined by
Reidsma et al. (2010) as the collective abil-
ity of farms (determined by farm and farmer
characteristics) and regions (determined by bio-
physical, socioeconomic, and policy factors) to
cope with climate change by moderating poten-
tial damages or taking advantage of emerging
opportunities. For example, the impact of cli-
mate change on a profitable crop (maize) grown
on a productive soil type for cropping is likely
to be less than a less important crop (wheat)
on a marginal soil type, since management will
concentrate yield-enhancing efforts on the most
responsive situations. Within each European re-
gion, farm performance varied according to farm
intensity (i.e., use of fertilizer and crop protec-
tion products, positive), farm size (i.e., economic

size, positive), and arable land use (i.e., grass-
land and permanent cropping area had a neg-
ative impact). Broadly, the study confirmed a
lower generic capacity and a greater sensitiv-
ity to climate change in Mediterranean than in
northern regions. However, there were a number
of region by factor interactions—for example,
in France and the United Kingdom, a large eco-
nomic size increased the negative effects of high
temperatures, whereas in other regions the influ-
ence was small. Reidsma et al. (2010) concluded
that the impacts of climate on crop yields can-
not directly be translated to impacts on farmers’
income, since farmers adapt by changing crop
rotations and inputs, and governments may in-
tervene by adjusting crop subsidies or research
policies. They recommended that frameworks to
assess the effectiveness of adaptation strategies
should start with an appreciation of stakeholders’
perspectives rather than from a narrow biophys-
ical modeling approach. These broad findings
and conclusions were in line with the earlier
study by Olesen and Bindi (2002), who sug-
gested a number of resource-based policies to
support flexibility in the adaptation of European
agriculture to climate change. Their list of poli-
cies embraced land, water, nutrients, agrochem-
icals, energy, genetic diversity (which, with new
genotypes, provides plant breeders with impor-
tant basic material for adapting crop species to
changing climatic conditions), research capacity,
information systems, and culture.

For example, the analysis by Seo and Men-
dohlson (2008) of South American farmers pre-
dicted that choice among the seven most pop-
ular crops varies with climate. Farms that are
cooler are more likely to choose potatoes and
wheat, average temperature (18◦C) farms tend
to choose maize, soybeans, and rice, and farms
in warm locations choose fruits, green vegeta-
bles, and squash. Similarly, farms in dry loca-
tions tend to choose maize and potatoes, farms
in moderately dry conditions tend to pick soy-
beans and wheat, and farms in wet conditions
choose fruits and vegetables, squash, and rice.
The authors of this report mentioned that the
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predicted responses in South America were
consistent with the response functions from a
similar study undertaken by their team in Africa.

Perhaps the most profoundly threatened crop-
ping systems are those in the delta regions of
major rivers (e.g., the Guadalquivir in Spain, the
Nile in Egypt, the Ganges in West Bengal and
Bangladesh, the Mekong in Vietnam, and the
Huang He in China). The area and productivity
of croplands on these low-lying areas are vulner-
able to the impacts of both flooding and salinity,
as mentioned in Chapter 12 of this book.

In summary, farmers will adapt their pro-
duction systems to climate change, perhaps by
modifying their enterprises (e.g., in mixed farm-
ing systems, toward more livestock production
or crop production depending on the climatic
trend), by changing the crop and pasture species
that they sow, and/or by adjusting the timing
of crop operations. Whether the future climate
favors human habitation and food production
(e.g., northern Europe) or increases the vulner-
ability of already stressed regions, for example
in river deltas (above) or in arid central Asia
(Lioubimtseva and Henebry 2009), plant breed-
ing must be linked with other disciplines, espe-
cially agronomy (Ingram et al. 2008; Luo et al.
2009) in order to be part of the solution. For the
discipline of plant breeding itself, the policies of
rural R&D agencies, governments, and private
investors are likely to be crucial to the level and
direction of future efforts.

Conclusions for progress in plant
science—future opportunities

In a global economy, there are several influences
that will determine the capacity of plant breed-
ers to cope with climate change. On the demand
side is the upward trend in world population and
the increasing numbers of relatively affluent con-
sumers, factors that will positively affect the size
of the global market for food. On the supply
side are potentially negative impacts, including
climate change, the availability of essential agri-
cultural inputs such as fertilizer, chemicals and

energy, and the policies of governments, insti-
tutions and corporations. Future perturbations to
world agriculture arising from progressive cli-
mate change or sudden input shortages (fuel, fer-
tilizer, chemicals) may interact with agroecosys-
tem types or government policies, and trigger
major changes to agricultural industries.

In recent years, research institutions have
experienced shifts in the policies of gov-
ernments and foundations who, noting the
decline in the proportion (2.5%) of gross na-
tional product contributed by agriculture, have
failed to adjust production levies and grants
to counter the apparently declining pool of re-
search funds available for food production re-
search. Hence, governments are spending less
on agricultural research at a time when re-
search costs are escalating. Government de-
partments, bureaus, and universities also offer
contract rather than tenured employment
to scientists and other professional researchers.
These negative trends may limit future gains
from agricultural research. More optimistically,
they could be balanced by (1) better access to
and communication with agricultural scientists
around the world, thereby facilitating “spill-in”
benefits, and (2) improved collaboration between
production scientists and environmental scien-
tists. Another issue, the nonadoption or slow
adoption of research findings, especially with
complex technologies that are aligned with sus-
tainable production, is being addressed through
the use of participatory extension methodologies
(e.g., Pannell et al. 2006) rather than employing
the diffusion (trickle down) approach that is ef-
fective with simple technologies.

Predictions of hotter continents with a more
erratic climate may bring greater operational di-
versity in agriculture, at least at the regional level.
Resource limitations and other constraints may
encourage some producers to seek a lower in-
put, more ecologically focused production sys-
tem rather than one that operates at a higher
level of production risk. Animal producers may
make greater use of perennial pasture species,
supplemented strategically with annual species,
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to convert rainfall to fodder and meat and to
protect the soil resource. In cropping zones, risky
crop production areas may be turned over to
meat and wool production (Kopke et al. 2008),
while crops may extend further into suitable
high-rainfall areas (Harle et al. 2007) and higher
latitudes (Olesen and Bindi 2002). As well, the
strong demand for food may lead to a greater
number of larger, specialized farms that achieve
synergy through integration with complemen-
tary businesses (e.g., crop farms with feedlots
or chicken farms). The complexity of managing
large, mixed (crop + livestock) farms may be
offset through innovative business partnerships
that not only retain mixed farming (diversifica-
tion) but also encourage simultaneous specializa-
tion, essentially by separating the management
of crops and livestock and placing each enter-
prise into the hands of enthusiasts. For example, a
farmer specializing in crop production may work
with an agribusiness expert to plan and imple-
ment crop rotations, and with a well-organized
livestock specialist who could run herds/flocks
on several farms to utilize crop residues and per-
manent pastures.

While considerable benefits may come from
innovation in the economic and social aspects
of agriculture, there will be an acute need to
refine the technology of production in order to
cope with heat stress, drought, rising sea levels,
and resource constraints. The role and success
of the plant breeder in food production, sup-
ported by geneticists, physiologists, statisticians,
agronomists, and farmers, is pivotal.

The “bottom line” for food production in
2050, a crucial time when the population peak
will meet a possible zenith in climate change,
is probably determined already. It is profoundly
difficult to accelerate progress toward this crisis
due to the time lags that are involved in cranking
up scientific research to boost food production
systems (Keating and Carberry 2010). Although
crop yield potentials will continue to move incre-
mentally upward, it is likely that political inertia,
knowledge barriers, and human selfishness will
constrain the rate of crop improvement to a level

that is insufficient to feed the world, unless there
are concomitant reforms in food distribution and
utilization.

Endnote

1. In 1975, I discussed this topic with Dr Albert Pugsley,
the then Director of the Agricultural Research Institute in
Wagga Wagga (Australia), shortly after his return from a
visit to the Northern Hemisphere. At the time in Australia,
following the release of several reduced height wheat cul-
tivars, there were many cereal breeders whose work was
more independent than it is today.
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African land available for, 67
African land available for agriculture, 67
ENSO’s impact on, 52
Europe, 78

climate conditions for, 78–79
former Soviet Union, geography of, 85–88, 86f
impacts of climate change on, 495–96, 496f
semiarid tropic climate change impacts for,

116–20, 119t

Crop Adaptation to Climate Change, First Edition. Edited by Shyam S. Yadav, Robert J. Redden, Jerry L. Hatfield,
Hermann Lotze-Campen and Anthony E. Hall.
c© 2011 John Wiley & Sons, Ltd. Published 2011 by John Wiley & Sons, Ltd.
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Agriculture (Continued )
Southeast Asia contribution to GDP with, 132f
value of crops in LAC, 44
vulnerability, 7–8

Agroecology, 27–40
canopy level feedback in, 29–30, 29f
climate change’s implications for, 39–40
climate impact on crop yields in, 37–39
CO2 concentration with plant growth in, 28–33
CO2-nutrient interactions in, 33–34
cultivated, 33–34
energy balance, 28–30
leaf level feedback in, 28–29, 29f
native grass ecosystems in, 33
water-use efficiency in, 34–37

Alfalfa, transgenic crops with improved yield under
drought using, 534t

Algeria
chickpea grown in, 251
Vicia faba grown in, 269

Alliance for a Green Revolution in Africa (AGRA),
512

Almonds, climate change impact on, 62
Angola, beans produced in, 357t
Anther dehiscence, 173t
Antioxidative capacity, crop productivity with,

523f
APSIM-Wheat model, adaptation strategies

evaluated with, 38
Argentina

beans produced in, 357t
climate change expected in, 51t
principle crops in, 45t
sorghum grown in, 326

ARI. See Agricultural research institutes
Armenia, 84

climate change impacts in, 97–98
Asia. See also West Asia and North Africa

Northeast, crop area expansion in, 4
semiarid tropics, 107–28

characteristics of, 110–11, 110f
chickpea grown in, 252, 252f
climate change impacts in, 107–28

adaptation and mitigation linked with,
109–10, 109f

adaptation strategies for, 120
adaptation to, 120–26
agricultural production in, 116–20, 119t
climate resilient crops for, 125–26
coping strategies for, 124–26
development planning of adaptation for,

120–24

economic globalization context for, 113–14
extreme events with, 116, 116f, 117t–118t
farm-level adaptation to, 124
future line of investigation for, 127–28
global context for, 108–10, 109f
microdosing of fertilizers for, 125
natural disasters with, 116, 116f, 117t–118t
research background and rationale for,

