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Executive Summary

The effects of climate change are increasingly felt
among vulnerable populations in many developing
countries, particularly those relying on agriculture

for their livelihoods, but also the urban poor. Adverse
impacts include lower crop yields and crop nutritional
values and ripple effects will be felt throughout the
entire food value chain unless significant adaptation
actions are taken.

This paper takes a broad food system perspective and
connects the roles and actions of international organi-
zations, national governments, local communities and
farmers. After an extensive review of the likely effects of
climate change and the available adaptation responses,
the paper identifies a series of guiding principles to

About this paper

be considered by decision makers as they plan adap-
tation actions. These principles, which are expected to
increase the uptake and the efficiency of climate change
adaptation in agriculture are the following:

1. Publicly funded agricultural research is the under-
lying engine of all adaptation actions and requires
increased investments. Particular emphasis should be
given to the growing risks faced by vulnerable people;

2. Climate change generates multidimensional chal-
lenges and adaptation actions should be evaluated
accounting for their economic, environmental and
social costs and benefits. Trade-offs across alter-
native objectives should be made explicit;
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Coordination across international, regional, national and
local actors is not only necessary but essential to max-
imize the outcomes of adaptation actions. Sufficient
resources should be dedicated to these efforts;

Risk management is an inherent component of climate
change adaptation. Increased efforts are necessary to
improve our understanding of how to deal with risk and
uncertainty and to educate decision-makers on how to
manage risks;

Adaptation actions should be deployed along the entire
food system as actions in the areas of post-harvest,
transportation, retail and food consumption work syner-
gistically with efforts on the production side;

Institutional capacity enables change and
transformation in the agriculture sector. Insufficient
investments in institutional capacity slow down

the pace of adaptation and reduce the efficiency of
adaptation actions;

New digital technologies have the potential to trans-
form the agriculture sector. Investments in these
technologies and in building the capacity to use them
must be facilitated. Particular attention should be given
to preserving access to these technologies by poorer
producers and consumers;

Climate change-induced temporary and permanent
migrations have the potential to significantly disrupt
the normal functioning even of established economies.
Planning, coordination and adequate support are neces-
sary to avoid catastrophic consequences; and

9. The adoption of certain adaptation measures could

be significantly constrained because of the growing
need to abate greenhouse gases (GHGs). Adaptation
measures should also be evaluated according to their
potential effects on GHG emissions.

With these guidelines in mind, the paper identifies key
adaptation actions in different parts of the global food
system that can accelerate current efforts and help avoid
catastrophic outcomes including:

For food production: Acceleration of agricultural
research (such as investments in improved agricultural
management practices, including breeding and agricul-
tural water management; climate service provision, risk
management, ICT) as well as migration;

For food supply and trade: Adaptation of trade poli-
cies to rapid but uncertain climate change; the climate
proofing of infrastructure; investments in improving the
safety and efficiency of value chains as well as special
support to small producers;

For food security, nutrition and health: Improving
availability and access to healthier diets; incentivizing
healthier diet choices; and biofortified food and crop
varieties;

For environmental sustainability: Increased focus

on resource use efficiency; direct actions to preserve,
protect and enhance natural resources, ecosystems and
biodiversity, improved governance of natural resources,
efforts to reduce agricultural land expansion and more
environmentally sustainable diets.
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1. Introduction: Making the Case for Adaptation of Food Systems

Climate change is a significant and growing threat to food
supply and food security. It already directly affects vulnerable
populations in many developing countries and is expected to
affect many more people in more areas in the future, even if
remedial actions are taken beginning today.” The worst-hit
areas will be underdeveloped economic regions of the world,
where food security already is problematic, and populations
are highly vulnerable to climatic and other shocks.2 However,
climate change also is expected to have a substantial impact
on food production in developed countries,® and the resulting
impacts on global food prices also could adversely affect
developing country outcomes. Without substantial measures
that address the challenges caused by increasing tempera-
tures and the increased frequency and intensity of extreme
weather events, crop and livestock productivity losses are
expected to reduce past rates of gains from technological
and management improvements.# Furthermore, climate
change will not only threaten the productivity of the world’s
agricultural systems and associated food security and
nutrition outcomes but also have adverse consequences for
other ecosystems and their services to humankind.®

m Global mean temperature evolution and projections for the future

Most troubling, albeit not often discussed, is the rate at which
the climatic conditions underlying current food production
systems are projected to change. To appreciate the gravity of
the problem, it is useful to consider how mean temperatures
have evolved during the past 10,000 years (Figure 1.1).

Human civilization as we know it—the locations of our cities,
ports, and roads, the sites of our agricultural fields and for-
ests—is the result of a stable environment: 10,000 years of
global temperatures that have fluctuated minimally around
the mean. Climate change and the resulting uncertainties
have the potential to rapidly reshape the optimal location of
production, the associated infrastructure connecting eco-
nomic activities, and the very (often competing) forces that
have led to the current market, resource, and price equilibria.
However, the inertia in the system caused by sunk costs and
learned behavior creates barriers to adaptation.

Uncertainties in climate change scenarios, particularly
regarding precipitation, make it difficult to determine the
precise impacts on future agricultural productivity, but total
global supply is expected to decline. Warmer temperatures
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m Change in the number of people at risk of hunger in 2050, by region

Source: Authors, IMPACT model data

Notes: Figures show the difference in the estimated population at risk between a climate change scenario (HadGem GCM [general circulation model]
run under [representative concentration pathway] RCP8.5) and a reference scenario without climate change (NoCC). Results are based on simula-

tions, which do not include any explicit and specific adaptation strategy.

and longer growing seasons increase agricultural produc-
tivity in some high-latitude regions,® although expectations
are mixed. This is due, among other reasons, to soil quality
issues in the far north and emerging pest and disease break-
outs that might constrain expansion and productivity. As an
example, the 2000—2010 hot, dry seasons in northern Italy
led to aflatoxin contamination of maize. Used as animal feed,
this contaminated maize resulted in milk contamination.”

In low-lying regions, even a modest increase in maximum
temperatures is expected to negatively affect agricultural
production, and pest and disease outbreaks are much more
severe. Studies have consistently found that under the
most severe scenarios of climate change, significant losses
should be expected worldwide (Figure 2.7).89101112131415,16
No matter the severity, regional differences in agricultural
production are expected to strengthen, risking a widening
gap between the haves and have-nots, increases in food
prices globally, and associated increased hunger among
poorer nations."'®1° The International Food Policy Research
Institute (IFPRI) projects that without climate change, the
total number of people at risk of hunger could decrease by
approximately 425 million by 2050.2°

Figure 1.2 shows a projection of how climate change can
slow this progress. An additional 80 million people, approx-
imately 1% of the projected world population in 2050,

may be at risk of hunger because of the effects of climate
change; definitively putting out of reach the goal of ending
hunger by 2030 (Sustainable Development Goal [SDG] 2),
and slowing progress toward global equality (SDG 10), with
direct and indirect negative effects on the goal of ending
poverty (SDG 1) and furthering economic growth (SDG 8).
The regional differences are striking, and the global
South—Sub-Saharan Africa in particular—appears to be
particularly affected.

As a result of potentially great disparities in production
and people at risk of hunger, interregional trade flows are
expected to expand from mid- and high-latitude regions to
low-latitude regions. Nevertheless, trade (including food
aid) alone will not be able to buffer food shortages caused
by climate change.??2% Moreover, the differential climate
change effects on various components of the food system
act on biophysical and socioeconomic processes with
feedback mechanisms that at times are cumulative and
self-reinforcing.

4 © August 2019



Developing countries are expected to receive the

brunt of adverse impacts from climate change.?* The
Intergovernmental Panel on Climate Change (IPCC) Fifth
Assessment Report (AR5) projects that under more opti-
mistic scenarios, climate change could reduce food-crop
yields in parts of Africa by 10% to 20%, a large drop for
populations and regions already at-risk. The outlook for key
food crops across Africa under climate change is mostly
negative; low productivity, together with increasing global
demand, will likely drive up food prices.?52627 Moreover,
localized weather shocks and emerging pest and disease
outbreaks are already compromising the stability of crop
production, highlighting the urgency for immediate and
adaptive management responses.?® Conflicts between
pastoralists and crop farmers have been recorded during El
Nifio—Southern Oscillation (ENSQ) events in sub-Saharan
Africa and appear to be on the rise.?® Unfortunately, govern-
ment spending on agricultural research and development is
in decline, and aid flows to agriculture in developing coun-
tries also are falling. These trends will make the challenge
of adapting to the negative impacts of climate change
more daunting.

Climate change impacts are long-ranging and affect

many aspects of the global food system. Thus, climate
change not only affects agricultural production but also
has ripple effects throughout the food value chain and
food systems. Storage, marketing, and retail systems will
need to adapt to agricultural commodities that are more
susceptible to aflatoxins. As certain areas become hotter,
greater investments in cold-storage options will be needed.
Transportation infrastructure will need to adapt to a more
variable climate that will increase the likelihood of damag-
es to the transportation network, such as flooded roads
and port infrastructure or retail shops that lose power
when hydroelectric dams run dry and the electrical grid
fails. Finally, food security and nutritional outcomes can be
affected directly by climate change, or indirectly as shocks
move through the value chain.

Importantly, the ways in which the food system adapts to
climate change will also affect broader ecosystems and
the environment, and the ways in which the environment
and ecosystems adapt will in turn affect agriculture and
food systems. It is thus highly desirable that food system
adaptations both support food security and nutrition out-
comes and improve environmental outcomes. In addition,
agricultural production contributes substantially to climate

change, with yearly greenhouse gas (GHG) emissions that
range from 5.0 to 5.8 gigatons of carbon dioxide equiva-
lents (Gt CO, e), or about 11% of total anthropogenic GHG
emissions, not including land-use change.®® Combined
with forestry and other land uses, anthropogenic land
activities contribute about a quarter of annual GHG emis-
sions, the equivalent of 10 to 12 Gt CO, e per year—and
three-fourths of this amount is estimated to originate in
the developing world.®" Therefore, adaptive responses

will have to be tailored to local agroecological conditions,
environmental challenges, and social objectives, while also
contributing to keep emissions in check. In other words,
we will have to prioritize adaptation options that work
synergistically with environmental sustainability and GHG
mitigation goals.

Two main types of adaptation are possible: autonomous
and planned. Autonomous adaptation is generally thought
to occur “organically” due to changes in operating con-
ditions experienced by individuals or companies. It is
facilitated by access to information but can occur based
on personal experience, such as when farmers shift crops
or planting/harvest dates in response to changing precip-
itation patterns. Such adaptations tend to be short term,
driven by small adjustments to existing practices. Planned
adaptation is generally thought to involve larger structur-
al changes and to be based on long-term strategies and
novel policy options. Planned adaptation strategies can
and often do span multiple sectors, consciously aiming
to change the adaptive capacity of the food system and
facilitating the uptake of adaptive actions. Forms of
maladaptation are also possible. Maladaptation has been
defined as “action taken ostensibly to avoid or reduce
vulnerability to climate change that impacts adversely on,
or increases the vulnerability of other systems, sectors

or social groups”.®? Livelihood diversification issues, such
as selling firewood, charcoal production, or government
programs for biofuel development, could be considered
as maladaptation.

From an economic perspective, it is important to adapt
to climate change to reduce negative impacts on the
economy and livelihoods of small producers and to
enable farmers and entrepreneurs to take advantage of
new opportunities in new markets and services. From
an environmental perspective, it is important to consid-
er the possible irreversible damage that changes in the
climate regime and unsustainable agricultural practices

Adapting the global food system to new climate realities: Guiding principles and priorities 5



can cause for natural resource stocks, biodiversity, and
the flow of ecosystem services. Given the contribution

of agriculture to GHG emissions, adaptation options that
provide mitigating co-benefits also increase the environ-
mental sustainability of agricultural production under
climate change. From a social perspective, adaptation
options that increase equity in agricultural livelihoods,
food distribution, food security, and nutrition outcomes
are preferred. Moreover, climate change is just one of
many drivers affecting global food production and food
security. Adaptation efforts must operate in the context of
global economic and political trends. For example, trends
in economic growth, trade projections, anti-globaliza-
tion sentiment, conflict and migration, urbanization, and
changing food preferences and demands all have impli-
cations for the types of adaptation options that are both
needed and feasible.®

The objective of this paper is to take stock of our current
knowledge of climate change impacts and adaptation
options in four key areas of the food system: (1) global
food production, (2) global food supply chains and trade,
(3) nutrition and food security, and (4) the environmental
sustainability of food production. We address these issues
with a focus on policy measures and investments that
support smallholder producers of crops and livestock and
poor consumers. We also incorporate insights and con-
clusions on the extent to which climate change impacts in
the Global North affect poor producers and consumers. To
identify key problems and potential opportunities in each
area, evaluate our current understanding of the potential
for adaptation, and identify the future actions needed to
increase resilience to climate change across different
geographies and populations, we have conducted an exten-
sive literature review.4
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2. Global Food Production

The effects of climate change on agriculture are multifacet-
ed, but the consensus is that over time, those effects could
make it increasingly difficult to grow crops, raise animals,
and catch fish as people have traditionally done. Food
crops need specific conditions to thrive, including the right
temperature and sufficient water. Changing conditions may
present some geographical trade-offs, such as increases

in yields and greater productivity at higher latitudes as the
growing season in these areas lengthen. However, higher
temperatures, more variability in water availability, and the
increased frequency of extreme events (especially floods
and droughts) are expected to generate losses that are
greater than possible gains. Furthermore, many weeds,
pests, and fungi thrive under warmer temperatures, wetter
climates, and increased CO, levels.3

Livestock, particularly in the Global South, are directly
threatened by heat waves, which are projected to become
more common under climate change. Over time, heat
stress can increase animals’ vulnerability to disease, there-

m Projected changes in crop yields caused by climate change over the 21st century

by reducing fertility and meat and milk production. Climate
change may also increase the prevalence of parasites

and diseases that affect livestock. In areas where rainfall
increases, moisture-reliant pathogens could thrive and
affect production.®® Likewise, many fisheries already face
multiple stresses, including overfishing and water pollution.
Climate change may exacerbate these stresses. Warmer
water temperatures are likely to cause a shift in the habitat
ranges of many fish and shellfish species, which could
disrupt ecosystems, generating larger feedback effects on
environmental and human systems.®’

The precise impacts on agriculture are extremely difficult
to predict because they will depend on local conditions and
the magnitude and speed of the onset of climate change
effects. Most studies indicate that climate change impacts
will change over time and differ across locations. The IPCC's
Fifth Assessment Report®® which reviewed projected chang-
es in crop yields owing to climate change over the 21st
century, found that in the medium term (that is, until about
2030) the positive and negative effects on yields could
offset each other (Figure 2.1). After that, as climate change
accelerates, the balance increasingly would be negative.

PERCENTAGE OF YIELD PROJECTIONS (n =1 090)
100

2010-29 2030-49 2050-69 2070-89 2090-2109
(184) (250) [500) (134) (22)

MAGHNITUDE OF CHANGES IN CROP YIELD:

Positive 0-5% 5-10% M 10-25% M 25-50% M 50-100%

Negative ~ 0-5% 5-10% W 10-25% MW 25-50% M 50-100%

Mote: Mumber of estimates of change in crop yield is shown in parentheses.

Source: Reproduced from FAO (20176).

