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Departamento de Genética, Universidad de
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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
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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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