107–8
resilience mechanisms with, 124–26
trends and projections, 114–15, 114t, 115t
vulnerability with, 110–14, 110f, 112f,

112t, 113f
water management for, 124–25
water resources with, 112–13, 113f

development context for, 111–12, 112f, 112t
HDI rank for, 111
socioeconomic and natural resources

indicators of, 111, 112t
undernourished people in, 111, 112f
water stress or scarcity projected for, 113f

sorghum grown in, 326, 327t
Australia

chickpea grown in, 251
climate change impacts in, 143–53

CO2 concentration levels with, 144
fruits with, 152–53
grains with, 145–48
grapes with, 150–52
greenhouse gases with, 144
legumes with, 145–48
nuts with, 152–53
oilseeds with, 145–48
rainfall distribution with, 144–45, 146f
rice with, 148
sugarcane with, 148–50
temperatures with, 144–45, 145f
vegetables with, 152–53
viticulture with, 150–52

collection of genetic stocks and holdings of peas
in, 244t

cropping systems in, 143
Avocados, climate change impact on, 62
AVRDC gene bank, 406–7
Azerbaijan, 84

climate change impacts in, 97–98

Banana
adaptation measures for changing climates with,

433–35
crop management change, 434
cultivars change, 434
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genetic improvement, 434–35
migration to more suitable zones, 435

changes in biotic factors with, 431–33
changing climates effects on growing conditions

for, 426–36
climatic requirements for production of, 427–33,

429f
cultivar types within gene pool of, 427t
future climates in growing areas for, 430, 431f
future perspectives on changing climates with,

433–35
Latin American import and export of, 45t
modeling approach to, 427
modeling of climatic suitability for production of,

430–31, 432f
modeling suitability of climate for production of,

427–33
Bangladesh

adaptation to climate change in, 122
agriculture impacts due to climate change in,

119t
chickpea grown in, 251
climate change trends and projections for, 115t
climate variability and extreme events, 117t
socioeconomic and natural resources indicators

of, 112t
Barley

drought-resistance wild relatives contributing to,
529

former Soviet Union production of, 87
Southeast Asia production of, 131

Beans, common (Phaseolus vulgaris)
countries producing, 357t
genetic adaptation of

annual precipitation changes in, 359f
breeding technologies impact in, 361f, 362
climatic data for, 358
constraints with climate change in model of,

362–65
crop evolution with, 356–57, 357t
crop improvement potential with, 365–66
current distribution of bean production in,

360f
fungal diseases in model of, 363–64
future climates in growing environments in,

361
future perspectives on, 366–67
heat stress in model of, 363
insect pests in model of, 364–65
modeling approach to, 357–62, 359f–361f
predicted suitability of climate for bean in,

360f

soil constraints in model of, 363
suitability and climatic constraints in, 361–62
temperature changes in, 359f
viral diseases in model of, 363–64
water requirements in model of, 362–63

genetic adaptation to, 356–67
production constraints of, 358t

Belarus, 84
beans produced in, 357t
climate change impacts in, 91

Biofuels
climate change and, 551
economic sustainability of, 553–54
environmental impact of, 551–52
food production balanced with production of,

550–51
life cycle analysis for, 552–53

Biotechnology
African climate change with, 73–74
chickpea adaptation with, 261–64
crop improvement as potential of, 563–64

Birch, 547
Bolivia

beans produced in, 357t
climate change expected in, 51t
principle crops in, 45t
Vicia faba grown in, 269

Brassica, threshold high temperatures for, 170t
Brazil

beans produced in, 357t
climate change expected in, 51t
principle crops in, 45t

Bulgaria, collection of genetic stocks and holdings of
peas in, 244t

Burkina Faso, sorghum grown in, 327t
Burundi, beans produced in, 357t
Buruti palm, 547

C3 crop species
CO2 and temperature effecting, 171–72
growth and morphological changes in, 200–201
growth and yield responses at elevated CO2, 204f
photosynthesis at elevated CO2 in, 201, 202f

C4 crop species, 171–72
growth and yield responses at elevated CO2, 203,

204f
photosynthesis at elevated CO2 in, 201–2, 202f

CA. See Central Asia FSU zone
California, climate change impact on crops in, 62
Cambodia. See also Mekong region

climate change observed in, 135
Cameroon, beans produced in, 357t
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Canada
beans produced in, 357t
chickpea grown in, 251

Canola, transgenic crops with improved yield under
drought using, 534t

Canopy level feedback, 29–30, 29f
Canopy temperature depression (CTD), 173–74,

173t, 229
CAP. See Common Agricultural Policy
Carbon assimilation, crop productivity with, 523f
Carbon isotopes discrimination differences, 173t
Cassava, genetic adaptation of, 411–23

abiotic stresses with, 416–18, 418f
biotic stresses with, 418–20
cultivars with more stable DMC for, 420
expected climatic changes with models for,

412–16, 413f, 415f, 416f
herbicide tolerance for, 421–22
pest and disease management approaches for,

422–23
production of genetic stocks for, 422
systems for multiplication of planting materials

with, 420–21
technical solutions for, 420–23

Castor bean, 547
Catchment Analysis Toolkit (CAT), 15

landscape model, 16
May rainfall pattern of change in, 15f

CAT climate change module (CATCLIM), 15
Caucasus FSU zone (CC), 84, 85f

climate change adaptation for, 101t
climate change impacts in, 97–99
climate of, 86
GCM projections for, 89f, 90t, 97
growing period in, 89f, 90–91, 90t
precipitation in, 89f, 90, 90t
temperature in, 89f, 90–91, 90t

CCAM. See Conformal Cubic Atmospheric model
Cell membrane thermostability (CMT), 173t,

174–75
Central Asia FSU zone (CA), 84, 85f

climate change adaptation for, 102t
climate change impacts in, 94–96
climate of, 86
GCM projections for, 89f, 90t, 94
growing period in, 89f, 90–91, 90t
precipitation in, 89f, 90, 90t
temperature in, 89f, 90–91, 90t

CGIAR. See Consultative Group on International
Agricultural Research

CH4. See Methane
Chernozem soils, 84

Chickpea
adaptation to climate change for, 255–64

breeding for adaptation to drought, 255–57
breeding for adaptation to elevated CO2,

259–61, 260f
breeding for adaptation to heat, 257–59
breeding for adaptation to heat cold, 259
breeding for adaptation to pests, 261
drought mitigation, 257
genetic adjustment through conventional

technologies for, 255–61, 260f
genomics and biotechnology for, 261–64
wild relatives in drought tolerance, 257

area, production, and productivity of regions
growing, 252f

climate change impacting, 159, 253–55
climates of growing regions for, 252–53, 253f
countries which grow, 251
drought-resistance wild relatives contributing to,

529
genomics and biotechnology for, 261–64

gene discovery with, 262–63
genetic engineering stress tolerance with,

263–64
marker-assisted selection with, 263
QTLs for tolerance to stresses using, 262–63
resistance to diseases and pests using, 263

Chile
beans produced in, 357t
climate change expected in, 51t
principle crops in, 45t

China
adaptation to climate change in, 121
agriculture impacts due to climate change in, 119t
beans produced in, 357t
climate change in, 38–39
climate change trends and projections for, 115t
climate variability and extreme events, 117t
collection of genetic stocks and holdings of peas

in, 244t
drought and floods projected for, 61
gene pools for peas in, 242–43
maize production in, 61
socioeconomic and natural resources indicators

of, 112t
sorghum grown in, 326
undernourished people in, 111, 112f
Vicia faba grown in, 269
water resources in, 113

Chinese cabbage, genetic adaptation of, 403–4
heat tolerance defined for, 403
physiological responses to heat stress in, 403–4
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Chlorophyll fluorescence, 173t, 174
CIMMYT. See International Maize and Wheat

Improvement Centre
CIP. See International Potato Center
Climate

Caucasus FSU zone, 86
Central Asia FSU zone, 86
chickpea growing, 252–53, 253f
European North FSU zone, 86
European South FSU zone, 86
Siberia FSU zone, 86
variability of, 5

Climate change
agriculture impacted by, 495–96, 496f
agroecology, implications of, 39–40
biofuels and, 551
CAT showing May rainfall pattern, 15f
climate variability with, 5
CO2 concentration with, 3–4
crop productivity impacted by, 2–3, 157–60, 158t

chickpea, 159, 253–55
maize, 159, 162f
peanut, 158
pearl millet, 158, 158t
sorghum, 159, 327

crops options with, 485–87
crop yields impacted by, 37–39
downscaling to regional level, 12–25

biomass and grain yield accumulation in, 17,
18f

crop simulation model in, 16–17, 17f
data for spatiotemporal modeling in, 15–16,

15f
landscape scale analysis for, 12
results for, 17–22, 18f–22f
two methods for, 14–15, 14t
wheat crop yield likely in, 17, 19f
wheat varieties adaption to new climates in,

17–22, 20f–22f
energy balance of canopy in, 29–30, 29f
energy balance of leaf in, 28–29, 29f
energy balance of leaves affected by, 28
energy crops to combat, 546–54
extreme events with, 5
food security impacted by, 7
former Soviet Union, 84–102

adaptation to, 100–102, 101t–102t
carbon fertilization in, 99
Caucasia region in, 97–99
Central Asia region in, 94–96
Climate Research Unit data for, 88
European North region in, 91–92

European South region in, 92–93
food security in, 100
general climate models for, 88–90, 89f, 90t
growing period in, 89f, 90–91, 90t, 99
precipitation in, 89f, 90, 90t, 99
Siberia region in, 96–97
temperature in, 89f, 90–91, 90t, 99

free air carbon enrichment with, 3–4
genetic adaptation

beans, common, 356–67, 357t, 358t,
359f–361f

cassava, 411–23, 413f, 415f, 416f, 418f
chickpea, 251–64, 253f, 260f
cowpea, 340–53
maize, 314–22, 315f, 316f, 318f
peas, 238–46, 242t, 244t
potato, 287–95, 288f–290f
rice, 298–309, 302f
sorghum, 326–38, 327t, 328t, 330t, 331f, 332t,

334t, 335t, 337t
soybean cultivars, 370–92, 372f, 374t, 375f,

377t, 379f, 382t, 384t, 386f
sugarcane, 439–44
vegetables, 396–407, 401f, 402f
Vicia faba, 269–81, 273f, 274f, 275f
wheat, 218–33, 224f, 227t–228t
wine grapes, 464–75, 465f, 466f

genetic diversity within crops for adaptation to,
487–93

legume crops, 487–89
non-legume crops, 489–93

global warming with, 4
greenhouse gas as cause of, 1, 107
India, impact from, 28
interventions to minimize impact of, 160–63

breeding and selection, 160
management, 160–63, 162f, 163f

length of growing period changed by, 329
nonclimate stresses increasing vulnerability to,