Notes: Percentage change between 2010-29, 2030-49, 2050-69, 2070—-89, and 2090—-2109. The number of estimates of change in crop yield is

shown in parentheses.
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Estimates of the overall effects of climate change on yields,
production, and other variables are qualitatively consistent
across studies, although the magnitude of the impacts can
vary, as they are sensitive to the assumptions underlying
the different models.*® This report takes a conservative
approach and presents the results of model simulations
that assume no additional benefits from atmospheric
carbon (CO,) by 2050. The response of crops to CO, con-
centration is complex, and there is still significant uncer-
tainty as to whether CO, may increase crop productivity via
carbon fertilization (Box 2.1).

Nelson et al.*® compared nine economic models, based on
a common combination of assumptions regarding socio-
economic (SSP2) and climate-forcing (RCP8.5) parame-
ters. They estimated an average reduction in yields of 11%
(Figure 2.2, YTOT). Decreases in yields are compensated
by an expansion in cultivated areas (+11%). The combined

m CO, Concentrations and the Uncertainty around Carbon Fertilization Effects

effect is estimated to lead to an average decline in pro-
duction of only 2%, whereas consumption is projected to
decrease on average by 3%.41

Most models also estimate large changes in price (average
increase of 20%). On one hand, higher prices trigger more
intensive management practices (i.e., creating incentives for
investments that promote increased yields), expansion in
area, and reallocation of production through trade. On the oth-
er hand, price hikes significantly increase the share of income
that the poor will have to spend on food; this will compound
the blow to the poor in rural areas, who will also see reduced
income from climate change impacts on production.

An analysis that integrates more combinations of socio-
economic and climate-forcing assumptions*? shows a simi-
lar pattern of effects with a somewhat smaller magnitude
of impacts (Figure 2.3).4

The extent to which elevated CO, concentrations may benefit crop yields and offset the negative impacts of
mean temperature and precipitation changes is still debated.**4>44” The general expectation is that CO, may
provide a larger photosynthetic benefit to C3 crops (e.g., wheat, rice, soy) than to C4 crops (e.g., maize, millet,
sorghum, sugar cane, but both C3 and C4 appear to achieve higher water-use efficiency at higher CO, concen-
trations.*® A recent multi-ensemble crop model analysis found that higher CO, concentrations (specifically under
RCP8.5) may lead to an increase in wheat yields and protein content (although the results varies by region), but
most of the actual gains may be negated by the increase in temperature and changes in precipitation.*® A 2014
review of available FACE (Free air CO, enrichment) experiments also found “equivocal increases in net primary
productivity (NPP) from [elevated] CO, studies”.*® Overall, there is still significant uncertainty in the response

of crops to CO, especially in the long term. The uncertainty stems mainly from a lack of field experiments and
observations.®'%? As a consequence, crop models treat the CO, effects in very different manners and the results
can be seen in the high level of uncertainty in crop responses to CO, fertilization across the full suite of crop
models, included in the Global Gridded Crop Model Intercomparison (GGCMI) project (part of the Agricultural
Model Intercomparison and Improvement Project (AgMIP)).5

Crops response to CO, in GGCMI models has been shown to produce optimistic results, as ozone concentrations,
which are expected to increase, can have an opposite and potentially larger effect than elevated CO, on plant pro-
ductivity.>#*5% The degree to which CO,-enhanced photosynthesis may result in higher crop yields is also unclear,
considering the effects of competing plant physiological processes that down-regulate photosynthesis, con-
founding effects from nutrient limitation, and growth in plant tissues/organs other than the storage parts that are
harvested,*” as well as the possibility of higher susceptibility to herbivory from invasive pests.%® In addition, there
is mounting evidence that higher CO, concentrations have negative effects on the nutrient content of crops, with
potentially dire effects on global food and nutrition security.5%¢0
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m Change in agricultural variables across climate scenarios, geographies and crops
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m Change in projected yields for selected crops and regions

Commodity FsU EAS MNAM MEN
Maize

Groundnut

Potato

Soybean 6.7%

Tropical Fruit 4 1% -0.9%

Sweet Potato 1.7%

Eanana -3.6% 4 5%
Vegetables -4.4% 4.4% 7.2% -1.2%
Cassava -0.5%

Yams 0.3% -5.2%
Plantain 2.0%

Rice B6.7% -2 4%

Beans - 2.3% ﬂ-
Wheat 8.3% 4 4% -2 3%
Lentils -5.5% 2.4%

Earley 2.6% 14.9% -0.9%
Sorghum -5.2%
Millet

Temperate Fruit

Source: Authors, data from Rosegrant et al. (2017, IMPACT simulations).

[ ]

EUR

SS5A LAC SAS % Diff. in avg. Yield

-42.5% 78.3%

7.8%

1.5%

8.4%

Notes: Change between a 2050 climate change versus a no-climate-change scenario. FSU: Former Soviet Union; EAS: East Asia Pacific region, with
the exclusion of the Organization for Economic Cooperation and Development (OECD) countries (Japan, Australia, and New Zealand). NAM: North
America; MEN: Middle East and North Africa; EUR: Europe; SSA: Sub Saharan Africa; LAC: Latin American countries; SAS: South East Asia.

Impacts are expected to vary strongly across crops and
regions. IFPRI results show this variability in cereal yields
projected for 2050 under different pathways of global warm-
ing assuming a “middle of the road” pathway for economic
and population growth. Using combined biophysical and
economic modeling, maize, groundnut, potato, and soybean
are projected to suffer some of the largest negative impacts,
whereas wheat and to some degree sorghum may experi-
ence a positive effect in some regions (Figure 2.4).

Figure 2.5 shows how yield impacts of climate change (rel-
ative to a no-climate-change baseline in 2050) vary across
crops and subregions within Africa, even for a single socio-
economic and emissions pathway (SSP2 and RCP8.5).¢"
Yield reductions of 5% to 15% are seen for most crops and
subregions, with more severe impacts on oilseeds in North
Africa and with modest gains for pulses in East Africa.
Further disaggregation within national subregions would
show further heterogeneity of locale-specific impacts. For
example, many coastal areas are experiencing sea level

rise and saline intrusion in freshwater aquifers. Countries
with large coastal areas, like Bangladesh and Vietnam, are
already experiencing problems related to increased soil
salinity, reduced water for dry-season irrigation, a decline

in yields of key crops like rice, and changes in the composi-
tion of capture fishery.®263 Hence, potential adaptation solu-
tions must keep local realities and local impacts in mind.
At the same time, global and regional collaborations offer
opportunities for risk-sharing and the substantial transfer
of technologies and local know-how.

Much less research has been conducted on climate change
impacts on livestock. Climate change affects livestock pro-
duction in multiple ways, both directly and indirectly. Most
impacts are assessed through changes in feed costs, and
resulting changes and substitution in feed inputs, that affect
livestock yields and product quality. Other livestock impacts
from climate change include changes in intensity and geo-
graphic extension of livestock disease, reproductive health,
and direct impacts on livestock from heat stress and chang-
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m Impact of climate change on crop yields in Africa
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Source: Reproduced from Sulser et al. (2015).

Note: change is estimated for the year 2050, by subregion. N = North, W = West, C = Central, E = East, and S = Southern.

es in the availability of watering points, particularly during
drought events. Increases in temperature affect water
availability for livestock production, yield, reproduction, and
health. Changes in temperature and the variability of precip-
itation and CQO, levels affect forage quantity and quality, and
changes in precipitation patterns and temperature increases
affect the potential for and spread of livestock disease 646566
Vector borne diseases (e.g., West Nile virus, schistosomi-
asis, bluetongue, Lyme) are projected to expand into new
areas with effects on animal health. Increased tempera-
tures, reduced precipitation, and increased precipitation vari-
ability have direct negative impacts on feed crops, forages,
and grasslands, thereby reducing yields and forage produc-
tion, reducing fodder quality, and increasing mold infes-
tations and contaminations of feed resources.®” Seo and
Mendelson® find that net revenues from livestock produc-
tion, the number of livestock per farm, and the earnings per
livestock are all highly sensitive to climate. Small livestock
farms, for instance, can more easily shift to heat-tolerant

animals and adjust their animal holdings; as a result, they
tend to be more resilient to temperature increases, whereas
large farms that specialize in cattle production find it more
difficult to substitute animal species and can only reduce
their herd sizes in response to rising temperatures.®® Figure
2.6 summarizes climate change impacts on livestock.

Most modeling projections, including those presented in
the previous section, are based on estimates of changing
temperature and precipitation averages to 2050. This paper
will focus mainly (but not exclusively) on ways to adapt to a
quick evolution of these averages. However, the main mes-
sages from the physics of climate change research have
always been about increasing average global temperatures
and heightened weather unpredictability caused by great-
er climate variability. The signature of climate change is
already visible, and “each of the last three decades has
been successively warmer at the Earth’s surface than any

Adapting the global food system to new climate realities: Guiding principles and priorities 11



m Impact of climate change on livestock
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preceding decade since 1850".7° The IPCC also reports that
the frequency of heat waves has risen, and with it, the like-

lihood of an increase in the number of heavy precipitations
over several land regions (IPCC 2014, 8).71

Climate change, in addition to natural variability (natural
decadal and interannual variabilities), is expected to affect
the incidence of climate extremes in the future. However,
current modeling tools are still inadequate in the way they
treat uncertainty and do not provide sufficient confidence
in their estimation of the future magnitude and direction

of changes in variability, at least globally (IPCC 2012).7
However, the IPCC AR5 expresses high confidence in three
factors: (1) the intensification of variability for regional
precipitation related to El Nifio—Southern Oscillation (ENSO)
events, (2) the intensification of monsoon precipitation,

and (3) an increase in intensity and frequency of extreme
precipitation events over most midlatitude land masses
(IPCC 2013).7 It also expects that in the future, “warming
will continue to exhibit interannual-to-decadal variability and
will not be regionally uniform”.”# Heat waves presents some
of the most difficult challenges to public health and food
production, and there is evidence that tropical countries in
particular will face increasing temperature variability in the

coming decades, especially in the Amazonia region, south-
ern Africa, the Sahel, India, and Southeast Asia.”s For some
regions, there are large differences among global climate
models in predicting future precipitation trends in terms of
both the direction (wetter or drier) and magnitude of the
effects, especially for parts of the developing world.

Global models that evaluate the effects of climate
change on economic growth still are based mostly on
precipitation and temperature trends. In fact, most of the
literature on climate change considers the effects of vari-
ability a secondary effect, even though the implications
of variability can compound with long-term impacts and
should be considered in greater depth.”® The effects of a
change in the distribution of precipitation and tempera-
ture and the incidence of extreme events are not only
biophysical, and there is extensive economic literature
that evaluates the effects of risk on production choices
and investments. However, as of today, global economic
models that study the effects of climate change do not
include extreme events and volatility in their projections
and have not internalized the potential compounding
effect of more unpredictable and unfavorable weather
with standard risk-averse behavior.
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The literature about the costs of extreme events is vast
but spatially variable in availability.”” We are beginning to
have a better understanding of the impacts of specific
weather anomalies and ways to cope with these (Box 2.2;
Box 2.3), but there is less knowledge about the impacts
of weather variability in general. Despite this uncertainty,
weather variability certainly affects smallholder systems,
and precipitation anomalies (interannual variability)

can have a strong effect on the gross domestic prod-
uct (GDP) of countries that rely heavily on agriculture.”®
Changes in the mean and variability of temperatures and
rainfall can impact overall yields as well as the quality of
the seeds (e.g., protein content in wheat), while rainfall
variability and intra- and inter-seasonal changes in tem-
perature appear to strongly affect year-to-year changes
in yields,”®# Variability is already causing shifts in the
growing seasons,®! and it will affect feed production in
livestock systems (especially if drought frequency were
to increase) and drive substantial changes on the prev-
alence and distribution of pests and diseases—although
the resulting effects on agricultural production are not yet
well understood.®

The literature suggests a number of adaptation options
aimed at reducing vulnerability to increased seasonality
and weather events triggered by climate variability. The
list includes supplementary irrigation; adoption of crops
tolerant to both abiotic and biotic stresses; adoption of
entirely different crops; shifting crop calendars; and the
use of weather and climate services and early warning

services, as well as insurance, including weather-index

m ENSO Effects in the Philippines

insurance (as tested both in South Asia and sub-Saharan
Africa).®® However, several questions remain unresolved.
What decisions will farmers make once they start feeling
the impact of climate variability on their bottom line? Will
they decide to adapt or not adapt? In either case, what
may be the best adaptation options when taking into con-
sideration their response? Farmers’ behavior, and their
decision to adapt to climate variability, may be related to
any number of factors, including (1) previous exposure to
variability, (2) the magnitude of the effects experienced
(e.g., rainfall changes), (3) the availability of support
through extension services,® (4) their perceptions of the
changing climate combined with socioeconomic and
cultural factors,® and (5) the type and quality of climate
information available.

One approach argues that the best first step to ensuring
our preparedness for future climate variability is reducing
our exposure and vulnerability to the current “natural” vari-
ability.®® A series of Adaptation Gap Reports has focused
on the considerable gap between countries’ preparedness
for climate change and the actual measures that should be
put in place to prepare communities for a future of increas-
ing climate risks (see, for example, UNEP 2018).87 Long-
term damages depend on how adaptive capacity evolves,
and the impacts of recent extremes such as droughts,
floods, heat waves, and wildfires on human systems reveal
high levels of vulnerability. Trade and a strongly intercon-
nected global food market are expected to help buffer
some of the impacts of climate change, provided that the
right policies are in place (Box 2.4).88#

Historically, ENSO events have had a large impact on the Philippine agricultural sector and on the country’s
entire economy. ENSO events are naturally occurring fluctuations in ocean and atmospheric temperatures

that disrupt weather patterns and most commonly lead to either a decrease (El Nifio) or an increase (La Nifia)
in average rainfall. El Nifio events have sizable effects on the size of planting area and the planting calendar,
usually resulting in lower yields. The last El Nifio, recorded in 2015-16, lasted 18 months and caused an esti-
mated USS$327 million in agricultural losses. A shock of this magnitude, hitting a sector that employs more than
a quarter of the country’s workforce, had lasting repercussions on the entire Philippine economy. A modeling
exercise estimated that a strong El Nifio could generate losses of up to USS3.3 billion across the Philippine
economy (USS1.8 billion in the agriculture sector alone) and showed that policy interventions that include
supplemental irrigation and the removal of rice import quotas can help reduce welfare losses and slow the

increase in poverty rates.?
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BRI :thiopia: Coping with ENSO Events”

Vulnerability to extreme weather events is a long-standing concern, especially for people who rely on agriculture
for their livelihood. The 2015-16 ENSO event in Ethiopia caused both a severe drought and flooding, and it brought
to the forefront the remarkable improvements in the country’s resilience as well as the remaining challenges in
ensuring that everyone recovers as swiftly as possible from adverse climatic shocks. Compared to a similarly
severe 1984 event (in terms of climatic impacts) with a massive human toll—approximately 1.2 million people died,
and more than 65 million people were internally displaced—Ethiopia “weathered” the 2015-16 event remarkably
well. More than 10 million people were supplied with food relief in addition to the 7.9 million people already under
the country’s Productive Safety Net Programme; approximately 450,000 children were expected to be treated for
severe acute malnutrition, and a further 2.2 million children and pregnant and lactating women for moderate acute
malnutrition; and humanitarian relief expenditures amounted to more than USS$1.3 billion in 2016 alone, more than
double Ethiopia’s average annual humanitarian aid contribution. The lower impacts and stronger response were
due, in part, to the country’s rapid agricultural and economic growth, its strong “resilience’-type programs, and the
rapid donor reaction and support at the start of the crisis. An analysis of the 2015-16 ENSO event finds that yield
losses were concentrated in several subregions, with impacts greatest in the drier, less-populated lowlands, where
cereal production dropped by an estimated 10% and livestock herd size shrank by almost a quarter. At the national
level, grain production fell by 5% and herd declines were small, owing to increases in size and production in more
favorable areas. The overall adverse impacts on crop and livestock production lowered national GDP by 1.6% (or
USS438 million in 2010/11 prices), and those economic losses were similarly concentrated in specific sectors and
regions. Agricultural GDP fell by 3.6%, and the GDP of the drought-prone lowlands fell by a significant 11.1%.