111
oilseed Brassica species breeding for, 448–59,

449f, 450t–452t, 454t
peas, specifically effected by, 239–41

CO2 and temperature, 240
CO2 and water, 240
elevated CO2, 239
temperature, 239–40
UV, 240–41
water use, 240

perennial crops impacted by, 62
pests and pathogens with, 6–7
potential of adjustment in crops to, 482–93
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Climate change (Continued )
regional differences in, 28
regional impacts of global, 156–64

crop production implications of, 157–60, 158t
ENSO phenomenon in, 158
interventions to minimize, 160–63, 162f, 163f
precipitation changes in, 156–57
predictions of, 157
temperature changes in, 156–57
water shortage in, 161

sea-level rise with, 5
soil degradation with, 5–6
temperatures in, 24
underutilized species impacted by, 510–11
water availability with, 4–5
weeds with, 6–7

Climate change, Africa, 66–75
agricultural production in, 67–70
biotechnology for, 73–74
challenges of, 70–71
coping and adaptation strategies for, 71–72, 72f
crop intensification for, 73
diversification for, 73
farmers’ perceptions in, 71, 71b
farmers’ strategies for, 71–72, 72f
greenhouse gas in, 67
growing season changes in, 67
land available for agriculture in, 67
productivity-enhancing technologies for, 72–73
recommendations for, 74–75
research strategies for, 72–74
Sahel zone of, 69–70

Climate change, Armenia, 97–98
Climate change, Asia, semiarid tropics, 107–28

adaptation and mitigation linked to, 109–10, 109f
adaptation strategies for, 120
adaptation to, 120–26
agricultural production in, 116–20, 119t
climate resilient crops for, 125–26
coping strategies for, 124–26
development planning of adaptation for, 120–24
economic globalization context for, 113–14
extreme events in, 116, 116f, 117t–118t
farm-level adaptation to, 124
future line of investigation for, 127–28
global context for, 108–10, 109f
microdosing of fertilizers for, 125
natural disasters in, 116, 116f, 117t–118t
research background and rationale for, 107–8
resilience mechanisms for, 124–26
trends and projections for, 114–15, 114t, 115t
vulnerability in, 110–14, 110f, 112f, 112t, 113f

water management for, 124–25
water resources in, 112–13, 113f

Climate change, Australia, 143–53
CO2 concentration levels with, 144
fruits in, 152–53
grains in, 145–48
grapes in, 150–52
greenhouse gases with, 144
legumes in, 145–48
nuts in, 152–53
oilseeds in, 145–48
rainfall distribution in, 144–45, 146f
rice in, 148
sugarcane in, 148–50
temperatures in, 144–45, 145f
vegetables in, 152–53
viticulture in, 150–52

Climate change, Azerbaijan, 97–98
Climate change, Belarus, 91
Climate change, China, 38–39
Climate change, Europe, 78–82

Central region, 80–81
crop yields, 81–82
droughts in, 79–80
future climate conditions, 79–80, 80f
heat waves in, 79–80
maize in, 82
Northern region, 80–81
precipitation trends in, 79, 80f
regional impact of, 80–81
Southern region, 80–81
Spanish adaptation to, 82
temperature in, 79–80, 80f
Western region, 80
wheat in, 81–82

Climate change, Georgia, 97–98
Climate change, Japan, 131–41

general circulation models for, 136
greenhouse gas in, 136
impact on crops projected for, 138–40
observed climate change in, 133–36
projected climate change in, 136–38

Climate change, Kazakhstan, 94–95
Climate change, Kyrgyzstan, 94–95
Climate change, Latin America, 44–54

climate change expected in, 45–52, 48f–50f, 51t
climate’s past impact on production in, 52
crops (principle) by country in, 45t
defined, 44
ENSO phenomenon in, 47
ENSO-related climate’s impact on agriculture in,

52
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future implication for climate change in, 52–53
GCM validity for, 45
precipitation, total annual changes for, 50, 50f
precipitation changes projected in, 48f
temperature, mean annual changes for, 50, 50f
temperature increases projected in, 49f
value of agricultural crops in, 44

Climate change, Latvia, 91
Climate change, Lithuania, 91
Climate change, Moldova, 92–93
Climate change, North America, 57–64

challenges of, 63–64
drought and floods with, 61
global circulation models for projections of, 57
implications of, 61–63
meteorological events, frequency and severity in,

61
perennial crops impacted by, 62
precipitation decrease in southwest, 63
precipitation expected for, 58, 60f
regional variation for next 30–50 years in, 57
scenarios of, 57–61, 59f, 60f
soil water availability in, 61–62
temperature expected for, 57–58, 59f
two timescales for, 57
water management as factor in crop production

for, 63–64
Climate change, Russia, 91–93
Climate change, Southeast Asia region, 131–41

general circulation models for, 136
greenhouse gas in, 136
impact on crops projected for, 138–40
observed climate change in, 133–36
projected climate change in, 136–38

Climate change, Tajikistan, 94–95
Climate change, Turkmenistan, 94–95
Climate change, Ukraine, 92–93
Climate change, Uzbekistan, 94–95
Climate Research Unit (CRU), former Soviet Union

climate change in data of, 88
CMT. See Cell membrane thermostability
CO2, elevated levels of

breeding chickpea for adaptation to, 259–61,
260f

genetic adaptation for Vicia faba to, 276–77
genetic adaptation of soybean cultivars for,

373–77
effect of, 374–76, 374t, 375f
genetic improvement for, 377–78, 377t
leaf and canopy photosynthesis stimulated

with, 374–76, 374t, 375f
genetic adaptation of sugarcane for, 442

genetic adaptation of sugarcane with N2 fixation,
442–43

ozone with, 211
peas effected by, 239
plant diseases with, 211

CO2 concentration levels, 27
Australia climate change impact with, 144
C3 pathways used in, 31
C4 pathways used in, 31
field response compared to

controlled-environment, 32–33
high-temperature stress interaction with,

170–71
IPCC emission scenario with, 198
peas subject to change in

temperature with, 240
water with, 240

plant growth and changing, 28–33
rice production effected by, 299–301
rice production effected by temperature and,

303–5
temperature interactions with, 32

peas subject to change in, 239
water-use efficiency effected by, 35f

mechanisms of, 35–36
water-use efficiency with, 34

CO2 crop responses, 198–211
C3 systems

growth and morphological changes in,
200–201

photosynthesis at elevated CO2, 201,
202f

C4 plant photosynthesis at elevated CO2, 201–2,
202f

CAM photosynthesis at elevated CO2, 202–3
climate factors interacting with

N dynamics, 210–11
ozone, 211
temperature, 210
water supply, 210

growth and yield responses at elevated CO2, 203,
204f

methods to investigate, 198–99
free air carbon enrichment experiments,

198–99
open topped chamber experiments, 198

overview of, 199–203
photosynthesis, regulation at elevated CO2 with,

203–9
leaf N content, 204–6
N fixers, elevated CO2 response, 209
product quality, elevated CO2 response, 209
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CO2 crop responses (Continued )
RuBisCO content, 206–8, 206f, 207f, 207t
source and sink balance, 208–9

photosynthetic rate increase in, 199
CO2 fertilization, 3–4

FSU climate change with, 99
CO2-nutrient interactions, 33–34

cultivated agroecosystems, interactions in, 33–34
native grass ecosystems in, 33

Colombia
beans produced in, 357t
climate change expected in, 51t
principle crops in, 45t

Common Agricultural Policy (CAP), 78
Commonwealth Potato Collection (CPC), 293
Commonwealth Scientific and Industrial Research

Organization (CSIRO), 14
Conformal Cubic Atmospheric model (CCAM), 137
Congo, beans produced in, 357t
Consultative Group on International Agricultural

Research (CGIAR), climate change research
lead by, 72

Cool-season pulses, threshold high temperatures for,
170t

Corn. See Maize
Costa Rica

climate change expected in, 51t
principle crops in, 45t

Cotton
C3 pathways used in, 31
threshold high temperatures for, 170t
water requirements for, 38

Cowpea
breeding of, 340–53

cultivar groups, 340
elevated CO2 adaptation, 341–42
heat adaptation, 342–51
temperature and CO2 interaction, 351–52

global warming, adaptation of, 342–51
breeding of heat tolerance genes, 347–49
early planting to escape heat at flowering, 349
heat stress effects in subtropical zones, 342–49
heat tolerance during reproductive

development, 344–45
high night temperature sensitivity, 343
inheritance of heat tolerance, 345–47
plant development most sensitive to heat, 342
pod-set reductions, 342–43
reproductive responses are sensitive to

temperatures, 343–44
high-temperature stress with yields of, 167
threshold high temperatures for, 170t

CPC. See Commonwealth Potato Collection
Crop germplasm diversity, 495–504

agriculture and climate change with, 495–96,
496f

breadth and completeness of collections for,
496–98, 499f

information, facilitating use of gene bank with,
500–502

integrity and security of collections for, 498–500
interdependence of resources with, 503

CROPGRO-Soybean model, 372
Crop improvement, 556–68

biotechnology’s potential for, 563–64
breakthroughs in, 557–60
ecosystem complexity in breeding for, 564–66,

565t
future opportunities for, 567–68
history of, 556–57, 557t
incremental advances in plant breeding for,

561–63
regional impacts of climate change on, 566–67

Crop insurance, Spanish, 82
Crop productivity

biochemical mechanisms relevant to, 523f
climate change impact on, 157–60, 158t
climate impacts on, 2–3
climate’s impact on, 37–39
climate variability with, 5
CO2 concentration with, 3–4, 23
Europe climate change impact on, 81–82
extreme events with, 5
free air carbon enrichment with, 3–4
global warming with, 4
Latin American climate changes’ impact on,

44–54
climate change expected in, 45–52, 48f–50f,

51t
climate’s past impact on production in, 52
crops (principle) by country in, 45t
defined, 44
ENSO phenomenon in, 47
ENSO-related climate’s impact on agriculture

in, 52
future implication for climate change in,

52–53
GCM validity for, 45
precipitation, total annual changes for, 50, 50f
precipitation changes projected in, 48f
temperature, mean annual changes for, 50, 50f
temperature increases projected in, 49f
value of agricultural crops in, 44

pests and pathogens with, 6–7
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production technology adjustments, 8
crop rotation, 8
crop varieties, 8
planting date shifts, 8
water management improvements, 8

sea-level rise with, 5
semiarid tropic climate change impacts for,

116–20, 119t
soil degradation with, 5–6
temperature, global rise effecting, 23
water availability with, 4–5
under water deficit, 523f
water management as factor in American,

63–64
weeds with, 6–7

Crop simulation model, 16–17, 17f
phenological development in, 17, 17f
radiation use efficiency in, 16
transpiration efficiency in, 16

Crop varieties, African farmers’ climate change
strategies using, 72f

Crop water stress index (CWSI), 173t
Crop wild relatives (CWR), peas, 241, 243
CRU. See Climate Research Unit
CSIRO. See Commonwealth Scientific and Industrial

Research Organization
CTD. See Canopy temperature depression
Cuba, beans produced in, 357t
Cultivated agroecosystems, 33–34
CWR. See Crop wild relatives
CWSI. See Crop water stress index
Czech Republic, collection of genetic stocks and

holdings of peas in, 244t

Dark respiration, 173t
Daytime temperatures (DTT), 301
Dedicated energy crops (DEC), 546–54

breeding of, 547–49
climate change and, 551
crops favored for investigation as, 547
development and deployment of, 546–47
economic sustainability of, 553–54
ediotypes of, 550
environmental impact of, 551–52
food and biofuel production balanced with,

550–51
genomics and genetic modification of, 549–50
life cycle analysis for, 552–53
nitrogen-use efficiency with, 547
water-use efficiency with, 547

Deep soil water extraction, crop productivity with,
523f

Downscaling global climate change predictions,
12–25

biomass and grain yield accumulation in, 17, 18f
crop simulation model in, 16–17, 17f
data for spatiotemporal modeling in, 15–16, 15f
landscape scale analysis for, 12
methods for, 13–17

IPCC scenarios, 13–14
two, 14–15, 14t

phenological development in, 17, 17f
results for, 17–22, 18f–22f

wheat crop yield likely in, 17, 19f
spatiotemporal modeling, data for, 15–16, 15f
Victoria, Australia, 13–15
wheat varieties adaption to new climates in,

17–22, 20f–22f
D.R. Congo, beans produced in, 357t
Drought

genetic adaptation of maize to, 314–20
analysis of candidate genes for, 319–20
crop production limits before, 314–16, 315f,

316f
drought inhibition of photosynthesis with,

314–15
molecular approaches to, 316–18, 318f
root architecture for, 318–19

genetic enhancement of sorghum for tolerance to,
329–32, 331f, 332t

oilseed Brassica species influenced by, 451,
451t

potato adaptation in responses to, 291–92
soybean adaptation to, 383–91, 384t, 386f

CO2 enrichment interaction with, 390–91
dehydration avoidance strategies for, 385–88,

386f
delaying leaf senescence for, 388
escape strategies for, 383–85, 384t
extending maturity for, 388
N-fixation under CO2 benefits with, 390
rooting traits for water uptake with, 385–88,

386f
root-produced growth regulators for, 390
sensitivity of N-fixation with, 390
water-use-efficiency for, 388–89

Drought adaptation genes, 525–26
Drought regulatory genes, 526
DTT. See Daytime temperatures

EcoCrop, 357–58
Ecuador

climate change expected in, 51t
principle crops in, 45t
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Egypt
beans produced in, 357t
Vicia faba grown in, 269

Elephant grass, 547
El Nino Southern Oscillation (ENSO), 47

climate change regional impacts with, 158
impact on agriculture in LAC of, 52

El Salvador
beans produced in, 357t
climate change expected in, 51t
principle crops in, 45t

Emission scenarios, 2, 13
overview off four main, 3t
projected temperature increases for, 4f

EN. See European North FSU zone
Energy balance

agroecology, 28–30
canopy, 29–30, 29f
climate change affected leaves, 28
leaf, 28–29, 29f

Energy crops. See Dedicated energy crops
ENSO. See El Nino Southern Oscillation
ES. See European South FSU zone
Estonia, 84
ET. See Evapotranspiration
Ethiopia

beans produced in, 357t
chickpea grown in, 251
sorghum grown in, 327t
Vicia faba grown in, 269

Eucalyptus, 547
Europe

agriculture in, 78
Atlantic region, climate conditions for agriculture

in, 79
Central

climate change impact on, 80–81
climate conditions for agriculture in, 79

chickpea grown in, 252f
climate change impact on, 78–82

Central region, 80–81
crop yields, 81–82
droughts in, 79–80
future climate conditions, 79–80, 80f
heat waves in, 79–80
maize in, 82
Northern region, 80–81
precipitation trends in, 79, 80f
regional impact of, 80–81
Southern region, 80–81
Spanish adaptation to, 82

temperature in, 79–80, 80f
Western region, 80
wheat in, 81–82

climate conditions for agriculture in, 78–79
Eastern, climate conditions for agriculture in, 79
Northern

climate change impact on, 80–81
climate conditions for agriculture in, 79
crop area expansion in, 4

sorghum grown in, 326, 327t
Southern

climate change impact on, 80–81
climate conditions for agriculture in, 79

Western, climate change impact on, 80
European North FSU zone (EN), 84, 85f

climate change adaptation for, 101t
climate change impacts in, 91–92
climate of, 86
GCM projections for, 89f, 90t, 91
growing period in, 89f, 90–91, 90t
precipitation in, 89f, 90, 90t
temperature in, 89f, 90–91, 90t

European South FSU zone (ES), 84, 85f
climate change adaptation for, 101t
climate change impacts in, 92–93
climate of, 86
GCM projections for, 89f, 90t, 93
growing period in, 89f, 90–91, 90t
precipitation in, 89f, 90, 90t
temperature in, 89f, 90–91, 90t

Evapotranspiration (ET), 28
soil water evaporation with, 28

Faba bean. See Vicia faba
FACE. See Free air carbon enrichment
Fertilizers, microdosing of, 125
Food security, 7
Former Soviet Union (FSU)

administrative boundaries for, 84, 85f
annual precipitation in, 86
climate change impacts in countries of, 84–102

adaptation to, 100–102, 101t–102t
carbon fertilization in, 99
Caucasia region in, 97–99
Central Asia region in, 94–96
Climate Research Unit data for, 88
European North region in, 91–92
European South region in, 92–93
food security in, 100
general climate models for, 88–90, 89f, 90t
growing period in, 89f, 90–91, 90t, 99
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precipitation in, 89f, 90, 90t, 99
Siberia region in, 96–97
temperature in, 89f, 90–91, 90t, 99

climatic limitations of, 85–87, 86f
crops of, 87–88

barley, 87
rye, 87
wheat, 87

flooding in, 86
geography of agriculture of, 85–88, 86f
growing season in, 86
spring frosts in, 86
yield variability in, 88

France
collection of genetic stocks and holdings of peas

in, 244t
Vicia faba grown in, 269

Free air carbon enrichment (FACE)
CO2 crop responses investigated with, 198–99
crop productivity with, 3–4
landscape scale analysis with data from, 12

Fruits, Australia climate change impacts on, 152–53
FSU. See Former Soviet Union

General circulation models (GCM), 45
Caucasus FSU climate projections from, 89f, 90t,

97
Central Asia climate projections from, 89f, 90t, 94
climatic conditions projected to impact rice

production, 298
climatic data for common beans in, 358
European North climate projections from, 89f,

90t, 91
European South climate projections from, 89f,

90t, 93
former Soviet Union climate change impacts in,

88–90, 89f, 90t
North America climate change in, 57
rainfall prediction in, 186
Southeast Asia region climate change impacts in,

136
SRES-A1B emission scenario with, 47
validity for Latin America of, 45

Genetic adaptation of cassava, 411–23
abiotic stresses with, 416–18, 418f
biotic stresses with, 418–20
expected climatic changes with models for,

412–16, 413f, 415f, 416f
technical solutions for, 420–23

cultivars with more stable DMC, 420
herbicide tolerance, 421–22

pest and disease management approaches,
422–23

production of genetic stocks, 422
systems for multiplication of planting

materials, 420–21
Genetic adaptation of common beans, 356–67

climatic data for, 358
constraints with climate change in model of,

362–65
fungal diseases, 363–64
heat stress, 363
insect pests, 364–65
soil constraints, 363
viral diseases, 363–64
water requirements, 362–63

crop evolution with, 356–57, 357t
crop improvement potential with, 365–66
future perspectives on, 366–67
modeling approach to, 357–62, 359f–361f

breeding technologies impact in, 361f, 362
changes in annual precipitation, 359f
changes in temperature, 359f
current distribution of bean production in, 360f
future climates in growing environments in,

361
predicted suitability of climate for bean in,

360f
suitability and climatic constraints in, 361–62

Genetic adaptation of maize, 314–22
analysis of candidate genes for drought tolerance

in, 319–20
drought limiting crop production with, 314–16,

315f, 316f
future prospects for, 322
inhibition of photosynthesis with, 314–15
molecular approaches to drought in, 316–18, 318f
root architecture for drought tolerance in, 318–19
temperature effects in, 320–22

Genetic adaptation of potato, 287–95
benefits expected from breeding technologies in,

290f
breeding for abiotic tolerance, 294–95
climate change expected to need, 287–90,

288f–290f
current climatic constraint for potato

cultivation, 288f, 289
predicted future suitability with 2020 climate,

289, 289f
predicted suitability change, 289, 289f
predicted suitability for current conditions,

288f, 289
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Genetic adaptation of potato (Continued )
responses to climate change effects with, 290–93

cold tolerance, 292–93
drought, 291–92
heat stress, 290–91

sources for abiotic stress tolerance with, 293–94
conditions of evolution for, 293
germplasm pool of, 293
region of, 293

Genetic adaptation of rice, 298–309
CO2 concentration and temperature interaction

with, 303–5
CO2 concentration’s effects with, 299–301
high nighttime temperature with, 301–3, 302f
improvement for tolerance opportunities with,

305–7
outlook for, 307–9
QTL mapping and candidate genes discovery

with, 305–7
Genetic adaptation of sorghum, 326–38

climate change impacts on production with,
327

diseases resistance in, 333–36, 334t, 335t, 337t
drought tolerance in, 329–32, 331f, 332t
future of, 336–37
genetic options for, 329
grain microdensity increased in, 336, 337t
grain mold resistance in, 334–36, 335t
heat tolerance in, 332–33
length of growing period with, 329
pests resistance in, 333–36, 334t, 335t, 337t
predicted climate change effects with, 327–28,

327t
disaggregated effects on sorghum yields of,

328, 328t
precipitation, 327t, 328t
temperature, 327t, 328t

redeployment of germplasm in, 329, 330t
shoot fly resistance in, 333–34, 334t
sorghum characteristics for coping with climate

change in, 328–29
Genetic adaptation of soybean cultivars, 370–92

breeders meeting demand of climate change,
371–72, 372f

drought in, 383–91
CO2 enrichment interaction with, 390–91
dehydration avoidance strategies for, 385–88,