More than a decade of increased investment in agriculture in Ethiopia clearly paid off. In the past decade, cereal
production growth in the country accelerated to 7.4% annually, up from 3.9% per year during 1996—2006. Key
programs that support resilience to climatic shocks include the Productive Safety Net Programme, the Program
of Adaptation to Climate Change, the Agricultural Growth Program, and a series of irrigation investment programs.
Several donors also used a crisis modifier (a funding mechanism to provide timely responses to crises by develop-
ment partners already operating on the ground) to redirect or increase already funded aid programs.

Although the 2015-16 ENSO events had a marked impact—affecting several regions severely and particularly the
lowland, pastoralist areas—strong agricultural and economic growth, existing resilience programs, and rapid donor
support to address the adverse impacts helped avoid outright disaster. However, similar resilience programs either
do not yet exist or are not equally strong in the lowland areas and are not as strong for pastoralist and livestock
systems, where recovery of agricultural assets also takes much longer. Moreover, to further strengthen resilience,
larger investments in rural services (such as access to education, healthcare, and credit) and rural infrastructure
are urgently needed, particularly in the lowlands but also in more remote highland areas. Finally, to strengthen
nutrition security, rapid growth in cereals needs to be accompanied by equally rapid growth in the horticultural,
livestock, and fisheries sectors.?
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Multiple Shocks on the Food System—A Dire Scenario -

In 2015, Lloyds of London commissioned an exercise simulating the development and plausible effects of mul-
tiple shocks on the food market triggered, during a single year, by a strong El Nifio event in the central equatorial
Pacific Ocean. The scenario estimates that production of key global crop commodities (maize, soybean, wheat,
and rice) would be significantly reduced due to a combination of flooding and droughts affecting the United
States, South Asia, Australia, and large producers in Southeast Asia and Latin America. In addition, the scenario
hypothesizes that strong winds would help the spread of stem rust pathogens, which would further affect pro-
duction in Russia, Kazakhstan, and Ukraine. Despite the uncertainties surrounding exactly how shocks propagate
through our vastly interconnected economies, the consequences of this dire scenario were estimated in a four-
fold increase in commodity prices, fluctuations in commodity stocks, civil unrest, humanitarian crises, and major
worldwide financial losses.?® The main picture is that of a systemic shock that produces a cascade of economic,

political, and social challenges.

2.3.1 THE ROLE OF IMPROVED AGRICULTURAL
MANAGEMENT PRACTICES

Recent IFPRI research has examined the potential of
improved agricultural management practices to increase
food security.® The analysis focused on three key staple
crops—maize, rice, and wheat—and compared the effects
of different management practices as well as breeding
efforts (see section 2.3.2) on crop yields and the use of
resources, such as harvested area, water use, and fertil-
izers. Among the management practices, no-till farming,
which involves minimum or no soil disturbance, is the best
option for wheat under one of the climate scenarios con-
sidered (MIROC A1B).

Adopting these management practices could have a
significant positive impact on food security: the number

of food-insecure people in developing countries in 2050
could be reduced by 9% (91 million people) if no-till farming
were more widely adopted; and by 8% (close to 80 million
people) if precision agriculture (a set of practices that
includes more-precise, and sometimes Global Positioning
System (GPS)-assisted, delivery of agricultural inputs) were
adopted (Figure 2.7). The literature also documents how
changing the planting dates have positive effects on yields
and yield volatility. Positive results are shown for several
Crops.?%9697.989 Tqg exploit this relatively simple form of
adaptation, farmers would need information about the new
weather patterns and the onset of the rainy season.

Changes in pest management has been a key proposed
strategy to fight back the fall armyworm infestation in
Africa and South Asia, but improved crop management
practices, such as intercropping maize with drought-toler-
ant desmodium and planting of a third crop (Brachiaria cv
Mulato Il) as a border crop, can also help control the pest,
particularly in areas where adequate pesticides are unavail-
able or expensive. An initial study in pilot areas of Kenya,
Tanzania, and Uganda showed that the chemicals emitted
by the intercrop repel stemborer moths of the same family
as fall armyworm away from maize crops, while the border
crop attracts the moths.™ Fall armyworm likely may
spread to these regions through the importation of infect-
ed crops or fruits, and the weather in these regions was
already conducive to its spread; however, it is also expected
to spread further north into Canada or Europe with climate
change, as it cannot survive freezing winters.

Some experts summarize agricultural practices and tech-
nologies under the term climate-smart agriculture (CSA).
CSA proposes a framework that supports decisionmaking
in the agriculture sector by considering three foundational
outcomes and by fully accounting for the trade-offs and
synergies among them. The framework is composed of
agricultural systems that contribute to (1) sustainable
and equitable increases in agricultural productivity and
incomes, (2) greater adaptation and resilience to climate
change of food systems from the farm to the national level,
and (3) the reduction or removal of GHG emissions where
possible (Box 2.5).
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Change in the global number of people at risk of hunger
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Sources: IMPACT simulations and MIROC A1B climate scenario.

Source: Reproduced from Rosegrant et al. (2074).

Note: change in 2050 relative to the baseline scenario, under alternative agricultural management practices and crop breeding strategies.

Importantly, similar to many other agricultural technologies
and practices promoted in recent decades, the adoption of
seemingly beneficial practices is not assured because of
the large heterogeneity in factors influencing and determin-
ing the adoption process. For example, improved access to
information on climate change and the appropriate technol-
ogies and practices for adaptation can increase adoption
rates. Other factors influencing adoption include farm size,
labor availability, level of risk aversion, access to financial
services, and social capital.101.102

Strong governance institutions are also needed on
multiple scales to encourage adoption of CSA practices.
Institutions including national and regional governments,
formal and informal community organizations, and mar-
ket institutions play an important role in promoting inclu-
sivity; providing information; encouraging innovation and
investment; and managing risk to enable smallholders,
women, and poor resource-dependent communities to
adopt and benefit from CSA. Better policies and increased
investments are needed to address the key structural,
technological, and institutional weaknesses that constrain
transformative adaptation.’® In particular, investments in
institutional capacity are required to improve the ability of
governments and local organizations to provide effective

leadership, allocate resources efficiently, and improve col-
laboration and coordination of adaptation efforts across
scales and sectors.%4

The economic, social, and environmental implications of
improved agricultural management practices depend greatly
on the choice of practice and geography. Again, strong
governance is essential to avoid and address any potential
tradeoffs. Decisionmakers should select from a set of avail-
able options the most promising approaches that address
the challenge of climate change and maximize the eco-
nomic, social, and environmental objectives based on their
priorities. At the farm level, some agricultural practices may
be profitable and contribute to livelihood improvements for
farmers; others may increase the environmental sustainabil-
ity of production but have limited economic benefits, at least
in the short term. Finally, the selection of agricultural technol-
ogies and practices has implications for which social groups
benefit (see Box 2.6 on youth in agriculture and Box 2.7

on the gender dimensions of adaptation). Moreover, there
may be unintended negative effects on women and youth

in terms of the nutrition outcomes of particular adaptation
investments and technologies. For example, the commer-
cialization of the dairy sector in Kenya has had documented
negative impacts for women.%
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m The Case for Climate-Smart Agriculture -

Recent developments in the United Nations Framework Convention on Climate Change (UNFCCC) negotiations
(i.e., the 2015 Paris Agreement'® and the Koronivia joint work on agriculture) and the recent Intergovernmental
Panel on Climate Change special report have reinvigorated calls for incentives to reduce GHG emissions, including
carbon pricing and the levy of a carbon tax. However, the latest analyses on the subject indicate that a tax on GHG
emissions may lead to significant trade-offs between emissions abatement and food security. It is in this environ-
ment that the CSA concept has become increasingly relevant.

Many operational aspects of CSA are still under investigation, as local contexts determine the enabling environ-
ment as well as the trade-offs and synergies of productivity, adaptation, and mitigation. Farmers must identify
climate-smart practices for their biophysical, agricultural, and socioeconomic contexts. Short-term tradeoffs, such
as increased cost to farmers, are possible. However, in the long run, widescale adoption of a few CSA practices
used in the production of maize, wheat, and rice can lead to increased food production, reduced food prices, and
lower GHG emissions.'?” Further, by 2050, CSA practices are projected to increase global production of maize by an
estimated 1.4% to 8.8% and of wheat by 0.5% to 8.5%, compared with a business-as-usual scenario. CSA practic-
es appear to have the largest effect on rice, for which production is approximately 4% to 16% larger than under a
business-as-usual scenario. As a result of these changes, prices for the three crops decrease, and the population
at risk of hunger is projected to drop by 13 million people to 69 million by 2050, with the greatest improvements in
sub-Saharan Africa, Southeast Asia, and South Asia. At the same time, farmers’ adoption of CSA practices leads to
a reduction in emissions of between 9 to 124 Mt CO, e per year, depending on how the practices are implemented.
This result should alleviate existing concerns regarding the feasibility of reducing emissions while increasing the
food-security conditions of many populations.

What is required and how can countries effectively transition to CSA? Transitioning from current policies and
practices to those following CSA criteria will require that decisionmakers have accurate and current informa-
tion to make effective decisions. Several broad areas for intervention at the country and regional levels include
the following:

1. Establish the human and institutional capacity necessary to deal with a range of outcomes and empower
decision- and policymakers with the tools to develop a range of response options. Develop and support gov-
ernments, the private sector, farmer organizations, and civil society organizations to look across the range of
challenges facing a country and work together to identify solutions.

2. Acknowledge the interaction between crop production and other land uses and the broad-based mitigation and
adaptation potential of landscape systems. Policies that aim at promoting CSA should not consider agriculture
in isolation.

3. Explore avenues to reduce and remove barriers that prevent the adoption of CSA practices. Barriers exist at all
levels among stakeholders (i.e., lack of sufficient knowledge, or imperfect and fragmented markets that prevent
farmers from engaging in more entrepreneurial activities) and need to be addressed at the local, regional, and
national levels.

4. Improve data collection and access to spatially disaggregated weather data, prices, land-use information, and
other important topics, such as gender-disaggregated data, in order to develop integrated metrics that are
meaningful and useful for decisionmakers and the affected communities.%®
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Youth in Agriculture in sub-Saharan Africa™®

Countries with a high share of agriculture in GDP also tend to have high shares of youth (15-24 years old) in

the total population (Box Figure 1). By 2030, two-thirds of the projected 500 million rural young people will be in
sub-Saharan Africa (red dots in Box Figure 1), where farming still employs more than half of the labor force and the
absolute number of agricultural workers continues to grow (although the share of employment in agriculture as

a portion of total employment is declining). There is also a strong correlation between the share of youth in rural
areas and the increase in additional heat days, a signal of climate change, with sub-Saharan Africa again being
singled out (Box Figure 2).

Box Figure 1: Share of GDP from agriculture in 2016 vs. Box Figure 2: Proportion of youth and additional

youth as a share of the population projected for 2030 extreme heat days by country, 2050
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Achieving both food and job security in this region will thus be particularly challenging under climate change and
variability. A wide range of technologies and practices have been identified that can help young people adapt to
climate change in sub-Saharan Africa and elsewhere; these include improved climate information and extension
services (through mobile phones), adoption of irrigation and other mechanization services (although not all mech-
anization will generate new jobs, it will increase competitiveness of agriculture over time), and adoption of low-cost
precision agricultural tools such as soil moisture sensors or wetting front detectors in irrigated environments. In
addition to the greater number of children and youth finishing secondary degrees, more on-the-job training oppor-
tunities and jobs need to be created for agricultural scientists, both men and women, in Africa and elsewhere. The
AWARD program (https://awardfellowships.org/) is one such initiative focused on bridging the science gap in agri-
culture in Africa. In addition, the enabling environment needs to be enhanced to ensure job security for youth under
climate change. This includes improved access to land, information, and financing sources to establish viable
agricultural enterprises.

[ )
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Gender Dimensions of Adaptation to Climate Change

The growing literature on the gender dimensions of climate change suggests that men and women have different
capacities to adapt to climate shocks and stressors and different bargaining power to choose adaptation options
that meet their own needs and preferences, and also are affected differently by chosen adaptation options. %1
These differences require careful consideration of the gender implications of improved agricultural management
practices, technologies, policies, and investments, as well as program implementation that monitors differential
well-being outcomes by gender and other social distinctions such as age, marital status, and ethnicity. For exam-
ple, to address the gender gap in information access, climate information services should ensure that both men
and women receive information that meets their needs."2113114 Project implementers should consider the labor
implications of practices that they promote because some practices, like conservation agriculture, have been
shown to increase the burden on women'’s time.’' Other measures are needed to ensure that women have equal
access to productive assets, like land, and financial capital, such as credit, given that the gender gap in access to
these resources limits women's adaptive capacity in ways that are detrimental to achieving other development
outcomes, including better nutrition and health.116117.118,119120

2.3.2 CROP BREEDING FOR HIGHER YIELDS AND
CLIMATE TOLERANCE

Climate change is recognized as one of the most serious
challenges to the future health of ecosystems worldwide.™’
Increasing temperatures already have modified the phe-
nology of biological processes, which can disrupt ecosys-
tem functioning,'??'% lead to changes in species’ distri-
butions,™* and lead to increased extinction risk through
decreases in population size.’? If climate continues to
change as predicted,’?® many populations will fall out-

side of their habitat niche. In the absence of migration or
adaptation, these populations will be extirpated. Adaptation
requiring new mutations will be unlikely for species with
long generation times, so evolutionary success will depend
on standing genetic variation.?’

Genetic diversity has traditionally been used to fight many
challenges to food security. Breeding methods have been
used to select new crop varieties that provide better yields,
resist pests and diseases, and are better suited to unfavor-
able climate and growing conditions. Access to improved
crop varieties with characteristics suitable for different
locations and new growing conditions (including prolonged
droughts, heatwaves, and even more frequent and lon-

ger flooding) will be necessary to successfully adapt and
maintain agricultural production and yields. Yet given the
projected speed and magnitude at which climate change is
advancing, it is unlikely that autonomous adaptation—the
combination of adoption of new crops, some crop breed-

ing, and changes in the planting period that farmers have
relied on for centuries—will be enough.?

Recent IFPRI research has examined the potential of
selected breeding strategies to increase food production
under climate change.’® Globally, across the three key
staple crops of maize, wheat, and rice, heat-tolerant crop
varieties generated the highest adaptation potential for
maize; and breeding of nitrogen use efficiency had the best
outcomes globally for rice. For wheat, heat tolerance was
found to be particularly beneficial (Figures 2.8, 2.9).

Results varied considerably by region and to some extent,
by climate change scenario. As an example, for heat-tol-
erant maize, adaptation benefits were highest in North
America and South Asia, followed by East Asia and western
Asia. Benefits of drought tolerance in maize, by contrast,
were smaller and more evenly spread. Benefits from crop
protection to diseases (managing pests, plant diseases,
weeds, and other pest organisms that damage agricultural
crops) were also spread somewhat evenly but slightly high-
er in West Africa, Central Africa, and South Asia. Results for
drought tolerance varied if the climate scenarios included
variability or only long-term means (see Box 2.8).

If investments in nitrogen-efficient crop varieties could
be accelerated, the number of food-insecure people in
developing countries in 2050 could be reduced by 12%
(almost 124 million people); and by 8% (80 million people) if
heat-tolerant crop varieties were adopted (Figure 2.6).
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m Changes in crop yields due to technology adoption

MIROC A1B

MAIZE

Drought Tolerance (DT) ] 5%
Heat Tolerance (HT) I 32%
1itegrated Soil Fertility Management (FM) ] 9%
N Use Efficiency [ 6%
No-Till (NT) [ %2”
Precision Agriculture (PA) ] 8%
Water Harvesting (WH) JJj 4%
Irrigation - Drip | 1%
Irrigation - Sprinkler ] 1%
Organic Agriculture | 0%
Crop Protection (Diseases) 7] 7%
Crop Protection (Insects) 7] 9%
Crop Protection (Weeds) ] 12%

0% 20% 40%

Yield Impact

Source: Reproduced from Rosegrant et al. (2074).

RICE WHEAT
D 2% El 6%
m e —
— —
I .
E—
e L B
I 1%
7
. 4%
| 0% | 0%
e R
™ ™
= ="

0% 20% 40% 0% 20% 40%

Yield Impact Yield Impact

Note: yield response to accelerated adoption of alternative breeding strategies and management practices. Percentage change in 2050 over a
scenario without technology adoption. Biophysical results only (i.e., only from scenarios run through the DSSAT crop model).

BOX 2.8 Drought Tolerance: More Valuable Under Scenarios of Climate VariabilityClimate Change

Drought tolerance is a desirable trait that allows agricultural producers to manage risk. It is of greatest concern
during drought conditions. However, as a technology that influences risk, drought tolerance may not show large

ex ante yield benefits when considering mean effects on productivity. Rosegrant et al. (2014) assessed, ex-ante,
the yield benefit of a drought tolerance trait of roots with improved access to soil moisture for maize using DSSAT
with a stochastic weather generator. They find that the benefit of the technology depends on the original variety
into which the drought tolerance, as well as on local conditions. At the regional level, improvements in the neighbor-
hood of 9—13% could be achieved when drought conditions occur under both historical and future climate condi-
tions. A more holistic bundle of traits would increase the envelope of yield improvements under drought conditions
to well above 10%.
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m Impacts of selected crop improvements in offsetting yield losses to climate change
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Note: impacts are estimated for the year 2050. Red dot shows the impacts of climate change on yields when none of the improved technologies
tested were adopted. The other colored dots show how adoption of improved varieties and technologies helps reduce the effects of climate change.

The Global Futures & Strategic Foresight program, led by
IFPRI in collaboration with 14 other CGIAR Centers, has
assessed the potential of new drought- and heat-tolerant
crop varieties in greater detail for a select number of crops
and regions. Similar to Rosegrant et al.,’*° results show
that biophysical yield gains from accelerated investment in
the development, dissemination, and adoption of selected
technologies differ by technology and region but generally
are able to reduce and sometime completely offset the
adverse effects of long-term climate change (Figure 2.8).
Ortiz-Bobea and Tack™' suggest that yield gains in the
order of those achieved during the period of rapid adoption
of genetically engineered seeds will be needed to avoid
yield reductions as a result of climate change. However,

an “antiscience zealotry"'®2 might well slow or even derail
efforts toward accelerating agricultural productivity growth
through the development of new technologies, from bio-
technologies or other methods of agricultural science.

New and promising genome editing systems enable tar-
geted, precise modifications of the genome at a previously
unachievable degree. They present a great opportunity for
molecular ecologists to achieve the target-specific manip-
ulation of genes of interest. CRISPR/Cas gene editing'3134
is a new technology with promising potential, given that it is
capable of introducing precise genomic changes in a wide
range of organisms and given its robustness, affordability,
design flexibility, and high efficiency. Some selected traits
have already been modified by genome editing in plants and
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animals. Soon these modified plants will reach the market,
and some crop plant varieties are already being commercial-
ly produced in the United States and a few other countries.
Gene editing examples include blight-resistant rice, powdery
mildew—resistant wheat, herbicide-resistant canola, soybean
with reduced trans fats, high-yielding rice, and high-yielding
wax corn.”® In addition, genome editing can be used to aid
classical breeding strategies by revealing the genetic basis
underlying contrasting phenotypic groups.’® Genome editing
is particularly promising to address food security issues in
developing countries where local crop plant varieties are the
mainstay, as it helps to minimize dependency on a shrinking
list of major crops, which are associated with nutrition defi-
ciency, limited genetic diversity, and lower crop resilience.’™’

A globally harmonized regulatory approach must still be
developed and should be considered of high importance to
avoid trade issues and unnecessary inefficiencies and bar-
riers related to the use of this technology. Edits at the DNA
level are considered equivalent to those that take place
naturally or in mutagenesis and that have a long history of
safe use. Therefore, these edits should be considered at
least as safe as conventional breeding."®

Although genome editing of staple crops is particularly
promising to address food security issues and micronu-

Examples on Breeding for Climate Change Adaptation in the Developing World

trient deficiencies in developing countries and to increase
economic returns to small producers, care must be taken
to avoid losing biodiversity or displacing crop varieties or
types that are important for particular social groups, such
as women. To address these concerns, new research pro-
grams focus on joint trait and seed system development
and analysis with women and marginal farmers, such as
the new gender and seed system program supported by
the CGIAR Gender Platform. 139140

Developing countries currently are investing only limited
amounts of funding into plant breeding. Given the promise
of breeding for yield stability and climate tolerance, funding
efforts in this area would need to be increased (Box 2.9).

2.3.3 THE ROLE OF IMPROVED AGRICULTURAL
WATER MANAGEMENT AND IRRIGATION

Improved agricultural water management and expansion
of irrigation are key climate change adaptation strategies,
particularly in countries and regions affected by growing
intra- and interannual variability. In the dryland areas of
Africa, for example, irrigated areas account for less than
5% of the farmed area (5.2 million hectares) but support
a much larger population proportionally than pastoral and
rainfed systems.™

In the early 1990s, CIMMYT (International Maize and Wheat Improvement Center) scientists selected maize lines
that survive and yield grain under controlled drought or low soil nitrogen on experimental plots. This initiative
morphed into the Drought Tolerant Maize for Africa (DTMA) project (http://dtma.cimmyt.org/), which also includ-
ed IITA (International Institute of Tropical Agriculture) from 2007 to 2015. Through work with dozens of national
partners and private companies, DTMA was responsible for developing and releasing more than 200 drought-tol-
erant varieties. In 2014, 54,000 metric tons of certified drought-tolerant maize seed was produced across the 13
DTMA countries.

In 2011, the Indian Government established the National Innovations on Climate Resilient Agriculture (NICRA) net-
work under the Indian Council of Agricultural Research (ICAR). The goal of the network was to enhance resilience
of Indian agriculture to climate change and climate vulnerability through strategic research and technology demon-
stration. Breeding is one of several components of this initiative. Early results include the development of early-ma-
turing drought-tolerant varieties and paddy varieties tolerant to submergence in flood-prone districts. Other efforts
include identifying temperature-tolerant rice and maize varieties for the northeast, understanding relationships
between high temperature and pest and disease on tomato and mango, and understanding disease-resistant traits
in key livestock products. From 2011 to 2016, the program spent about USS$S100 million, accounting for approxi-
mately 4% of ICAR's total expenditures.
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Governments, particularly those in Africa, have elevated
the importance of investments in irrigation both to meet
national food security goals and increasingly to address
climate change adaptation needs.'2 Devajaran,'* for
example, suggests that whereas tripling irrigated area

in the Zambezi River basin in southern Africa would be

a break-even investment, the overall benefits would be
double the cost of investment if avoided damages from
climate change and more frequent droughts were con-
sidered. Ringler et al.”** also find that without additional
irrigation investment, the share of people at risk of hunger
in sub-Saharan Africa would be 5% higher by 2030 and 12%
higher by 2050.

The Permanent Interstate Committee for Drought Control
in the Sahel (CILLS; Comité Permanent Inter-Etats de
Lutte contre la Sécheresse dans le Sahel) has an ambi-
tious strategy to accelerate irrigation development in
West Africa. Given the water scarcity in the region, it
focuses on large-scale irrigation supported by reservoir
development. Other regions and countries focus on
combinations of large-scale and smaller-scale irrigation
development. Ethiopia, for example, is aggressively pur-
suing a household irrigation strategy, which contributed
to anincrease in irrigated area of 0.5 million hectares in
the country during 2004-15.

In Morocco, a highly water scarce country in North Africa,
the focus has been the switch from traditional irrigation
methods, such as gravity irrigation, to drip irrigation. From
2008 to 2014, close to 0.5 million hectares of gravity irri-
gation areas were converted to drip irrigation. At the same
time, there was a partial switch from groundwater sources
to surface reservoirs. Drip systems increase the efficien-
cy of the applied water for crops, can reduce the overall
volume of water used in irrigation, and can improve the
quality of the produce (particularly for horticultural crops).
However, drip irrigation relies on the daily application of
small amounts of water to plants, and therefore requires
particularly high levels of water control, which might be
challenging during climate extreme events and in light of
increasing competition with non-irrigation water demands.
Analyses suggest that irrigation development and mod-
ernization to date has made important contributions to
the resilience of Morocco's economy. During the 2015-16
drought, agricultural GDP fell by only 7%, rather than the
40% that might have occurred without the large investment
in irrigation development.'4s

Households themselves often list irrigation as their top
preferred—but not implemented—adaptation strategy.
As an example, among farmers in a household survey
of various agroecological regions in Kenya, almost
half (49%) of all farmers interviewed listed irrigation
investment as their preferred adaptation strategy,
followed by investment in agroforestry (39%). This desire
was confirmed by gendered focus-group discussions,
in which irrigation and water-harvesting schemes were
ranked as the key priority adaptations regardless of
gender and agroecological zone. Farmers mentioned
lack of access to financial resources and, in the case
of irrigation, lack of access to water, as key barriers to
adaptation.4¢

The future of irrigation in Africa will likely be threefold.
Most smallholders will continue to rely on rainfed
agriculture. Here, water-harvesting schemes and
integrated soil and water management are important
and typically are farm-led investments. In regions where
farmers can access water at low costs and where
markets are developed, small-scale irrigation can provide
opportunities for large numbers of poor households to
increase their income and reduce production variability.
In some instances, small-scale irrigation systems,

such as those that rely on small reservoirs or ponds or
weirs diverting irrigation water from rivers or streams,
require support from national or local governments

and development partners. In areas where large-scale
irrigated agriculture is feasible, commercial value chains
could emerge, propelled by economies of scale, which
will provide producers with higher and more stable cash
incomes that will considerably reduce their vulnerability
to shocks. Spillover effects from small-scale and large-
scale irrigation to rainfed systems can increase the
resilience of rainfed farming systems 147148149

Xie et al.’®® find that accelerated irrigation development
in the dryland areas of sub-Saharan Africa—with a
particular focus on small-scale irrigation—can reduce net
cereal imports to the region by as much as 68%, or 90
million metric tons, from a baseline net import volume of
133 million metric tons in 2050. The dramatic production
increases achieved under the accelerated irrigation
scenarios can also drastically reverse the region’s
growing net food import dependency, from 54% by 2050
under a business-as-usual scenario to between 17%

and 40%—that is, as low as today’s import dependency
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levels. National economic growth and rural income gains
could substantially reduce the region’s population at

risk of hunger, even beyond the calculated reductions
from increased access provided by lower food prices
from accelerated growth. Successful development of
irrigation can have a further transformative impact on
rural livelihoods because of the multiplier effect on local
economies. Yet the benefits of irrigation extend beyond
the African continent. Rosegrant et al.”™® find that
globally, irrigated environments provide a yield multiplier
effect and improve the overall outcomes for most, if not
all, agricultural management practices and technologies
studied, including no-till, crop protection, and heat stress
technologies.

Africa and parts of Asia have great potential for the
development of renewable energy technologies and
systems."™2 This would provide an opportunity for
irrigation development on the continent to follow a
greener path than the case of South Asia, for example.
The overall increased availability of low-cost pumps to
draw water from ground and surface water sources—
human-powered, diesel, electric, and increasingly solar
(see Box 2.10)—has been a game changer in South Asia’s
and parts of Southeast Asia’s agricultural and economic
development. Such pumps might well be the key factor
accelerating irrigation development in Africa. Small-scale
irrigation is expanding particularly rapidly in countries
that have established favorable environments for pumps,
such as by eliminating import charges for pumps
(Ethiopia, Zambia) or providing credit access.

However, as the case of South Asia demonstrates,
without adequate institutions and knowledge to manage
water for irrigation, water resources can quickly be
depleted or deteriorate in quality. Opportunities exist to
maximize resource use efficiency in irrigated and even
rainfed systems through infrastructure improvements,
adoption of water-saving technologies (such as low-
cost soil water measurement devices or sensors), and
improved monitoring of water quantity and quality.

The social implications of irrigation also need to be
strengthened. Irrigation offers great potential to increase
the availability and quality of nutritious foods, such as
fruits and vegetables, and economic access to diverse
diets, through income gains. However, access to water
for irrigation is not always equally distributed among
members of the community. Moreover, the costs and

benefits of small-scale irrigation technologies adopted
at the household level do not always benefit men and
women within the same household equally.’®®

In addition to agricultural water management, enhanced
management of water resources using a catchment,
watershed, and basin-level approach will be essential
for climate change adaptation. For example, protection
of upstream watersheds from deforestation is essential
to avoid soil erosion, degradation, and associated
sedimentation of water bodies. Payment for Ecosystem
Services have been used to achieve this important
adaptation mechanism, supporting both agricultural and
urban areas. Other, so-called nature-based solutions
that can support agricultural water management

(water quality and quantity) include the concepts of
sponge cities, more general wetland restoration, and
joint management with reservoirs and other water
infrastructure, as well as managed aquifer recharge.

All of these methods can reduce rural (and urban)
infrastructure risks posed by floods and droughts.™*

2.3.4 LIVESTOCK MANAGEMENT PRACTICES
AND BREEDING STRATEGIES

Currently, livestock production employs at least 1.3
billion people worldwide. About 600 million of the world’s
poorest households keep livestock as an essential
source of income.™® Livestock contribute 40% of the
global value of agricultural output and are one of the
fastest-growing agricultural subsectors in developing
countries.’ The rapidly increasing demand for
livestock products is being driven by population growth,
urbanization, and increasing incomes in developing
countries.’™ Economic growth is expected to have a
considerable impact on food consumption patterns,
particularly on the demand for livestock products. This
demand is projected to grow particularly fast in sub-
Saharan Africa and South Asia (by 317% and 315%

by 2050, respectively), while growth is expected to be
moderate in industrialized countries (30% by 2050)
(Valin et al. 2014).7%8 QOver the coming decades, livestock
production systems will need to meet the substantial
increases in demand for food products. Climate change
will make it more difficult to meet this demand.
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Solar-powered Irrigation: A Game Changer? -

Solar groundwater irrigation is considered a game changer for agricultural intensification, particularly in the more
remote areas of South Asia and sub-Saharan Africa that are not yet connected to the public grid. But on-grid
models (where farmers can sell solar power back to the grid in addition to obtaining increased farm income) are
also being developed (IWMI 2017). Solar-powered irrigation has only recently become a viable option for better-off
small-scale producers as the cost of solar panels has fallen dramatically.’ Yet high subsidy levels for solar opera-
tions have contributed to the overpricing and more limited availability of solar pumps in the market in countries like
India. Solar pumps remain an expensive capital investment for individual smallholders and increased access will
depend on innovative financing mechanisms.