386f
delaying leaf senescence for, 388
escape strategies for, 383–85, 384t
extending maturity for, 388
N-fixation under CO2 benefits with, 390

rooting traits for water uptake with, 385–88,
386f

root-produced growth regulators for, 390
sensitivity of N-fixation with, 390
water-use-efficiency for, 388–89

elevated CO2 in, 373–77
effect of, 374–76, 374t, 375f
genetic improvement for, 377–78, 377t
leaf and canopy photosynthesis stimulated

with, 374–76, 374t, 375f
elevated temperature in, 378–83

genetic improvement for, 381–83, 382t
heat tolerance in germplasm with, 380–81
yield response to, 378–80, 379f

future challenges for, 391–92
models for improvement in, 373
present as predictor of response to climate

change, 372
technology trend improvement for, 370–71

Genetic adaptation of sugarcane, 439–44
genetic background for, 439–40
traits for climate change in, 442–44

elevated CO2, 442
elevated CO2 and N2 fixation, 442–43
high temperature, 443–44
water stress, 443

Genetic adaptation of vegetables, 396–407
AVRDC gene bank for, 406–7
genetic resources for, 406–7
global warming with, 396–97

abiotic stress research on, 397
crop adaptation to, 396–97

heat tolerance development for, 397–406
amaranth, 405–6
Chinese cabbage, 403–4
heat stress effects on productivity with,

397–98
indigenous vegetables, 405–6
mechanisms of, 398
mungbean, 404
pepper, 400–403
pests and diseases incidence with, 397–98
sicklepod, 406
tomato, 399–400, 401f, 402f

Genetic adaptation of wine grapes, 464–75
accessing genetic diversity for, 468–75
allocation of carbohydrate within vine and berry

with, 474
climate change impacts to, 465–68

phenology, 465–67, 466f
temperature, 465–67, 466f
water and CO2 level, 466f, 467–68
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phenology with, 469–70
photosynthesis with, 472
roots, water, and salinity with, 472–74
rootstock development with, 474–75
stomatal regulation with, 472
temperature effects on berry composition with,

470–71
water use efficiency with, 471–74

Genetic adjustment for chickpea, 251–64
adaptation to climate change with, 255–64
climate change with need for, 253–55
climates of growing with need for, 252–53,

253f
conventional technologies for, 255–61

breeding for adaptation to drought, 255–57
breeding for adaptation to elevated CO2,

259–61, 260f
breeding for adaptation to heat, 257–59
breeding for adaptation to heat cold, 259
breeding for adaptation to pests, 261
drought mitigation, 257

genomics and biotechnology for, 261–64
gene discovery with, 262–63
genetic engineering stress tolerance with,

263–64
marker-assisted selection with, 263
QTLs for tolerance to stresses using, 262–63
resistance to diseases and pests using, 263

wild relatives in drought tolerance, 257
Genetic adjustment for peas, 238–46

climate change specific to, 239–41
CO2 and temperature, 240
CO2 and water, 240
elevated CO2, 239
temperature, 239–40
UV, 240–41
water use, 240

gene discovery and MAS with, 245–46
genetic manipulation in, 245–46
populations in, 241–45
resources for, 241–45

centers of crop diversity, 241–42, 242t
crop wild relatives, 241, 243
gene pools, 242–45, 244t
geographic sources, 241–42, 242t
In situ and ex situ, 243–45, 244t

transgenic approach to, 246
Genetic adjustment for Vicia faba, 269–81

adaptation to elevated CO2 in, 276–77
adaptation to winter or spring sowing with, 271
drought resistance in, 274–76, 275f
freezing resistance in, 272–74, 273f, 274f

background and history of European winter
beans, 272

examples of winter bean, 273f
features of winter bean, 272
freezing resistance assessments, 274
level of resistance, 273
QTL for, 274

genetic resources with, 270
genotype × environment interactions in, 271–72
heat resistance in, 274–76, 275f
interactions with beneficial organisms in, 279–80
parasite resistance in, 277–79
salinity resistance in, 274–76, 275f
waterlogging resistance in, 272–74, 273f, 274f

Genetic engineering, 531–38. See also GM
technology

drought and heat resistance both with, 536,
537t–538t

drought resistance with, 535–36
heat resistance with, 532–35, 533t–535t
stress resistance linked to yield improvement

with, 536–38
Genetic options for wheat, 218–33

combining genetic variation for, 225–32
crossing strategies, 225–26, 227t–228t
selection strategies, 226, 229–31
stress response in fixed line progeny in,

231–32
diversity for response to climate in, 221–25

alien translocations, 224
Baviacora variety, 222
Kauz variety, 222
primary wheat gene pool diversity, 221–22
secondary wheat gene pool diversity, 222–23,

224f
tertiary wheat gene pool diversity, 224–25
transgenesis, 225
Vorobey variety, 223, 224f

information management for, 232
integration with conservation agriculture, 232–33
traits for response to climate, 219–21

abscisic acid, 221
antioxidants, 221
early crop growth, 219
harvest index, 220–21
morphological traits, 220–21
partitioning of photosynthetic assimilates,

220
phenology, 220
plant height, 220–21
root growth, 219–20
water uptake, 219–20
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Genomics
chickpea adaptation with, 261–64
energy crops with, 549–50

Geographic Information System (GIS), adaptation
mapping for crop species in, 73

Georgia, 84
climate change impacts in, 97–98

Germany, collection of genetic stocks and holdings
of peas in, 244t

GHG. See Greenhouse gas
Giant reed, 547
GIS. See Geographic Information System
Global warming. See also Climate change

adaptation of cowpea to, 342–51
breeding of heat tolerance genes, 347–49
early planting to escape heat at flowering, 349
heat stress effects in subtropical zones, 342–49
heat stress effects in tropical zones, 350–51
heat tolerance during reproductive

development, 344–45
high night temperature sensitivity, 343
inheritance of heat tolerance, 345–47
plant development most sensitive to heat, 342
pod-set reductions, 342–43
reproductive responses are sensitive to

temperatures, 343–44
annual values with CO2 concentration, 13f
genetic adaptation of vegetables for, 396–97

abiotic stress research on, 397
crop adaptation to, 396–97

impact on crops of, 483–85
drought, 483, 483t
rains and floods, 483–85
temperature, high, 483
wild fires, 483

irrigation requirements with, 4–5
planting earlier crops with, 4
regional and seasonal variations with, 4
water availability with, 4–5

GM technology, 454t, 458
Grains, Australia climate change impacts on, 145–48
Grapes. See also Wine grapes

Australia climate change impacts on, 150–52
climate change impact on, 62

Greenhouse gas (GHG)
African climate change with, 67
agricultural contributing to, 1
Australia climate change impact with, 144
climate change caused by, 1, 107
Japan climate change with, 136
scenarios on population growth and, 2, 3t, 4f
Southeast Asia region climate change with, 136

Groundnut, threshold high temperatures for, 170t
Grugri palm, 547
Guatemala

beans produced in, 357t
climate change expected in, 51t
principle crops in, 45t

Guyana
climate change expected in, 51t
principle crops in, 45t

Haiti, beans produced in, 357t
HDI. See Human Development Index
Heat adaptation genes, 526–27
Heat regulatory genes, 527
Heat shock protein (HSP), 524
Heat stress. See also High-temperature stress

beans adaptation to, 363
chinese cabbage adaptation to, 403–4
cowpea adaptation to, 342–49, 350–51
potato genetic adaptation to, 290–91
transgenic innovation adaptation for, 527–28
vegetables adaptation to, 397–98
wild relatives in adaptation to, 527–28

High-temperature stress, 166–79
adaptation of cowpea to, 342–51

breeding of heat tolerance genes, 347–49
early planting to escape heat at flowering, 349
heat stress effects in subtropical zones,

342–49
heat stress effects in tropical zones, 350–51
heat tolerance during reproductive

development, 344–45
high night temperature sensitivity, 343
inheritance of heat tolerance, 345–47
plant development most sensitive to heat, 342
pod-set reductions, 342–43
reproductive responses are sensitive to

temperatures, 343–44
Asian rice yields with, 167
breeding opportunities for tolerance to, 172–77,

173t, 176f
C3 and C4 species effected by CO2 and, 171–72
CO2 interaction with, 170–71
cowpea with, 167
crop calendar in tropical regions with, 167
food security in India with, 166
genetic adaptation of common beans to, 363
genetic enhancement of sorghum for tolerance to,

332–33
genetic options for wheat in, 218–33

combining genetic variation for, 225–32
diversity for response to climate in, 221–25
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information management for, 232
integration with conservation agriculture,

232–33
traits for response to climate, 219–21

peanut with, 167
potato adaptation in responses to, 290–91
potato with, 167
sources of genetic tolerance to, 179
sugarcane, genetic adaptation for, 443–44
traits associated with yield under conditions of,

173, 173t
anther dehiscence, 173t
canopy temperature depression, 173–74, 173t
carbon isotopes discrimination differences,

173t
cell membrane thermostability, 173t, 174–75
chlorophyll fluorescence, 173t, 174
crop water stress index, 173t
dark respiration, 173t
leaf and stomatal conductance, 173t
leaf chlorophyll content, 173t
photosynthesis, 173t, 174, 177
pollen viability, 173t, 175–77, 176f
rubisco activase, 173t, 177
seed-set percentage, 175, 177
solute leakage, 175
stay-green effect, 173t, 177
thermal stress index, 173t

water quantity and quality with, 167
wild crop relatives with, 167
yields and yield components effected by, 167–70,

168f, 169f, 170t
reproductive processes, 168–69, 168f, 169f
threshold high temperatures, 169, 170t

Honduras
beans produced in, 357t
climate change expected in, 51t
principle crops in, 45t

HSP. See Heat shock protein
Human Development Index (HDI), 111

IARC. See International agricultural research centers
ICRISAT. See International Crops Research Institute

for the Semi-Arid Tropics
IFPRI. See International Food Policy Research

Institute
India

adaptation to climate change in, 121–22
agriculture impacts due to climate change in, 119t
beans produced in, 357t
chickpea grown in, 251
climate change impact on, 28

climate change trends and projections for, 115t
climate variability and extreme events, 117t
collection of genetic stocks and holdings of peas

in, 244t
food security in, 166
rainfall patterns in, 39
socioeconomic and natural resources indicators

of, 112t
sorghum grown in, 326, 327t
undernourished people in, 111, 112f
wheat production in, 61