If access challenges can be overcome, solar irrigation could help address many of the challenges of underinvest-
ment in irrigation. Groundwater can be accessed at a much larger scale than surface water, which is limited to
surface water bodies such as rivers, streams, and lakes or must be collected through harvesting of rainwater. As
an alternative to hand-lifting devices or diesel and electric pumps, solar-powered water pumping systems reduce
labor costs and drudgery. They also can reach more remote areas and those not served by electric grids; in Africa
south of the Sahara, less than 40% of the population has access to electricity, and access in rural areas is even low-
er. In places without electric grid access, solar-irrigation systems can be used for lighting and cooling, for charging
mobile phones, and for operating televisions and radios.

Whereas diesel and electric pumps carry variable costs, potentially providing a signal for their efficient use, the
only limit to extraction is availability of solar radiation. To ensure that solar irrigation does not deplete groundwater
resources, solar irrigation introduction needs to be accompanied by groundwater governance institutions. The
development of strong institutions takes a long time, but in the interim collective-action mechanisms can increase

groundwater stewardship."0.16?

Adaptation to climate change in the livestock sector includes
addressing the threats to animal nutrition and animal health,
with the goal of improving animal productivity. For instance,
novel feeds may provide alternative sources of protein

and energy, although the potential of such feeds is largely
unknown.'82 A closer integration of crops and livestock sys-
tems is expected to increase productivity and stover quality
and promote soil fertility.31%* The use of mixed systems
(including silvopastoral systems), together with methods to
reduce the tannin content of tree and shrub material, can
have beneficial effects on livestock performance. One other
area that offers significant promise, particularly for tropical
ruminant nutrition, is microbial genomics of the rumen, for
breaking down lignocellulose.™® Finally, there are ample
opportunities to address emissions through improved
manure management, avoided land use change, and changes
to diets."™®® It is particularly difficult to addressing livestock pro-
ductivity in semiarid regions; the most likely way to improve

in this area will involve disseminating information from early
warning systems and drought predictions, allowing herders

to better manage the complex interactions between herd size,
feed availability, and rainfall.'®” Changes in the abundance,
seasonality, and spatial spread of vector borne diseases

raise the need for improved diagnosis and early detection of
livestock parasitic disease, along with greater awareness and
preparedness to deal with changing disease patterns.

There are also considerable opportunities to increase
productivity in developing countries using “within-breed”
selection and breed substitution or breed crossing.
However, these approaches need to be tailored to specific
and at times constrained production systems.®® Molecular
genetics and genome editing (CRISPR/Cas) are likely to
have considerable future impacts. Existing genome maps
for poultry and cattle open opportunities for advances in
evolutionary biology, animal breeding, and animal models
for human diseases.’ Genomic selection likely will revolu-
tionize the future of animal breeding. Furthermore, multi-
purpose and nanosized sensors to report on the physiolog-
ical status of animals are being developed, and advances
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can be expected in drug delivery methods. Nanoparticles
can induce a more efficient use of nutrients for milk
production and improve animal waste management by
enhancing biogas production from anaerobic digesters.’”°

Although the pressure for increasing livestock production
will increase, it is important to keep in mind that livestock,
and related food chains, are among the major contributors
to GHG emissions, accounting for about 18% of total emis-
sions.’”172 Limits on emissions will be one of the main fac-
tors that determine the future of this sector. Improved feeding
practices (such as increased amounts of concentrates and
improved pasture quality), or selection of breeds with lower
feed intake' can reduce methane (CH,) emissions per kilo-
gram of product. Many specific agents and dietary additives
have been proposed to reduce CH, emissions, including
certain antibiotics; compounds that inhibit methanogenic
bacteria; probiotics, such as yeast cultures; and propionate
precursors, such as fumarate and malate, that reduce CH,
formation.’* Some adaptation options also have mitigation
benefits, among them growing agroforestry species that
can sequester carbon and also provide high-quality dietary
supplements for cattle.

Finally, artificial meat and plant-based meat alternatives,
which are already widely available in restaurants and food
chains, can truly disrupt the sector (Box 2.11). The uptake
of these alternatives on a large scale would raise critical
issues regarding livestock keeping and the livelihoods of
the resource-poor in many developing countries. Massive
reductions in livestock numbers could reduce GHGs sub-
stantially, the net effects would depend on the resources
needed to produce alternative forms of artificial meat and
plant-based alternatives to meat.

Livestock management practices, such as improved feed-
ing, breeding, and breed selection; expansion of veterinary
care; and expansion of mixed crop-livestock systems are
important for the livelihood sustainability of small livestock
producers as well as the nutrition security of the rural

and urban poor in developing countries, where protein
deficiencies are common. However, overconsumption of
animal-source foods in developed countries and growing
demand for meat in middle-income countries and urban
areas in developing countries are unsustainable from an
environmental perspective. Different strategies are required
to increase the sustainability of livestock production for
small producers in developing countries and larger produc-

ers in the developed world. The distribution of economic
and social costs and benefits of alternative options should
be considered carefully to ensure that the needs of most
vulnerable groups are met.

2.3.5 CLIMATE SERVICES

Climate services are crucial for successful adaptation

to occur.’® Climate services play a crucial role in devel-
oping and disseminating standards as well as custom-
ized climate information and products to stakeholders.
These products include climate change impacts, vul-
nerability, risks, and uncertainties. In 2009, the World
Climate Conference-3 (WCC-3) convened by the World
Meteorological Organization (WMO) established the Global
Framework for Climate Services (GFCS) “to strengthen the
provision and use of climate predictions, products, and
information worldwide”.’”® These services are essential to
monitor natural weather hazards and alert countries and
people in order to facilitate preparedness (e.g., ENSO),
improve long-range forecasts, and develop responses
related to evolving or foreseen climate anomalies and
extremes at the regional and national levels. The impor-
tance of these data for economic modeling and policy
formulation should not be underestimated. Up to now, the
effects of changes in mean temperatures and precipita-
tion have been the main focus of discussions on climate
change impacts on agriculture and the related quantitative
modeling. The effects of climate change on the volatility of
agricultural production, crop and livestock prices, and lon-
ger-term producer responses to the associated increased
risk have received much less attention. However, other
analyses'77.178179.180 gggest that impacts will include
increases in the frequency of droughts, shifts in the timing
of optimal planting and harvesting periods, increased
variability in growing conditions, and greater uncertainty

in predicting short-term weather events, like the onset of
rain and dry seasons, complicating smallholder farmers’
production decisions. To provide these services, stronger
data network collection, quality, and standards are neces-
sary. Local governments also will need increased capacity
to develop and disseminate climate information at local
and regional scales, given discrepancies in global models
and the need to develop appropriate adaptation actions

at the local level.’® Research and capacity building may
help strengthen local forecasting of future climate risks
and better account for the costs and benefits of alternative
locally-relevant adaptation options.'8?
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m Alternatives to the Conventional Production of Animal-Source Foods (ASFs)

Three types of alternatives to farm-based production are being considered in future food supply-and-demand anal-
yses: (1) plant-based alternatives to meat, (2) cultured ASFs (also called clean or cultured meat, clean seafood, or
cultured eggs and dairy), and (3) edible insects.

Demand for plant-based alternatives to meat and dairy has been growing rapidly in the Global North, with an annu-
al growth of 8% for meat alternatives, and much faster growth in selected markets (GFI 2018). The introduction of
a plant-based meat-like burger (“Impossible Whopper”) by the fast food chain Burger King'® likely will help propel
plant-based meat alternatives into mainstream eating culture. These products have large GHG mitigation benefits,
and also conserve water and land resources compared with conventional production of meat products such as
beef. However, the quality of the plant-based protein differs from that of ASF, and evidence is growing that ASFs are
important for child linear growth, particularly for children from ages of 6 to 24 months." This still leaves a large
share of the population that could be served by these meat alternatives. Cultured ASF include cell cultures from
animals, and are or have been developed for meat and seafood, as well as those produced through fermentation
processes including milk and egg proteins. These products include higher-quality protein than their plant-based
alternatives, as reflected in the concentration of essential amino acids needed for human growth. ASF also have
higher concentrations of important micronutrients linked with both growth and cognitive development. Cow milk
similarly has important growth characteristics.' Cultured ASFs are being developed to preserve these important
properties of ASF. Similarly, to plant-based ASF alternatives, cultured ASF can support food security and nutrition
goals and should be considered a long-term adaptation strategy of agriculture and food systems. Although cul-
tured ASFs generally have substantially lower environmental footprints than farm-raised ASFs, including lower GHG
emissions, there are mixed assessments regarding energy use of cultured ASFs."®8” More research is needed
once these options become available at scale.

A third alternative to conventional ASF that continues to grow is edible insects. Edible insects can be produced
much more efficiently than conventional livestock. They have a smaller environmental footprint than plant-based
alternatives and thus also support both climate change adaptation and mitigation goals.'®®

Conventional ASF alternatives have other desirable properties. For example, cultured and plant-based alterna-
tives generally have a longer shelf life than conventional fresh ASFs, and factory processes are also considered
to reduce a series of risks, such as exposure to antibiotics and hormones. One important concern, however, is
the potential displacement of a large number of livestock farmers and fishers once such products enter main-
stream agriculture.
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Rodrigues et al.’ assessed the potential economic impact
of farmers using seasonal weather forecasts that draw on
improved climate services. Using economy-wide models
for Kenya, Malawi, Mozambique, Tanzania, and Zambia,
they find that a timely and accurate forecast adopted by
all farmers could generate average regional income gains
of USS113 million per year. Gains are much higher during
extreme climate events and are generally pro-poor. The
forecast value falls when forecast skill and farm coverage
decline (value is also dependent on national economic and
trading structures).

Although climate information services are essential for
adaptation to climate change, some climate information
may be too granular for practical use at the local level.
Furthermore, difficulties may arise when communicat-

ing scientific results and the level of uncertainty in these
results to farmers. Furthermore, information services often
do not reach those that need them most, including poor
smallholder producers in remote areas. Among households
that are reached, not all household members may receive
the information. For example, women often are not target-
ed with information through formal channels, like extension
agents, even in contexts where they are involved heavily in
agricultural production.

2.3.6 INSURANCE AS A FORM OF RISK
MANAGEMENT

Understanding and managing risk is an essential com-
ponent of climate change adaptation in agriculture. In

the past, the discussion on risk management related to
adaptation has concentrated narrowly on the use of a
small set of risk management instruments, such as crop
insurance and index-based insurance. More recently,
several initiatives have started to take a more holistic
approach to risk management. Among these are the multi-
stakeholder Platform on Agricultural Risk Management,°
the World Bank’s Forum for Agricultural Risk Management
in Development,’®'"2 and programs in the Center

for Resilience by the U.S. Agency for International
Development. Although financial instruments like insurance
may be able to address some of the risks faced by farmers,
a number of unresolved questions should be answered
before significant amounts of resources are allocated to
large insurance schemes. Some of these questions are
technical, others are political, and others are social, but all
have important fiscal implications particularly for develop-

ing economies. Technical shortcomings are related to the
changing of the fundamental distribution of weather out-
comes caused by climate change. These changes are still
mainly unknown."® Therefore, insurance in the traditional
sense (the charging of actuarially fair premiums to offset

a risk) is likely to be highly problematic. Furthermore, while
farmers regularly cope with multiple sources of risk—from
weather variability to price spikes,**'°> and from poor mar-
ket access and policy vagaries™® to health risks™” and the
death of a spouse’®—a recent review of the risk literature™®
demonstrates how the economic discipline is technically
unprepared to support a broader approach to risk manage-
ment. Empirical studies have focused overwhelmingly on
one source of risk at a time, typically production risks or to
a lesser extent market risks, and have also disregarded the
jointness of the risks faced by farmers. The relative impor-
tance of the different sources of risk is basically unknown
and it will be impossible to prioritize which source of risk
should be addressed first.

Second, observations indicate that crop insurance is wide-
ly adopted only when heavily subsidized, and insurance
schemes can become a sizable burden for taxpayers.

In the United States, where more than 80% of the major
grains area is insured, the average farmer can expect

to receive more than USS2 for every dollar they spend
buying federal crop insurance.?® Babcock and Hart?"
have estimated that taxpayers have at times paid upward
of USS3 for every dollar disbursed to farmers. In Europe,
where policymakers are looking carefully at the American
experience, the uptake of insurance varies significantly
from nation to nation, and recent literature stresses the
need for further research on multiple topics such as port-
folio management at farm level and the role of advisory
services,202203204 the degree to which various indices are
an accurate measure of farm or sector risk,?°® the assess-
ment of the impact of insurance on farm efficiency?°¢ and
improve knowledge on the market distortions with respect
to agricultural insurance.??” The problem of distortions,
their implications for the environment, and the effects of
subsidized insurance on the adoption of other adaptation
practices also should receive due consideration. Smith

et al.?®® discuss how heavily subsidized crop insurance
affects crop choices and production practices and can
lead to shifting highly erodible lands from pasture and
grazing to crop production. Lubowski et al.2%%210 report
that the increase in crop insurance subsidies changed
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land use measurably in the United States, and that
changes in premium subsidies in the mid-1990s led to an
increase in cultivated cropland, most of which came from
uncultivated cropland and pasture. Claassen et al.2" and
Miao et al.2'2 found qualitatively similar effects on land
use. Additionally, some studies?'3214215 find that insur-
ance encourages farmers to change crop mix and tend to
concentrate on monocropping and also find an increase
in soil erosion and chemical use. However, other studies
refute both the land erosion claim?'¢ and the increase in
fertilizer application.?' Hill et al.?'® find that the use of
insurance in Bangladesh leads to crop diversification and
to higher levels of rice production through a more inten-
sive use of both irrigation and fertilizers. And Clarke and
Kumar?'® find that gendered differences in literacy and
numeracy might well result in poor insurance choices

by women farmers. Another gendered assessment by
Delavallade et al.??® found that while men in Burkina Faso
and Senegal were interested in insurance, women were
more concerned with shocks to health and other issues
affecting income levels and thus favored savings-based
instruments over index insurance.

In recent years, index insurance has surfaced as an
important alternative to traditional crop insurance. Index
insurance is an alternative approach to conventional
indemnity-based crop insurance which pays benefits on
the basis of a specific predetermined index (for example,
rainfall) for loss of assets and investments resulting from
unfavorable weather events. Because index insurance
reduces or eliminates the traditional services of claims
assessors, it potentially allows for the claim settlement
processes to be less costly. However, so far the uptake
of index insurance generally has been low??' because of
basis risk—farmers experiencing losses when a payout is
not triggered or receiving a payout when losses are not
experienced—and because of other factors such as con-
straints in cash funds, scarce familiarity with the func-
tioning of the insurance, and lack of trust in the provid-
ers?22223,224225226 in g recent empirical study demonstrate
how highly price-sensitive the demand for insurance is
and find that without financial incentives there would be
no demand for their proposed insurance product “even at
actuarially-favorable prices.” Therefore, notwithstanding
the potential advantages of index insurance before this
instrument becomes fully viable, more work will be need-
ed to reduce basis risk and rigorous impact analyses of

ongoing programs and experiments must continue, ??7:228
More generally, more work is needed to explore the possi-
bility to combine insurance, credit, savings, and risk-re-
ducing investments to optimally address different cate-
gories of risk.?2° Moreover, resources must be devoted to
understanding the determinants of behavior toward risk
and insurance. Besides index insurance, additional forms
of risk sharing mechanisms should be explored such as
the use of microfinance institutions, local banks or coop-
eratives that can enroll small farmers in group insurance
programs, the pooling of risks within a country’s region
and transfer the pool tail risk to the reinsurance market,
and layering risk to facilitate risk transfer.z30.231

Sumner et al.2®2 state that designing and implementing

a widely adopted crop insurance scheme without poten-
tial production distortions would prove very difficult.
Governments are rarely swayed by subtle economic argu-
ments, and more often than not they choose to subsidize
agricultural insurance for political and social purposes.
Therefore, insurance schemes should be promoted with
extreme caution: not only they can lead to a long-term
unsustainable fiscal exposure, but their distortions can
have undesirable environmental outcomes and lead to
forgoing alternative forms of risk management.

2.3.7 NEW CROSS-CUTTING TECHNOLOGIES

Portable technologies like mobile phones are transforming
the delivery of information about market finance; weather;
and agricultural, health, and educational services for farm-
ers.2® This technology will be used to collect highly dis-
aggregated information for researchers and private enter-
prises—seen, for instance, in recent pilot projects in India
of picture-based weather insurance using smartphones,
which may help reduce the cost of weather-based index
insurance for small farmers.

Forms of portable technologies are also behind the idea
of precision agriculture. This is an area that holds signifi-
cant promise, as it can provide farmers with the detailed
information necessary to optimize field management
practices and input usage, resulting in improved yields
and profits as well as in environmentally less burden-
some production.?®#235 Variable-rate seed applications
and nutrients based on inherent soil properties can
increase yield in high-producing areas, maintain yield in
low-producing areas, and reduce the use of costly inputs.
Likewise, precision nitrogen management can balance
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soil nutrient content, preventing unwanted nitrate leaching
and thereby protecting surface water and groundwater
quality.?% Geolocated weather data, precise sensors for
soil water and nutrient availability, and a detailed field-lev-
el understanding of crop variability support improved
decision making and lead to higher productivity. However,
the advantage of implementing location-specific cropland
management is seen not only in higher yields but also in

a less volatile output, and consequently in increased resil-
ience 237.238239240241 Eyrthermore, as the use of digital tech-
nologies and mobile telephones expands, farmers can
become a cost-efficient source of highly disaggregated
information for researchers and possible a way of sharing
useful adaptation measures among their peers via mobile
phone 242243 Although precision farming could include sim-
ple practices, the concept implies complex and intensely
managed production systems that rely on the use of GPS
and substantial spatially referenced information on sails,
water, and yield potentials.?** As such, precision agri-
culture also requires mastering relatively knowledge-in-
tensive technologies, and small farmers should receive
sufficient support to ensure that they can take advantage
of these technologies. Remote sensing will be essential
for implementing precision agriculture and for collecting
global data on soil carbon, soil and water quality, and crop
health, as well as for monitoring land use and land-use
change in general.24

2.3.8 MIGRATION OUT OF AGRICULTURE

Depending on the severity of climate change, farming may
become increasingly less viable in large areas owing to a
combination of physical and social factors (e.g., extreme
temperatures, soil depletion, sea-level rise and saliniza-
tion, migration). Mobility and temporary migration already
appear as resilience-increasing strategies, but with climate
change it is possible that the only solution available to
communities is to abandon agriculture altogether and find
other sources of livelihood. Although proper measures and
international agreements could help manage a gradual
transition out of these areas, a sudden unplanned transition
could be troublesome.?#¢ A few global initiatives acknowl-
edge that climate change acts as a threat multiplier and
that migration contributes to climate resilience by increas-
ing food security, reducing reduction, and promoting
economic growth (e.g., The Sendai Framework for Disaster
Risk Reduction,?*” the Paris Agreement,?*® the 2030 Agenda
for Sustainable Development?*?). More work is necessary to
favor a nondisruptive unfolding of new migration patterns:
building and supporting institutional capacities to manage
large movements of migrants; promoting and facilitating
policy dialogues to enhance the positive contribution of
migration to the economy; and gathering data to assess
the location of high-risk areas, the likely migration flows,
and the best opportunities to integrate migrant labor into
agricultural activities.
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3. Trade and Food Supply Chains

3.1.1 TRADE

Even as low-income countries become increasingly inte-
grated in the global economy, antitrade and protectionist
agendas are on the rise in Europe and the United States.?%
This is particularly problematic because several studies
find that climate change could cause a substantial decline
in the food self-sufficiency ratio of developing countries
(see, for example, Valenzuela and Anderson,?®" who find

a decline of about 12% by 2050), and collective economic
and climate-related shocks and stressors can increase
overall vulnerability.252 Climate change will alter tempera-
tures and precipitation patterns along with producers’
responses to changing constraints and opportunities and,
ultimately, countries’ comparative advantages in agricultur-
al production.

Liberalized international trade allows comparative advan-
tages to be fully exploited and changing trade flows can

be an important mechanism to offset, at least in part, the
negative productivity effects of climate change.?*® The
globalization of the food system has enabled the diffusion
of new technologies and regional agricultural specializa-
tion and intensification, resulting in a calorie production
that potentially would be sufficient for everyone on the
planet 2542525 The global food system connects producers
and consumers and facilitates investments in agricultural
production and transportation infrastructure that increase
the movement of food from producers to consumers,?¥’
resulting in lower food costs and higher producer prices
through the reduction of necessary transportation and stor-
age costs. Trade can also contribute to more sustainable
use of scarce natural resources (e.g., land, water) by allow-
ing countries that are comparatively less endowed to focus
on producing goods that rely less on those resources (e.g.,
water in the Middle East and North Africa).?%¢ Overall, these
changes are thought to provide most people within this
food system with greater access to trade.?* Hence, restric-
tions on trade may worsen the effects of climate change by
reducing the ability of producers and consumers to adjust
to the new conditions or take advantage of new opportuni-
ties. Several studies show that trade improves household

food access by moderating price increases under climate
change 260267 Wiebe et al.2®2 show that more liberalized
trade, with the removal of tariffs and export subsidies for
agricultural products, may trigger smaller price increases
by 2050, on average, whereas trade restrictions caused by
substantial tariff increases may raise prices by an average
of over 25% by 2050. Most results show that when trade
is restricted, options to adapt to shocks are limited, with
negative implications for food security.?6®

Regional results show important differences in the effects
of climate change on trade flows as well as the stark dif-
ferential effects between different scenarios. For example,
South Asia was a small net importer of cereals in 2010, but
is projected to transition to a large net importer of cereals
by 2050, a trend further aggravated by climate change
(Figure 3.1). Latin America and the Caribbean was a net
importing region of cereals in 2010; net imports would
decline to almost nil without climate change but grow fur-
ther with climate change. Similar changes can be observed
when all crops are considered (Figure 3.2). Under climate
change, the East Asia and Pacific region increases its net
export position in the presence of climate change, replac-
ing lost exports from North America and Latin America.
Globally, these changes in trade flows (driven by changes in
productivity and prices) will reduce the number of people at
risk of hunger and in the number of malnourished children.
Impeding these rearrangements of production and the
ensuing movement of agricultural commodities could lead
to a higher number of people at risk of hunger.

3.1.2 VALUE CHAINS

Climate change directly affects agricultural production
and productivity in general, and also affects all dimen-
sions of food and nutrition security: availability, access,
utilization, and (through its impacts on production) the
stability of food supplies and food prices. Climate change
will directly affect food availability through its increas-
ingly adverse impacts on crop yields, animal health, and
fish stocks, especially in sub-Saharan Africa and South
Asia, where most of today’s food-insecure populations
live. Projections provide some insights into how climate
change will likely worsen economic access to food
through negative impacts on production and commodity
prices (Figure 3.3).
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dots show the estimated net trade in 2050 under RCP8.5 and two different GCMs (HGEM and IPSL). EAP: East Asia and Pacific; EUR: Europe; FSU: Former
Soviet Union; LAC: Latin American Countries; MEN: Middle East and North Africa; NAM: North America; SAS: Southeast Asia; SSA: Sub Saharan Africa.

m Net trade of all crops by region -

450

Million metrictons

E4AP EUR F5U LAac IMEM MAM 345 354

2010 = MoCC_2050 @HGEM_2050 oIPSL_2050

Source: Reproduced from Rosegrant et al. (2017).

Note: The blue bars show the net trade in the year 2010. Black lines show the estimated net trade in 2050 under assumptions of no climate change. Colored
dots show the estimated net trade in 2050 under RCP8.5 and two different GCMs (HGEM and IPSL). EAP: East Asia and Pacific; EUR: Europe; FSU: Former
Soviet Union; LAC: Latin American Countries; MEN: Middle East and North Africa; NAM: North America; SAS: Southeast Asia; SSA: Sub Saharan Africa.

32 August 2019



m Impacts of socioeconomic drivers on agricultural variables
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Climate change and the ensuing higher incidence of extreme
events also will affect food supply chains, the essential infra-
structure for delivering food to consumers. Infrastructure and
water supply networks are vulnerable to extreme weather
(e.g., high winds, intense precipitation, extreme temperatures,
storm surges, flooding) and to changing operation conditions
(e.g., temperatures, precipitation, sea level and salt-water
intrusion?4 that jeopardize the proper functioning of a supply
chain, which could break down during shipping, manufactur-
ing, wholesaling, or retailing. A climate-related disaster at one
point in a food supply chain and at one particular location
may have cascading impacts for actors and processes all
along the chain.265266

Urban areas are expected to see an increased risk of heat
stress, storms, flooding, landslides, air pollution, droughts,
water scarcity, sea level rise (as a large share of the world's
largest and growing cities are in coastal areas), and storm
surges.?6”268 Rural-urban migration and urban-rural migra-
tion are expected to increase as a result of extreme weather
events, increasing the risk of violent conflicts as a result of
poverty and associated economic shocks.

Therefore, supply chains must adapt to function effectively
amid changing conditions. Roads, ports, buildings, and infra-

structure will have to be retrofitted or overhauled to remain
resilient in the face of climate-related impacts.?® Disruptions
to electrical systems in particular pose significant risks to
the food supply chain, especially in the case of perishables;
refrigerated food spoils within several hours and frozen food
in a matter of days. Electric power also is required to run
communication systems vital to food chain logistics and
computer equipment needed to process economic transac-
tions. Backup generators may not be sufficient, given that
refrigeration is an energy-intensive process and that the deliv-
ery of liquid fuels may itself be impeded during a significant
adverse event. Climate change is expected to affect many
other supply chain activities, such as processing, packaging,
and storage. Temperature increases are expected to lead to
higher energy costs for the refrigeration of fruits and vegeta-
bles following harvest and to extend storage life.?”°

Globally, the energy embedded in annual food losses is
believed to be around 38% of the total energy consumed by
the entire food chain, although the data on these percentages
are not definitive. As much as an estimated one-third of all
food produced globally is not consumed,?”" but high-quality
data remain sparse. In high-income countries, food waste
occurs mainly at the retail, preparation, cooking, and con-
sumption stages of the food value chain (i.e., largely in urban
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areas); in low-income countries, by contrast, food losses
occur primarily at the production, storage, and distribution
stages. In Europe and North America, food waste is between
95 and 115 kilograms per capita per year, mostly a result of
the deterioration of fresh produce, a mismatch of supply and
demand, poor purchase planning, careless preparation, and
not consuming already prepared food. Rejection of foods
that do not meet specific quality standards or are past the
expiration date on the package label is another waste factor
that is especially problematic in high-income countries. In
the United States, food losses account for about 2% of total
annual energy consumption. In low-income countries, food
waste is lower. In sub-Saharan Africa and South Asia, food
waste is estimated at 6 to 11 kilograms per capita per year.?2
Although these losses are much lower than in high-income
countries, they still contribute to energy use and GHG emis-
sions and, even more important, decrease farmer incomes,
decrease food availability, and increase food prices for the
rural and urban poor.

The potential effect on the food cold-chain are of particular
concern because increases in temperatures will increase
the risk of food poisoning and food spoilage.?’#?7* Food
utilization will be more difficult because of increasing food
safety risks, such as diarrheal diseases and bacterial food-
borne diseases, which grow and reproduce faster at elevated
temperatures.?75276

A particular concern for food safety are aflatoxins, which are
fungal metabolites that are mainly produced by Aspergillus
flavus and Aspergillus parasiticus and that occur naturally in
agricultural fields, generally at low concentration levels. Their
concentration can increase under certain weather conditions
that cause plant stress, such as drought; but also in response
to insect damage or when crops are stored, processed, and
transported postharvest. Aflatoxins have serious health
implications for humans when consumed directly as food or
indirectly through products like milk from animals exposed
to contaminated feed. At very high levels of contamination,
aflatoxin exposure can cause death shortly after consump-
tion. At lower levels, aflatoxin can cause liver cancer, and it

is also associated with childhood stunting. Crops like maize
and groundnuts are particularly prone to aspergillus infection.
Water stress is strongly correlated with increased concentra-
tion of aflatoxins for peanut and maize and the correlation is
further influenced by temperature levels, particularly in maize
while for peanut water stress during the last three to six
weeks are particularly associated with contamination.277278

Medina et al.#?% have found evidence that increased CO,
concentration leads to higher aflatoxin concentration levels.
Key measures to address aflatoxin contamination include
changes in diets (away from the crops mostly affected),
changes in crop management pre-and post-harvest with a
focus on reducing water and other crop stress pre-harvest
and humidity, temperature levels and length of storage
post-harvest.?®

However, the precise impacts of climate change on pov-
erty and food insecurity are difficult to project because
climate change is only one of many determinants that drive
future trends. For example, Nelson et al.?82 suggest that

the positive effects of widely shared economic growth are
much greater than the negative effects of climate change
on productivity and prices. The authors find that climate
change alters availability of certain nutrients for some
groups of countries more than others. For example, climate
change reduces the adequacy ratios of calcium, ribofla-

vin, niacin, folate, vitamin A, and vitamin E for the poorest
group of countries in 2050 by roughly twice as much

as for the richest. However, particularly for low-income
regions, per capita income growth in 2050 is a powerful
driver of increased food affordability. As per capita income
increases, low-income countries experience relatively large
increases in meat availability, which roughly doubles for the
poorest countries—although the increase is small relative
to the richest group of countries. Similarly, vegetable avail-
ability roughly doubles for the poorest countries.

3.2.1 TRADE POLICIES

The general consensus is that increased trade will play an
important role in adjusting to the shifts in agricultural and
food production patterns resulting from climate change.?8*
284285 Trade openness is thought to reduce both individual and
institutional vulnerabilities by enhancing future food security
and by reducing the cost of response to climate change—
induced food availability shocks.?8 However, the positive

role of international trade is a function of its flexibility, and
public policies may impede these adjustments or even lead
to maladaptative adjustments. Limiting trade through policies
like export bans is likely to inhibit or prevent the benefits of
trade from reaching the food and agricultural sectors, thereby
reducing the resilience of smallholders and consumers to
climatic shocks. Thus, trade must be managed in ways that
maximize the benefits of increased market access while

34 August 2019



simultaneously minimizing the varied risks of increased expo-
sure to international competition and market volatility.