Indigenous vegetables
crop diversification with, 405–6
genetic adaptation of, 405–6

Indonesia
climate change observed in, 134
climate change projected in, 137

Insect pests
beans adaptation to, 364–65
chickpea adaptation to, 261, 263
climate change with pathogens and, 6–7
oilseed Brassica species effected by, 453
pepper with, 402–3
sorghum adaptation for resistance to, 333–36,

334t, 335t, 337t
vegetables genetic adaptation for, 397–98

Insurance
schemes, agriculture, 8–9
Spanish crop, 82

Intergovernmental Panel on Climate Change (IPCC)
annual temperatures in Africa in report of, 67
climatic data for common beans in, 358
CO2 concentration levels in, 198
establishment of, 66
first assessment report of, 108
fourth assessment report for Africa, 69
fourth assessment report of, 1, 109, 111
nonclimate stresses increasing vulnerability

assessment of, 111
North America climate change in, 57
precipitation patterns projected by, 27
scenarios, 2, 3t, 4f, 13
SRES-A1B emission scenario of, 47, 314
temperature projected by, 27, 327, 327t
water quantity and quality projected by, 167

International agricultural research centers (IARC),
329

International Crops Research Institute for the
Semi-Arid Tropics (ICRISAT), crop
diversification program in Niger, 73

International Food Policy Research Institute (IFPRI),
climate adaptation report of, 68
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International Maize and Wheat Improvement Centre
(CIMMYT), 221–24, 226, 229

data from wheat breeding program, 227t–228t
International Potato Center (CIP), 293
International Treaty on Plant Genetic Resources for

Food and Agriculture (ITPGRFA), 503
IPCC. See Intergovernmental Panel on Climate

Change
Iran

beans produced in, 357t
chickpea grown in, 251

Irrigation
African farmers’ climate change strategies using,

72f
global warming with increased need for, 4–5

Israel, wheat and cotton yields for, 38
Italy, collection of genetic stocks and holdings of

peas in, 244t
ITPGRFA. See International Treaty on Plant Genetic

Resources for Food and Agriculture

Japan
beans produced in, 357t
climate change impacts in, 131–41
climate change observed in, 133–34
climate change projected in, 136–37
impact on crops projected for, 139
Meteorological Research Institute in, 136

Johnson grass, 547

Kazakhstan, 84
climate change impacts in, 94–95

Kenya, beans produced in, 357t
Kidney bean, threshold high temperatures for, 170t
Kyrgyzstan

beans produced in, 357t
climate change impacts in, 94–95

LAC. See Latin American countries
LAI. See Leaf area index
LAR. See Leaf area ratio
Late embryogenesis abundant protein (LEA),

523–24
Latin American countries (LAC)

chickpea grown in, 252f
climate change expected in, 45–52, 48f–50f, 51t
climate change’s impacts on crop production in,

44–54
climate’s past impact on production in, 52
crops (principle) by country in, 45t
defined, 44

ENSO phenomenon in, 47
ENSO-related climate’s impact on agriculture in,

52
future implication for climate change in, 52–53
GCM validity for, 45
precipitation, total annual changes for, 50, 50f
precipitation changes projected in, 48f
temperature, mean annual changes for, 50, 50f
temperature increases projected in, 49f
undernourished people in, 111, 112f
value of agricultural crops in, 44
water stress or scarcity projected for, 113f

Latvia, 84
climate change impacts in, 91

LEA. See Late embryogenesis abundant protein
Leaf and stomatal conductance, 173t
Leaf area index (LAI), soybean, 371, 375f
Leaf area ratio (LAR), soybean, 371
Leaf chlorophyll content, 173t
Leaf expansion rate, 191–92
Leaf level feedback, 28–29, 29f
Legumes

Australia climate change impacts on, 145–48
genetic diversity for adaptation to climate by,

487–89
Length of growing period (LGP), 192

climate change influencing, 329
LGP. See Length of growing period
Lithuania, 84

climate change impacts in, 91

Maize
C4 pathways used in, 31
China, production of, 61
climate change impacting, 159, 162f
Europe climate change impact on, 82
genetic adaptation of, 314–22

analysis of candidate genes for drought
tolerance in, 319–20

drought limiting crop production with,
314–16, 315f, 316f

future prospects for, 322
inhibition of photosynthesis with, 314–15
molecular approaches to drought in, 316–18,

318f
root architecture for drought tolerance in,

318–19
temperature effects in, 320–22

Latin American import and export of, 45t
Sahel production of, 69
Southeast Asia production of, 131
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threshold high temperatures for, 170t
transgenic crops with improved yield under

drought using, 534t
Malawi, beans produced in, 357t
Malaysia, climate change observed in, 136
Mali, sorghum grown in, 327t
Marker-assisted recurrent selection scheme (MARS),

wheat improvement with, 229, 230f
Marker-assisted selection (MAS), chickpea adjusted

for climate change with, 263
MARS. See Marker-assisted recurrent selection

scheme
MAS. See Marker-assisted selection
Mekong region

climate change projected in, 137
Conformal Cubic Atmospheric model in, 137

Meteorological Department and National Center for
Medium Range Weather Forecasting
(NCMRWF), 121

Meteorological Research Institute (MRI), 136
Methane (CH4), Australia climate change impact

with, 144
Mexico

beans produced in, 357t
chickpea grown in, 251
sorghum grown in, 327t

Millet, Sahel production of, 69
Ministry of Natural Resources and Environment

(MONRE), 123
Moisture stress and extremes, 186–95

GCM prediction on rainfall, 186
growth and development processes with, 191–95

CO2’s compensating effect, 192
crop failure, 195
cropping period shortening, 191, 191f
growing period length, 192
high temperature’s effect on pod setting,

194–95
leaf expansion rate, 191–92
plant phenology, 192–93
water uptake and grain filling, 194
water uptake during reproduction, 193–94,

194f
thermodynamic effects with, 187–91

climate change affecting plant water loss,
187–88

regulation of stomatal control, 190
root hydraulic conductance to water, 188–89
rooting traits and dynamics of plant water, 189
root length density, 189, 194
sensitivity of stomata to VPD, 190–91

soil–plant–atmosphere continuum, 188
transpiration efficiency, 189–90
vapor pressure deficit, 187–91
water productivity, 189–90

Moldova, 84
climate change impacts in, 92–93

MONRE. See Ministry of Natural Resources and
Environment

Morocco, chickpea grown in, 251
MRI. See Meteorological Research Institute
MRI Earth System Model (MRI-ESM), 140
Mungbean, genetic adaptation of, 404
Myanmar

beans produced in, 357t
chickpea grown in, 251

N2O. See Nitrous oxide
NAPA. See National Adaptation Programs for Action
NARS. See National agricultural research system
National Adaptation Programs for Action (NAPA),

120, 122
National agricultural research system (NARS), 329
National Coordination Committee on Climate

Change (NCCCC), 121
National Disaster Management Authority (NDMA),

121
Native grass ecosystems, 33
NCCCC. See National Coordination Committee on

Climate Change
NCMRWF. See Meteorological Department and

National Center for Medium Range Weather
Forecasting

NDMA. See National Disaster Management
Authority

Nepal
beans produced in, 357t
chickpea grown in, 251

Nicaragua
beans produced in, 357t
climate change expected in, 51t
principle crops in, 45t

Niger
crop diversification program in, 73
sorghum grown in, 327t

Nigeria, sorghum grown in, 326, 327t
Nighttime temperatures (NTT), 301–3, 302f

cowpea sensitivity to, 343
impact on grain of high, 302f
reproductive stage with, 301
ripening stage with, 301
vegetative stage with, 301
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Nitrogen-use efficiency (NUE), dedicated energy
crops with, 547

Nitrous oxide (N2O), Australia climate change
impact with, 144

North America
climate change in, 57–64

challenges of, 63–64
drought and floods with, 61
global circulation models for projections of, 57
implications of, 61–63
meteorological events, frequency and severity

with, 61
perennial crops impacted by, 62
precipitation decrease in southwest trend, 63
precipitation expected for, 58, 60f
regional variation for next 30–50 years of, 57
scenarios of, 57–61, 59f, 60f
soil water availability with, 61–62
temperature expected for, 57–58, 59f
two timescales for, 57
water management as factor in crop

production, 63–64
crop area expansion in, 4

NTT. See Nighttime temperatures
NUE. See Nitrogen-use efficiency
Nuts, Australia climate change impacts on, 152–53

O3. See Ozone
Oceania, sorghum grown in, 326, 327t
Office of Natural Resources and Environmental

Policy and Planning (ONEP), 123
Oil radish, 547
Oilseed Brassica species

breeding for climate change, 448–59
breeding for climate change strategies for, 454t

changing species, 454t, 458–59
GM technology, 454t, 458
interspecific variation with common genome,

454t, 455–56
interspecific variation without common

genome, 454t, 455–56
mutation/tilling, 454t, 455
protoplast fusion, 454t, 457
resynthesis, 454t, 457
within species variation, 454–55, 454t
wild relatives, 454t, 456

climate change effect on diseases for, 452–53
climate change effect on insects for, 453
climate change effect on seed development for,

450–52
CO2 level increase, 451–52, 452t

drought stress, 451, 451t
temperatures increase, 450–51, 450t

future directions for, 459
glucosinolate content of, 450
oil content of, 449
oil quality of, 449–50
protein content of, 450
quality changes during seed development of,

449–50
relationship between cultivated species, 448,

449f
Oilseeds, Australia climate change impacts on,

145–48
ONEP. See Office of Natural Resources and

Environmental Policy and Planning
Open topped chambers (OTC), 198
Oranges, climate change impact on, 62
Osmotic adjustment, crop productivity with, 523f
OTC. See Open topped chambers
Ozone (O3), elevated CO2 with, 211

Pakistan
adaptation to climate change in, 122
agriculture impacts due to climate change in, 119t
beans produced in, 357t
chickpea grown in, 251
climate change trends and projections for, 115t
climate variability and extreme events, 117t
socioeconomic and natural resources indicators

of, 112t
Panama

climate change expected in, 51t
principle crops in, 45t

Paraguay
beans produced in, 357t
climate change expected in, 51t
principle crops in, 45t

Peanut
climate change impacting, 158
genetic variation for temperature tolerance of, 160
high-temperature stress with yields, 167
threshold high temperatures for, 170t

Pearl millet
climate change impacting, 158, 158t
threshold high temperatures for, 170t

Peas
genetic adjustment for, 238–46

gene discovery and MAS with, 245–46
gene pools for, 242–45, 244t
genetic manipulation in, 245–46
populations in, 241–45
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resources for, 241–45, 242t, 244t
transgenic approach to, 246

geographic distribution of, 242t
Pepper

genetic adaptation of, 400–403
pathogens and pests of, 402–3
sweet pepper breeding program at AVRDC, 403