Furthermore, even though it is true that international trade
helps countries to access food, trade alone does not nec-
essarily increase food access for geographically isolated
people, the poor, or the socially marginalized.?®” Ultimately,
global markets will be accessible only to those countries and
segments of the population that have sufficient purchasing
power. Low-income countries in particular may have difficulty
accessing international markets to cover their increasing
food import needs resulting from negative climate change
impacts. For countries with a significant, sustained negative
trade balance, dependence on imports to meet food needs
may also increase the risk of exposure to higher market and
price volatility, which in certain cases can be expected under
climate change. This makes inclusive economic growth a
paramount objective and an essential precondition for stable
food security. This can be accomplished by expanding mar-
ket infrastructure and increasing access to market informa-
tion, developing contract farming arrangements to support
small farmers, and expanding social safety nets to protect
poor consumers.288

Open trading policies may provide overall welfare benefits to
society, but there are always winners and losers. In particular,
poor producers in developing countries and poor consumers
in countries that are net food importers may be vulnerable

to more competition on the open market and fluctuations in
global food prices. Providing services (such as insurance)
and social protection programs aimed at small produc-

ers and the urban poor can alleviate the negative impacts

of open trading policies on the most vulnerable groups.
Moreover, the current global food system does not ade-
quately distribute food and nutrients across countries and
populations, resulting in hunger and undernutrition in low-in-
come countries and overnutrition in high-income countries. In
addition, the environmental costs of trade can be substantial
given significant energy use and associated GHG emissions
from transporting traded goods.?® Rapid land expansion in
Latin America to meet food and feed demands in Asia?®® and
the use of palm oil plantations in Indonesia and Malaysia

to support European Union biodiesel needs®' have been
shown to adversely impact biodiversity in producer countries.
Such adverse impacts need to be addressed with adequate
environmental policies (including environmental protection
regulations and incentive schemes) in producer countries,
along with measures to protect vulnerable populations.

3.2.2 CLIMATE-PROOFING INFRASTRUCTURE

Infrastructure has long been recognized as an important
element to develop and strengthen local markets to provide
affordable food.?*2 For new trading patterns, like those
projected in Figure 3.1, to emerge or be viable, investments
in maintaining, expanding, and climate-proofing existing
infrastructure are necessary. Therefore, infrastructure
investments should be a priority to reduce the financial and
transaction costs of the movement of goods and services
within and between countries. The lack of infrastructure

in many food-insecure nations in Africa means that there

is virtually no formal trade between landlocked countries

in north-central Africa and those in the more-developed
eastern and southern Africa. Given projected changes in
precipitation patterns and observed inverse relationships to
El Nifio and La Nifa in parts of eastern and southern Africa,
increased trade would help mitigate the impacts of increas-
es in climate variability.?*® High transport costs sustain
elevated local producer prices by restricting imports and
reducing competition from less-expensive alternatives, but
this also reduces access to food for the poorest house-
holds.?** Adaptation options may include rethinking the
location and expansion of infrastructure, according to the
opportunities and threats from features of the natural land-
scape. For instance, in the absence of properly designed
drainage, a river may represent a threat; by contrast, a
properly managed forested catchment may buffer the
effects of extreme rainfall events. Safety-net programs,
such as food-for-work programs, are used in parts of the
world to both expand and climate-proof rural infrastructure.
Other programs, such as Payment for Ecosystem Service
programs, are being used to improve or restore important
watershed functions that increase in value under climate
extremes and climate change.

Investments in climate-resilient infrastructure are likely to
improve economic outcomes by increasing market access
for producers and reducing food price shocks for consum-
ers. The environmental and social implications of infra-
structure developments depend on how carefully these
investments are planned. Improperly planned irrigation
infrastructure may deplete water resources or increase
health threats such as malaria incidence. Access to infra-
structure, such as roads or electricity, may not be evenly
distributed throughout a population, raising issues related
to social equity, particularly in places where these invest-
ments do not reach the most vulnerable social groups.
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3.2.3 SUPPORT FOR SMALL PRODUCERS IN
LOW-INCOME COUNTRIES

Increased trade is more likely to reduce vulnerability when
the benefits help resource-dependent populations diversify
livelihoods and economies, by adding value and develop-
ing secondary- and tertiary-sector activities.?*> However,

for some producers and consumers the exposure to the
vagaries of a free-trade environment can result in increased
local prices and the transmission of price shocks that gen-
erate from distant crises, such as those recorded during
the food-price crises of 2008 and 2011.292%7 As a result,
programs and policies are needed to increase the competi-
tiveness of local producers, provide a social safety net, and
increase the resilience of trading systems. For this to occur,
especially in low-income countries, proper infrastructure
and effective policies need to be developed to support all
actors along the food chain. The development of insurance
products also can be critical for climate-resilient trade to
spread the risk of loss of production, to overcome risk-re-
lated barriers to investment, and to minimize damage to
infrastructure.?%®

3.2.4 INVESTMENTS IN IMPROVING THE
SAFETY AND EFFICIENCY OF VALUE CHAINS

The increased probabilities of extreme climatic events,
such as typhoons and droughts, will require, even in the
short run, innovations in supply chains for most agrifood
companies as a matter of immediate business survival.
In the longer term, climate change will affect the very
configuration of agricultural supply chains through shifts
in supply zones, structural innovation with new supply
configurations, changes in land use and trade patterns,

m Investments in Small Cities to Support Climate-Adapted Value Chain Development

increased reliance on insurance, and increased investment
to enhance not only the resilience of farming operations
but also farm produce distribution and processing.?*® Long-
term adaptation will require public-sector support since the
provisioning of resources needed for such large invest-
ments will be politically challenging. Several of the adap-
tation measures will have to be developed across national
borders; therefore, there is a growing role for multilateral
organizations and international agreements. Investments
in water projects will provide an opportunity for agents in
the private sector that have resources and contingency
plans. To facilitate these changes, public research will be
needed to support development and dissemination of tech-
nologies to adapt to the new weather patterns.3®

More research and development work is needed to identify
vulnerabilities in food supply chains and strategies to miti-
gate new risks.®®" In addition, innovations in packaging, pro-
cessing, and storage practices are needed to extend and
improve the efficiency of supply chains, reduce waste, and
increase availability of nutritious but perishable foods.3%2
Investments are not limited to physical infrastructure. For
this purpose, rural electrification can help increase avail-
ability and reduce the cost of nutrient-rich, highly perishable
foods, such as vegetables and fruits, by facilitating irrigated
production of such foods and providing more cold-storage
options.®® Investments in processing and cold-storage
facilities, feeder roads, and cooled transportation have the
added benefit of smoothing income shocks that small pro-
ducers face from seasonality, market volatility, and weather
shocks.3% Investment in small cities can support efforts to
climate-proof value chains (Box 3.1).

Investments along the continuum between rural and urban areas—that is, in small towns and medium-sized cities
that constitute the hidden (and sometimes nonexistent) geographic middle—can play an important role in agricul-
tural adaptation to climate change. Rural townships and medium-sized cities can be important intermediary points
that connect hinterlands to urban centers while providing social and economic benefits. They can act as service
delivery nodes for rural areas and link the rural economy to markets, thereby reducing transaction and transpor-
tation costs. Towns and intermediate cities also foster nonfarm rural growth, affording smallholders access to
employment in agroprocessing or other commercial or industrial activities. The development of small and medi-
um-sized cities is encouraged by some countries, while others prefer to focus investments and services on the

largest city or a few large cities.3%
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Risks of food poisoning and food spoilage will have to be
abated by developing additional quality assurance and
control tools and methods to prevent or control microbio-
logical risks 396307 Methods to minimize the risk of aflatoxin
contamination rely mostly on improved agronomic prac-
tices (to enhance soil moisture retention and reduce water
stress), as well as shifting planting dates (to avoid high
temperature and water stress conditions during the end of
growing season). Modifying irrigation patterns or the use of
drought-resistant crop varieties are also possible solu-
tions.3% Income growth in economically depressed popula-
tions remains a key strategy to ensure nutrition security.

Processing foods can increase stability and even improve
nutrition.3%® For example, drying and salting meat and fish
makes them last longer and preserves essential nutri-
ents. This type of preservation can be done on a large
scale or even by consumers at home. Berlin, Sonesson,
and Tillman®® found that processing milk into yogurt and
cheese decreased waste by creating longer shelf lives and
increasing incomes through higher prices. Dairy can be cul-
tured into other products such as kefir or yogurt. Cultured
dairy is more stable and provides additional probiotic
nutritional benefits. Although drying fruits and vegetables
removes some water-soluble nutrients, such as vitamin C
and B vitamins, it increases the food’s stability and pre-
serves other nutrients. All of these methods decrease the
need for cold storage and make nutritious foods more
stable and thus available to consumers. Smallholder
farmers, fishers, and pastoralists can use these methods
to increase the marketable amount of their output and thus

their incomes, and consumers can use them at home to
improve their own nutrition.

New technologies can help to better connect small farm-
ers to value chains. Sensors linked to digital information
systems can improve links between farmers and proces-
sors, reduce postharvest losses, and reduce the amount

of water used in producing food. Digital technology can
connect farmers directly to buyers, inform buyers about
the type of agriculture practiced in the field, generate better
price opportunities for farmers, and enable harvest-spe-
cific loans. Digital sensors can monitor storage conditions
along the value chain, track provenance for environmental
purposes, and optimize supply chain connections and func-
tioning, including reducing the costs of transportation. 31312

Efforts to improve value chains need to focus on combined
off-grid and on-grid energy solutions that support both
climate change adaptation and mitigation. Such energy
solutions need to be codeveloped along with rural markets
and agricultural intensification practices. As with other
infrastructure investments, the expansion of energy infra-
structure supporting value chain development may miss
certain communities, increasing social inequality. Value
chain improvements also require investments in quality
assurance and control measures to prevent or minimize
food safety risks while preserving the nutritional value of
foods for poor urban consumers, who are most vulnerable
to food safety risks. Such measures could include regula-
tion, monitoring, and training in proper production, process-
ing, and packaging procedures.
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4. Food Security, Nutrition, and Health

A more volatile climate is likely to increase the intensity
and frequency of climate-related extreme events, some of
which can have immediate, direct effects on human health.
Heat stress experienced by agricultural laborers can result
in premature births or low birth weight, and an increase in
the number of hot days (37.8°C or warmer) at any point
during pregnancy has been linked to an increase in the risk
of low birth weight 33

In general, extreme events and related natural disasters
disproportionally affect poor people, including many small-
holder farmers. Severe droughts or floods, for instance, can
sharply reduce incomes and cause asset losses that erode
future income-earning capacity. In addition, to the extent
that climate change affects food supply, food prices are
expected to increase, making food less affordable. Both
the urban and rural poor would be most affected, as they
spend much higher shares of their incomes on food. Also
affected would be poor smallholder family farmers, most
of whom are net consumers of food.314315

Simulations using IFPRI's IMPACT model suggest that
climate change could put about 50 million more people at
risk of undernourishment.®16%"7 Figure 4.1 shows how cli-
mate change is projected to affect the global risk of hunger
over time for a range of climate change impacts, assum-
ing a “middle-of-the-road” socioeconomic scenario. The
declining trend in the number of undernourished in both
scenarios—with and without climate change—indicates that
the overall impact of climate change, at least until 2050,

is smaller than that of the other drivers embedded in the
socioeconomic scenario, particularly income growth, but
also technological change.

In the absence of climate change, most regions are
projected to see declining numbers of people at risk of
hunger, but these improvements are partially offset by
the impacts of climate change.®® In sub-Saharan Africa
in particular (Figure 4.2), around half of the projected
reduction in the number of people at risk of hunger by
2050 is lost as a result of climate change. The roughly
50 million additional people at risk of hunger are consis-
tent with earlier estimates.®'® This may be a conservative
estimate: it is based on the “middle-of-the-road” assump-
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tion of economic growth as characterized by SSP2, and it
does not account for the impacts of extreme events and
other conditions noted above that we expect to change
along with climate (and that we expect to change even
more rapidly after 2050).

That said, the risks that climate change presents for food
security extend beyond the field and agricultural production
to other elements of food systems.32°

Temperature, carbon dioxide, and ozone directly and indi-
rectly affect the production and quality of fruit and vege-
table crops. Increases in temperatures can be expected to
have a significant impact on postharvest quality by altering
important quality parameters, such as synthesis of sug-
ars, organic acids, antioxidant compounds, and firmness.
Prolonged exposure to high levels of CO, concentrations
could induce higher incidences of tuber malformation,
increased levels of sugars in potatoes, and diminished pro-
tein and mineral contents, leading to the loss of nutritional
and sensory quality 321822323324 |ncreased levels of ozone

in the atmosphere can induce visual injury and physiolog-
ical disorders in different species,®?® as well as significant
changes in dry matter, sugar content, and citric and malic
acid, among other important quality parameters.32¢ Other
studies indicate that the nutritional quality of key food
crops could suffer from climate change. A study by Myers
et al.*”” found that when grown under the high levels of CO,

expected by 2050, wheat grain had 9% less zinc, 5% less
iron, and 6% less protein, with comparative losses in rice of
3%, 5%, and 8% respectively. Maize suffered similar losses
of nutrients. Soybeans also lost zinc and iron, but because
they are a legume and not a grass, they did not produce
less protein. The most severely affected people would be
the poor, especially poor children.32

Climate change will also affect the utilization of food.
Studies indicate that increased contamination of drinking
water supplies and increases in the prevalence of respi-
ratory diseases and diarrhea are possible, both of which
affect people’s health and food absorption capacity. This is
particularly true in semiarid lands.??° Temperature shocks
and droughts appear to be the most detrimental factors for
undernutrition and child stunting.

Springmann et al.®° explored the implications of climate
change on diet and health, estimating excess mortality
attributable to agriculturally mediated changes in dietary and
weight-related risk factors by cause of death. The authors
calculated the change in the number of deaths from cli-
mate-related changes in weight and diets for combinations
of four emissions and three socioeconomic pathways; each
included six scenarios with variable climatic inputs. As illus-
trated in Figure 4.3, according to this analysis, underweight
is the primary cause of diet-related death associated with
climate change (additional to those expected in the no-cli-
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mate-change baseline in 2050) in Africa and Southeast Asia
(which in this case includes South Asia). Most diet-related
deaths associated with climate change in other regions were
linked to reductions in the consumption of fruit and vegeta-
bles. Reductions in red meat consumption, overweight, and
obesity associated with climate change led to a reduction in
diet-related deaths in all regions.

Complicating the linkage between climate change and
nutrition outcomes is the shift in the burden of malnutrition
from rural to urban areas.®' The urban poor in particular
face a combination of persistent child undernutrition,
micronutrient deficiencies, and a dramatic rise in over-
weight and obesity caused by a challenging food environ-
ment. This food environment is characterized by limited
economic access to healthy diets; vulnerability to food
price shocks; food safety challenges; and limited access to
healthcare, sanitation services, and safe water.®3 This chal-
lenge will only grow, as two-thirds of the world's population
will be concentrated in cities by 2050. Options for adapting
to climate change must address the unique food security
and nutrition challenges of the urban poor.

Climate variability also affects food security outcomes
indirectly through impacts on human health. We may, for
example, consider heat waves not just as extreme events

but as part of variability at large. Heat waves are known to
reduce the life expectancy of both elders and children. Some
regularly occurring events such as El Nifio and La Nifia have
been associated with increased incidence of diseases such
as malaria and dengue, which affect nutrition by impacting
overall human health. Although we have little information
and little modeling on how variability may affect food avail-
ability at national and regional scales, evidence suggests
that variability may increase child malnutrition rates.%

Many steps need to be taken to truly improve the diets,
nutrition, and health of poor rural and urban consumers

in developing countries. This need dramatically increases
under climate extremes and climate change as a result of
higher food prices and concomitant lower food affordabil-
ity; the increased cost to store perishable, nutrient-dense
foods; the increased risks to market access for both
producers and consumers; and additional stresses on
agricultural laborers, such as heat stress. Fanzo et al 3%
recommend a series of responses that “maximize” nutrition
entering the value chain under climate change as well as
those that “minimize” important nutrients from being elim-
inated in the value chain (Figure 4.4). A subset of these are
described in the following figure.
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m Climate change impacts along the food value chain
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For example, processing practices can improve or cause a
loss in the nutritional content of foods. Given that climate
change is expected to reduce the nutritional content of key
crops,®° this would be one way of restoring lost nutrients.
Another example relates to increasing aflatoxin exposure
with climate change.®¢3%7 Addressing this challenge will
require improvements in farm practices as well as better
storage options.