Perennial crops, climate change impact on, 62
Peru

beans produced in, 357t
climate change expected in, 51t
principle crops in, 45t

Pests and pathogens, crop productivity with, 6–7
Phaseolus vulgaris. See Beans, common
Phenology

adaptation of wine grapes with, 465–67, 466f,
469–70

plant, 192–93
Philippines, climate change observed in, 136
Photosynthesis, 173t, 174, 177

adaptation of wine grapes with, 472
C3 plant at elevated CO2, 201, 202f
C4 plant at elevated CO2, 201–2, 202f
drought inhibition of, 314–15
elevated CO2 stimulated leaf and canopy, 374–76,

374t, 375f
plant diseases with elevated CO2, 211
regulation at elevated CO2 of, 203–9

leaf N content, 204–6
N fixers, elevated CO2 response, 209
product quality, elevated CO2 response, 209
RuBisCO content, 206–8, 206f, 207f, 207t
source and sink balance, 208–9

Physic nut, 547
Plantain

adaptation measures for changing climates with,
433–35

crop management change, 434
cultivars change, 434
genetic improvement, 434–35
migration to more suitable zones, 435

changes in biotic factors with, 431–33
changing climates effects on growing conditions

for, 426–36
climatic requirements for production of, 427–33,

429f
cultivar types within gene pool of, 427t
future climates in growing areas for, 430, 431f
future perspectives on changing climates with,

433–35
modeling approach to, 427

modeling of climatic suitability for production of,
430–31, 432f

modeling suitability of climate for production of,
427–33

Planting early and late, African farmers’ climate
change strategies using, 72f

Plant phenology, 192–93
adaptation of wine grapes with, 465–67, 466f,

469–70
Poland

beans produced in, 357t
collection of genetic stocks and holdings of peas

in, 244t
Pollen viability, 173t, 175–77, 176f
Pongamia, 547
Poplar, 547
Population growth

African, 66, 67
genetic adjustment for peas with, 241–45
scenarios on greenhouse gas and, 2, 3t, 4f

Potato
biodiversity of, 293–94

conditions of evolution for, 293
germplasm pool of, 293
region of, 293

C3 pathways used in, 31
climate change effects expected for areas

growing, 287–90, 288f–290f
current climatic constraint for potato

cultivation, 288f, 289
predicted future suitability with 2020 climate,

289, 289f
predicted suitability change, 289, 289f
predicted suitability for current conditions,

288f, 289
genetic adaptation of, 287–95

benefits expected from breeding technologies
in, 290f

breeding for abiotic tolerance, 294–95
climate change expected to need, 287–90,

288f–290f
cold tolerance in, 292–93
drought in, 291–92
heat stress in, 290–91
responses to climate change effects with,

290–93
sources for abiotic stress tolerance with,

293–94
high-temperature stress with yields, 167

Protective protein capacity, crop productivity with,
523f
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Quantitative trait loci (QTL), 220, 226–29, 227t–228t
chickpea adjusted for tolerance to stresses with,

262–63
freezing resistance in Vicia faba, 274
mapping and candidate genes discovery with rice,

305–7

Radiation use efficiency (RUE), 16
Reed canary grass, 547
Ribulose bisphosphate carboxlase/oygenase

(RuBisCO), 199
photosynthesis, regulation at elevated CO2 with,

206–8, 206f, 207f, 207t
rice leaf blades with, 206f

Rice
Australia climate change impacts on, 148
C3 pathways used in, 31
CO2 and temperature effecting, 171
drought-resistance wild relatives contributing to,

529
GCM projection of climatic conditions impacting,

298
genetic adaptation of, 298–309

CO2 concentration and temperature interaction
with, 303–5

CO2 concentration’s effects with, 299–301
high nighttime temperature with, 301–3, 302f
improvement for tolerance opportunities with,

305–7
outlook for, 307–9
QTL mapping and candidate genes discovery

with, 305–7
high-temperature stress with yields, 167
reviews on climate change adaptation in

production of, 299
RuBisCO content in flag leaf blades of, 206f
Sahel production of, 69
Southeast Asia production of, 131
threshold high temperatures for, 170t
transgenic crops with improved yield under

drought using, 534t–535t
vulnerability to climate variability of, 61

RLD. See Root length density
Romania, beans produced in, 357t
Root hydraulic conductance, 188–89
Root length density (RLD), 189
RuBisCO. See Ribulose bisphosphate

carboxlase/oygenase
Rubisco activase, 173t, 177
RUE. See Radiation use efficiency
Russia, 84

climate change impacts in north of, 91

climate change impacts in south of, 92–93
collection of genetic stocks and holdings of peas

in, 244t
Russian Federation. See also Former Soviet Union

crop area expansion in, 4
Rwanda, beans produced in, 357t
Rye

former Soviet Union production of, 87
Southeast Asia production of, 131

Sahel, 69–70
climatic variations with, 69
coping strategies of local farmers in, 72
location of, 69
maize produced in, 69
millet produced in, 69
rainfall pattern irregular in, 69
rice produced in, 69
sorghum produced in, 69

SAT. See Semiarid tropics
SAWYT. See Semi-Arid Wheat Yield Trial
Sea-level rise, crop productivity with, 5
Seed-set percentage, 175, 177
Semiarid tropics (SAT), 107–28

characteristics of, 110–11, 110f
chickpea grown in, 252, 252f
climate change impacts in, 107–28

adaptation and mitigation linked with, 109–10,
109f

adaptation strategies for, 120
adaptation to, 120–26
agricultural production in, 116–20, 119t
climate resilient crops for, 125–26
coping strategies for, 124–26
development planning of adaptation for,

120–24
economic globalization context for, 113–14
extreme events with, 116, 116f, 117t–118t
farm-level adaptation to, 124
future line of investigation for, 127–28
global context for, 108–10, 109f
microdosing of fertilizers for, 125
natural disasters with, 116, 116f, 117t–118t
research background and rationale for,

107–8
resilience mechanisms with, 124–26
trends and projections, 114–15, 114t, 115t
vulnerability with, 110–14, 110f, 112f, 112t,

113f
water management for, 124–25
water resources with, 112–13, 113f

development context for, 111–12, 112f, 112t
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HDI rank for, 111
socioeconomic and natural resources indicators

of, 111, 112t
undernourished people in, 111, 112f
water stress or scarcity projected for, 113f

Semi-Arid Wheat Yield Trial (SAWYT), 222, 223,
224f

Serbia-Montenegro beans produced in, 357t
Short Rotation Coppice (SRC), 547
Siberia FSU zone (SI), 84, 85f

climate change adaptation for, 101t
climate change impacts in, 96–97
climate of, 86
growing period in, 90–91, 90t
multimodel analysis of climate change in, 96
precipitation in, 89f, 90, 90t
temperature in, 89f, 90–91, 90t

Sicklepod, genetic adaptation of, 406
Soil conservation, African farmers’ climate change

strategies using, 72f
Soil degradation, crop productivity with, 5–6
Soil erosion, 5–6
Soil organic matter (SOM), 33
Soil–plant–atmosphere continuum, 188
Soil water availability, 61–62
Soil water evaporation, evapotranspiration with, 28
Soil water extraction, deep, 523f
Solute leakage, 175
SOM. See Soil organic matter
Sorghum

adaptation to climate change for, 329
C4 pathways used in, 31
characteristics for coping with climate change of,

328–29
climate change impacting, 159, 327
countries growing, 326, 327t
drought-resistance wild relatives contributing to,

529
genetic adaptation of

diseases resistance in, 333–36, 334t, 335t, 337t
drought tolerance in, 329–32, 331f, 332t
future of, 336–37
grain microdensity increased in, 336, 337t
grain mold resistance in, 334–36, 335t
heat tolerance in, 332–33
options for, 329
pests resistance in, 333–36, 334t, 335t, 337t
shoot fly resistance in, 333–34, 334t

genetic variation for temperature tolerance of,
160

Latin American import and export of, 45t
predicted climate change effects for, 327–28, 327t

disaggregated effects on sorghum yields of,
328, 328t

precipitation, 327t, 328t
temperature, 327t, 328t

Sahel production of, 69
Southeast Asia production of, 131

Souari nut, 547
South Africa, beans produced in, 357t
Southeast Asia region

agriculture sector contribution to GDP for, 132f
genetic options for wheat with conservation,

232–33
barley production in, 131
climate change impacts in, 131–41

general circulation models for, 136
greenhouse gas with, 136
impact on crops projected for, 138–40
observed climate change, 133–36
projected climate change, 136–38

maize production in, 131
rice production in, 131
rye production in, 131
sorghum production in, 131
wheat production in, 131

Soviet Union. See Former Soviet Union
Soybeans

C3 pathways used in, 31
foliage temperatures for, 36
genetic adaptation of, 370–92

breeders meeting demand of climate change,
371–72, 372f

drought in, 383–91, 384t, 386f
elevated CO2 in, 373–77, 374t, 375f
elevated temperature in, 378–83, 379f
future challenges for, 391–92
models for improvement in, 373
present as predictor of response to climate

change, 372
technology trend improvement for, 370–71

Latin American import and export of, 45t
leaf area index for, 371, 375f
leaf area ratio for, 371

Spain
chickpea grown in, 251
crop insurance in, 82

Spatiotemporal modeling, data for, 15–16, 15f
Special Report on Emission Scenarios (SRES), 2, 3t,

4f
SRC. See Short Rotation Coppice
Sri Lanka

adaptation to climate change in, 122–23
agriculture impacts due to climate change in, 119t



P1: OTA/XYZ P2: ABC Color: 1C

BLBS082-IND BLBS082-Yadav July 15, 2011 17:10 Trim: 246mm X 189mm

592 INDEX

Sri Lanka (Continued )
climate change trends and projections for, 115t
climate variability and extreme events, 118t
socioeconomic and natural resources indicators

of, 112t
Stay-green effect, 173t, 177
Stem carbon reserve, crop productivity with, 523f
Stomata

conductance, 173t
moisture regulation with control of, 190
vapor pressure deficit with sensitivity to, 190–91
wine grapes with regulation of, 472

Stomatal conductance, crop productivity with, 523f
Sub-Saharan Africa (SSA), crop growth in, 67
Sudan, sorghum grown in, 326, 327t
Sugar beets, water requirements for, 38
Sugarcane

Australia climate change impacts on, 148–50
bioenergy use for, 440–42
C4 pathways used in, 31
genetic adaptation of, 439–44

elevated CO2 and N2 fixation with, 442–43
elevated CO2 with, 442
genetic background for, 439–40
high temperature with, 443–44
traits for climate change in, 442–44
water stress with, 443

Sunflower
C3 pathways used in, 31
drought-resistance wild relatives contributing to,

529
Suriname

climate change expected in, 51t
principle crops in, 45t

Sweden, collection of genetic stocks and holdings of
peas in, 244t

Switchgrass, 547
Syria

chickpea grown in, 251
collection of genetic stocks and holdings of peas

in, 244t

Table grapes, climate change impact on, 62
Tajikistan, 84

climate change impacts in, 94–95
Tanzania, beans produced in, 357t
TE. See Transpiration efficiency
Temperature. See also Global warming;

High-temperature stress
Australia climate change with, 144–45, 145f
chickpea growing, 253f
CO2 crop responses interacting with, 210

CO2 levels and interactions with, 32
critical climatic factor of, 24
daytime, 301
Europe climate change, 79–80, 80f
former Soviet Union climate change impacts

with, 89f, 90–91, 90t, 99
genetic adaptation of maize to, 320–22
IPCC projection of, 27
Latin American countries

increases projected in, 49f
mean annual changes for, 50, 50f

modeling climate for common beans with, 359f
nighttime, 301–3, 302f
oilseed Brassica species influenced by, 450–51,

450t
peas subject to change in, 239–40
pod setting effected by, 194–95
rate of development impact on increases in, 158t
regional impacts of global climate change on,

156–67
rice production effected by CO2 concentration

and, 303–5
scenarios on greenhouse gas with increased, 2, 3t,

4f
soybean adaptation to elevated, 378–80, 379f

genetic improvement for, 381–83, 382t
heat tolerance in germplasm with, 380–81
yield response to, 378–80, 379f

United States trends in, 27
Victoria, rise expected in, 24
water-use efficiency effected by, 35f
world-wide warming trend of 50 years in, 156

Thailand
adaptation to climate change in, 123
agriculture impacts due to climate change in,

119t
beans produced in, 357t
climate change observed in, 135–36
climate change trends and projections for, 115t
climate variability and extreme events, 118t
socioeconomic and natural resources indicators

of, 112t
water resources in, 113

Thermal stress index (TSI), 173t
Thermodynamic effects, 187–91

climate change affecting plant water loss, 187–88
regulation of stomatal control, 190
root hydraulic conductance to water, 188–89
rooting traits and dynamics of plant water, 189
root length density, 189, 194
sensitivity of stomata to VPD, 190–91
soil–plant–atmosphere continuum, 188
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transpiration efficiency, 189–90
vapor pressure deficit, 187–91
water productivity, 189–90

Tomato
drought-resistance wild relatives contributing to,

529
genetic adaptation of, 399–400, 401f, 402f

marker-aided selection methods for, 399
pollen production for heat tolerance in,

399–400, 401f, 402f
threshold high temperatures for, 170t
transgenic crops with improved yield under

drought using, 534t
Transgenic innovation

adaptation to warmer and dry climate with,
522–40

drought adaptation genes for, 525–26
drought regulatory genes for, 526
genetic engineering for, 531–38, 533t–535t,

537t–538t
heat adaptation genes for, 526–27
heat regulatory genes for, 527
mechanisms of drought and heat resistance

for, 523–28, 524f
molecular bases of drought adaptation for,

525–26
molecular bases of heat adaptation for, 526–27
simultaneous drought and heat stress in,

527–28
drought and heat resistance both with, 536,

537t–538t
drought resistance with

drought adaptation genes for, 525–26
drought regulatory genes for, 526
genetic engineering for, 535–36
molecular bases of, 525–26

heat resistance with
genetic engineering for, 532–35, 533t–535t
heat adaptation genes for, 526–27
heat regulatory genes for, 527
molecular bases of, 526–27

stress resistance linked to yield improvement,
536–38

Transpiration efficiency (TE), 16, 189–90
crop productivity with, 523f

TSI. See Thermal stress index
Tunisia, chickpea grown in, 251
Turkey

beans produced in, 357t
chickpea grown in, 251

Turkmenistan, 84
climate change impacts in, 94–95

Uganda, beans produced in, 357t
UK. See United Kingdom
Ukraine, 84

beans produced in, 357t
climate change impacts in, 92–93

Ultraviolet light (UV), peas subject to change in,
240–41

Undernourished people, 111, 112f
Underutilized species, 507–17

awareness and knowledge challenge for, 515–16
defined, 507
ex situ conservation challenge for, 513
future opportunities and priorities for, 511–16
impact of climate change on, 510–11
importance of, 508–10
prioritization and research challenge for,

512–13
in situ conservation challenge for, 513–15
use enhancement challenge for, 515

UNEP. See United Nations Environment Programme
UNFCCC. See United Nations Framework

Convention on Climate Change
United Kingdom (UK), collection of genetic stocks

and holdings of peas in, 244t
United Nations Environment Programme (UNEP),

66
United Nations Framework Convention on Climate

Change (UNFCCC), 109
United States

beans produced in, 357t
chickpea grown in, 251
collection of genetic stocks and holdings of peas

in, 244t
sorghum grown in, 326, 327t
warming trend in, 27

Uruguay
climate change expected in, 51t
principle crops in, 45t

UV. See Ultraviolet light
Uzbekistan, 84

climate change impacts in, 94–95

Vapor pressure deficit (VPD), 29, 174
sensitivity of stomata to, 190–91
thermodynamic effects with, 187–88

VCCAP. See Victorian Climate Change Adaptation
Programme

Vegetables
Australia climate change impacts on, 152–53
genetic adaptation of, 396–407

abiotic stress research on, 397
amaranth, 405–6
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Vegetables (Continued )
AVRDC gene bank for, 406–7
Chinese cabbage, 403–4
crop adaptation to, 396–97
genetic resources for, 406–7
global warming with, 396–97
heat stress effects on productivity with,

397–98
heat tolerance development for, 397–406
indigenous vegetables, 405–6
mechanisms of, 398
mungbean, 404
pepper, 400–403
pests and diseases incidence with, 397–98
sicklepod, 406
tomato, 399–400, 401f, 402f

Venezuela
beans produced in, 357t
climate change expected in, 51t
principle crops in, 45t

Vicia faba, 269–81
genetic adjustment for

adaptation to elevated CO2 in, 276–77
adaptation to winter or spring sowing with,

271
drought resistance in, 274–76, 275f
freezing resistance in, 272–74, 273f, 274f
genetic resources with, 270
genotype × environment interactions in,

271–72
heat resistance in, 274–76, 275f
interactions with beneficial organisms in,

279–80
parasite resistance in, 277–79
salinity resistance in, 274–76, 275f
waterlogging resistance in, 272–74, 273f, 274f

producers of, 269
reproduction of, 270
species traditional groups for, 269
winter bean

background and history of European, 272
examples of, 273f
features of, 272

winter-hardy, 272, 273f
Victoria, Australia

crop cultivars for future climate in, 23
global climate change downscaling to, 13–15
temperature rise expected for, 24
warmer and drier conditions for, 15
wheat crop yield likely in, 17, 19f
wheat varieties adaption to new climates in,

17–22, 20f–22f

Victorian Climate Change Adaptation Programme
(VCCAP), 15

Vietnam. See also Mekong region
adaptation to climate change in, 123–24
agriculture impacts due to climate change in,

119t
climate change observed in, 134–35
climate change trends and projections for, 115t
climate variability and extreme events, 118t
socioeconomic and natural resources indicators

of, 112t
water resources in, 113

Viticulture, Australia climate change impacts on,
150–52

VPD. See Vapor pressure deficit

Walnuts, climate change impact on, 62
WANA. See West Asia and North Africa
Water availability, crop productivity with, 4–5
Water limited environments. See also Crop water

stress index; Drought; Water-use efficiency
Africa, projected, 113f
agricultural adjustments for, 161
Asia, projected, 113f
genetic options for wheat in, 218–33

combining genetic variation for, 225–32
diversity for response to climate in, 221–25
information management for, 232
integration with conservation agriculture,

232–33
traits for response to climate, 219–21

global warming with, 4–5
Water requirements, trends in, 38
Water stress. See also Crop water stress index

African projected water scarcity leading to,
113f

Asian water scarcity projected leading to, 113f
LAC projected water scarcity leading to, 113f
sugarcane genetic adaptation for, 443

Water uptake
grain filling with, 194
during reproduction, 193–94, 194f

Water-use efficiency (WUE), 34–37, 189–90
CO2 concentration levels effect on, 35f
crop productivity with, 523f
dedicated energy crops with, 547
mathematical relationships with, 34
pea production with, 240
soybean foliage temperatures with, 36
temperature effect on, 35f
water deficit interactions with CO2, 36–37

Weeds, crop productivity with, 6–7
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West Asia and North Africa (WANA), chickpea
grown in, 252, 252f

Wheat
C3 pathways used in, 31
drought-resistance wild relatives contributing to,

529
Europe climate change impact on, 81–82
former Soviet Union production of, 87
genetic options for productivity climate stressed,

218–33
combining genetic variation for, 225–32
diversity for response to climate in, 221–25
information management for, 232
integration with conservation agriculture,

232–33
traits for response to climate, 219–21

India, production of, 61
Latin American import and export of, 45t
Southeast Asia production of, 131
threshold high temperatures for, 170t
transgenic crops with improved yield under

drought using, 534t
water requirements for, 38

Wild relatives
adaptation to warmer and dry climate with,

522–40
drought adaptation genes for, 525–26
drought regulatory genes for, 526
heat adaptation genes for, 526–27
heat regulatory genes for, 527
mechanisms of drought and heat resistance

for, 523–28, 524f

molecular bases of drought adaptation for,
525–26

molecular bases of heat adaptation for, 526–27
simultaneous drought and heat stress in,

527–28
drought resistance in, 528–31

chickpea with, 257
introgression of genes of, 531

genetic adjustment for peas with, 241, 243
heat resistance in, 528–31

introgression of genes of, 531
oilseed breeding for climate change with, 454t,

456
Willow, 547
Wine grapes

climate change impact on, 62
genetic adaptation of

accessing genetic diversity for, 468–75
allocation of carbohydrate within vine and

berry with, 474
climate change impacts to, 465–68
phenology with, 465–67, 466f, 469–70
photosynthesis with, 472
roots, water, and salinity with, 472–74
rootstock development with, 474–75
stomatal regulation with, 472
temperature effects on berry composition with,

470–71
water use efficiency with, 471–74

vineyard area distribution by continent for, 464,
465f

WUE. See Water-use efficiency