4.2.1 IMPROVING AVAILABILITY OF AND
ACCESS TO HEALTHY DIETS FOR BETTER
NUTRITION IN LOW-INCOME COUNTRIES

Despite strong economic growth in recent years, including
in many emerging economies, global hunger increased

in 2017, and increasing economic inequality remains a
challenge for further reducing poverty and hunger.33 In
low-income countries, the prevalence of undernutrition and
micronutrient deficiencies remains a persistent challenge.
Addressing this challenge requires increasing the avail-
ability and affordability of micronutrient-rich foods such

as vegetables, fruits, nuts, seeds, and pulses.®° Efforts

to increase the availability and affordability of micronu-
trient-rich foods should be tailored to location-specific
challenges, such as resource conditions, income levels, and
dietary preferences.

Increasingly, small rural markets are recognized for their
role in supplying animal-source foods and other nutri-
ent-dense foods to rural consumers. Ensuring that such
markets are resilient in the face of climate extremes and
climate change (i.e., that roads leading to these markets
remain open during floods and that energy sources sup-
porting such markets remain functioning during floods and
droughts) will be of particular importance for the food and
nutrition security of the rural poor.

Poverty, low human capital, and lack of access to both
social services and adequate infrastructure all limit
access to adequate diets, resulting in poor nutritional sta-
tus. Thus, improving nutrition and diets also requires rural
development strategies that increase incomes and extend
basic services to remote communities.?? In urban areas,
the poor often lack access to healthy and safe foods, and
face other health risks from poor sanitation services, lack
of safe drinking water, and limited access to healthcare.
Increasing access to healthy and safe foods, improving
water and sanitation service provision, and establishing
regulations (particularly for unsafe street foods on which
many of the urban poor depend both as producers and
consumers) would improve the food environment for the
urban poor.34
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4.2.2 INCENTIVIZING HEALTHY DIET CHOICES

Measures are also needed to encourage a dietary shift
from carbohydrate-rich staples to a more diverse diet in
rural areas.®#*? Rural areas of many developing countries
also need to increase consumption of animal-source
foods in order to improve nutrition outcomes 343344 At

the same time, nutrition and diet-related efforts should
focus on more sustainable diets, especially in urban areas
where demand for resource-intensive foods, such as
animal-source foods, fats and oils, and sugar, are increas-
ing. Such a shift is equally vital for health-related reasons.
Although more than 2 billion people worldwide still suffer
from micronutrient deficiencies, the number of people
overweight or obese now exceeds the number of those
with insufficient caloric intake.®*> Common features of a
sustainable, healthy diet include a diversity of foods eaten,
a balance between energy intake and expenditure, and
minimally processed tubers and grains, along with unsalt-
ed seeds and nuts, legumes, fruits, vegetables, and meat
and dairy (in moderate quantities). Small quantities of fish
and aquatic products are included, and processed foods
high in sugar, fat, or salt and low in micronutrients are
heavily restricted.®#634” The implementation of healthy diets
requires careful attention to regional and cultural preferenc-
es as well as crop suitability.

That said, greater availability of healthy food alone is not
likely to precipitate dietary changes. Behavior-change
communication is also essential to promote a dietary shift
from carbohydrate-rich staples to a more diverse diet that
addresses micronutrient deficiencies and to encourage
healthy diet choices in urban settings.3483493% QOther incen-
tives to change behavior include nutrition labeling, adver-
tising restrictions, taxes on unhealthy foods such as sodas,
and nutrition education in schools and health centers.3!

While incentives for behavior change are needed to encour-
age health food choices in both rural and urban settings,
food labeling and taxes on unhealthy foods can increase

food costs, particularly for the urban poor, and labeling
requirements may place small producers at a disadvan-
tage. Therefore, such measures should be accompanied

by efforts that ensure that vulnerable populations have
available and affordable healthy food alternatives, and that
support small producers’ efforts to improve processing and
packaging procedures.

4.2.3 BIOFORTIFIED FOODS AND CROP
VARIETIES

Efforts to develop fortified food, biofortified crop varieties,
and the supplementation of targeted micronutrients must
be strengthened to address potentially reduced nutrient
quality in crops as a result of climate change. Breeding
programs can select for cultivars based on reduced CO,
sensitivity together with other desirable traits, such as heat
and drought stress and high yields. Many international
organizations, in particular the CGIAR, are actively working
to create crop breeds with higher overall micronutrient con-
tents, which would also help offset declines in nutrient den-
sity if adopted in the regions that need them. Biofortified
crops, such as those developed by Harvest Plus, directly
breed selected micronutrients in selected crops, such as
vitamin A in orange-flesh sweet potatoes. Some advances
also have been made in improving soil health for human
health and nutrition, particularly under climate change;
however, it is early to give clear guidelines on adaptation
investments in this area. Other ways to address nutritional
deficiencies in people and crops include expanded fortifica-
tion programs, such as those for flour, salt, or other basic
staples or ingredients.3523%3

Investments in the development of biofortified crop
varieties that supply macro and micronutrients that might
be leached under climate change would ameliorate the
persistence of micronutrient deficiencies in both rural

and urban areas. Varieties that include traits that become
more valuable under climate change, such as improved
drought, heat stress, and submergence tolerance, need to
be increased.
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5. Environmental Sustainability of Agriculture Under Climate Change

Climate change is only one of many risks to global food pro-
duction. Ensuring the sustainability of food supply requires
addressing other environmental challenges, such as the deg-
radation of the natural resource base, and ensuring ecosys-
tem health and resilience to support agricultural production
over the long term. Agricultural production depends on the
global stock of natural resources as well as support and reg-
ulation of ecosystem services, such as nutrient cycling, water
purification, pollination, and biological pest control.3543%
Although land, soils, water, biodiversity, and ecosystem ser-
vices are essential inputs to agricultural production, unsus-
tainable practices and trends threaten the sector’s long-term
sustainability and productivity.356357.358359,360

Investments that target production, incomes, food securi-
ty, and water usage can have important repercussions on
forests, ecosystems, GHG emissions, and environmental
functionality and well-being. Rosegrant et al.,*¢" for exam-
ple, show that direct productivity-enhancing investments,
such as in seed technologies, generally have little initial
impact on environmental qualities but will foster significant
improvements by 2050 at relatively low cost. Other invest-
ment scenarios, such as irrigation expansion and increased
water use efficiency, have minimal negative effects on
forests and GHG emissions. Improved market access
through reduced marketing costs, along with improved
food security, increases the conversion of forestland to
other uses and increases GHG emissions. These results
highlight the importance of developing an investment
portfolio that combines productivity enhancement with
improved water-resource management and market access
while remaining mindful of their direct and indirect effects
on the environment. They also underscore the need to
monitor and regulate land conversions and GHG gasses

as these investments take place. Roy et al.®¢? suggest that
those development pathways that achieve the UN SDGs
and stay within the global 1.5°C warming target by the end
of the 271st century are best positioned to be climate resil-
ient. Adaptation is essential, but achieving adaptation while
striving toward zero emissions will have a greater impact
and be easier to achieve in the longer term.

5.1.1 CLIMATE CHANGE EXACERBATES
AGRICULTURAL IMPACTS ON LAND AND SOILS,
WATER, ECOSYSTEMS, AND BIODIVERSITY

Increased agricultural production to meet growing food
demand has resulted in the expansion of agricultural lands,
largely through the conversion of forest and pasture land to
agricultural use. Globally, there has been an increase in the
amount of land cleared of natural vegetation;®¢® in the inten-
sification of management activities;** and in the simplifica-
tion of landscape structure, such as through an increase in
broad-scale agricultural practices.3652¢636” These land-use
changes and management practices have contributed to
increased food production, but such unsustainable crop
and grazing land management is the largest global driv-

er of land degradation.®% The majority of the world’s soil
resources are in fair, poor, or very poor condition, particular-
ly in developing countries, owing to increasing soil erosion,
loss of soil organic carbon, and nutrient imbalance.?¢°
Climate change exacerbates land-use change and land
degradation in ways that further threaten the long-term
viability of agricultural production.®’® In particular, climate
change accelerates soil erosion on degraded lands due

to more frequent extreme weather events; increases the
risk of forest fires; and changes the distribution of invasive
species, pests and pathogens.®”!

Biodiversity in crops, genetic diversity within crop spe-
cies, microorganisms in agricultural soils, and insect pop-
ulations (through pest control and pollination) all provide
essential inputs and ecosystem services for sustainable
agricultural production.®”2 However, unsustainable agri-
cultural practices such as land expansion, the conversion
of natural habitats to agricultural uses, and the trend
toward monocultures have contributed to the loss of
biodiversity 373374375376 Today, the world market relies on a
small number of crop varieties, and even among some of
the most significant crops, such as sugar cane, soybean,
and groundnut, there are large gaps in the conservation
of genetic resources.®”” Modern agriculture’s depen-
dence on a few major crops with limited genetic diversity
exposes the agricultural system to major risks caused

by climate change.®’® Climate change further contributes
to losses in biodiversity in ways that are detrimental to
agricultural production, such as the decline in global
pollinators.37°28 Historically, the world’s animal, plant life,
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and ecosystem services have proved to be extremely
sensitive to global climate changes. The dramatic climate
changes projected to take place for the 21st century will
result in large-scale biome shifts and significant species
extinctions.®®' These trends intensify the risks to pro-
duction due to pest outbreaks and increased reliance on
chemical pesticides, which further diminishes natural
pest regulation while causing risks to human health and
the environment. 82

Access to water for agricultural production influences
everything from crop choices to yields to the stability of
food supply and resilience to climate change and shocks.
In rainfed systems, water scarcity often is considered to be
the most limiting factor to crop productivity.%8238 Currently,
agriculture is the largest user of freshwater resourc-
es—irrigation accounts for around 70% of all freshwater
withdrawals globally and an even higher share (85%) of
global water consumption. However, irrigated crop areas
generate 40% of global food production on less than one-
third of the world's harvested land and are thus essential
for current and future food production.®8® Climate change
largely affects agricultural producers through changes in
water availability that result from changing rainfall patterns,
more frequent and extreme droughts, floods and storms,
and higher rates of evapotranspiration, which will increase
the water demand of crops and the need for irrigation in
many parts of the world.®# Crops grown in areas already
equipped with irrigation are not as likely to be affected,®”
although some irrigated areas will see significant declines
in water available for irrigation.®® As a result of these
increasing threats to planetary health and the long-term
viability of agricultural systems, climate change adaptation
efforts should emphasize approaches that not only ensure
adequate food production but also help protect the world’s
natural resources, biodiversity, and ecosystems services.

5.1.2 LAND-USE CHANGES UNDER CLIMATE
CHANGE

Climate change and land-use change are inextricably
linked. People use land to ensure and improve their
livelihoods, and climate change shapes the way land
resources are used. Furthermore, land use contributes to
climate change by releasing or sequestering GHG emis-
sions through biogeochemical and biophysical processes.
Since 2000, land-use change alone contributed about 10%
of total anthropogenic CO, emissions.3#%#° Combined

with forestry and other land uses, the Agriculture Forest
and Other Land Uses sector contributes about one-quar-
ter of annual GHG emissions, the equivalent of 10 to 12
Gt CO, e per year.®*' Deforestation and forest degrada-
tion are thought to have two opposite effects depending
on the latitude at which they take place. The firstis a
radiative cooling due to the increase in surface albedo,
and the second is a nonradiative warming effect due the
decrease in evapotranspiration and in surface roughness.
A reduction of forests in the boreal zones is expected to
induce a net cooling because the increase in albedo is
the dominating effect 392393:39439539%397 |n tropical regions,
the net impact is typically a warming due to the domi-
nant influence of evapotranspiration and surface rough-
ness. 398399400401 Although these effects are important, they
do not consider the importance of forests for biodiversity
and ecosystem services.

Of note, IPCC (2018) mitigation pathways incorporate the
use of negative emission technology to offset emissions
and achieve the 1.5°C goal; AR4 also has included such
options. These include Carbon Dioxide Removal (CDR)

and Solar Radiation Management. A CDR tool, in turn, is
Bioenergy with Carbon Capture and Storage (BECCS).
BECCS assumes the conversion of large areas to the gen-
eration of energy technologies with a substantial bioenergy
component. For example, Koornneef et al. (2011)%2 find a
technical potential of BECCS of 10 Gt of CO, e and an eco-
nomic potential of 3.5 Gt of CO, e of negative emissions
per year using technologies such as biomass-integrated
gasification combined cycle and advanced production of
bioethanol through hydrolysis plus fermentation. These
assessments generally have not fully considered national
government strategies, food security goals, water and other
ecosystem and ecosystem service limitations—see, for
example, the work of Turner et al. (2018)°® and Yamagata
et al. (2018).4%4 Stronger collaboration among agricultur-

al research committees; climate scientists; and national
ministries of agriculture, water, and the environment will be
needed to identify feasible mitigation pathways that enable
countries to meet both food security and adaptation goals.

Climate change places additional pressure on a natural-re-
source base and on ecosystems that are already strained
by human activity, in particular by unsustainable agricul-
tural practices. Adaptation options therefore must not only
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sustain food security and human well-being but also con-
sider the environmental implications of agricultural produc-
tion and include actions to address the declining availability
and quality of natural resources, ecosystem services, and
biodiversity.4%> Key adaptation options that are essential for
the agricultural sector’s long-term environmental sustain-
ability and for agricultural livelihoods fall into broad cate-
gories of practices that increase resource-use efficiency;
direct actions to preserve, protect, and enhance natural
resources and ecosystem services; focus on sustainable
intensification in order to reduce pressure to expand agri-
cultural lands; and promote more sustainable and healthy
diets. Many of these adaptive actions have been shown to
be more sustainable when they involve local communities
(i.e., through community-based adaptation, see Forsyth
2013),%%¢ and if they link traditional hardware (such as gray
infrastructure) solutions with green infrastructure solutions,
such as joint dam- and wetland management to adapt to
increased water variability and floods. 4%

5.2.1 RESOURCE-USE EFFICIENCY

Agricultural practices that intensify agricultural produc-
tion while maximizing resource-use efficiency (of water,
land, and energy) also preserve the quantity and quality of
natural resources needed to sustain agricultural production
and agricultural livelihoods over the long term. As climate
change affects the global distribution of temperatures
and precipitations, crop-growing conditions will become
more uncertain and variable. The best strategies to con-
serve agricultural resources seek to use more coordinated
planning processes to maximize synergies and minimize
trade-offs across land, water, and energy resources.*%

Precision agriculture involves the application of methods to
ensure that the appropriate amounts of agricultural inputs,
like fertilizer and water for irrigation, are targeted when and
where they are needed for maximum efficiency. The types
of precision technologies used depend on the farming
system. For example, in developed and middle-income
countries with high productivity, modern technologies
such as monitoring and GPS guidance systems and target
inputs like fertilizer micro doses can improve existing
efficiency. In developing countries characterized by many
small producers, limited input use, and low yields, there is
considerable potential to increase agricultural productivity
and contribute to the food supply through suitable increas-
es in input intensity. However, there are still opportunities

to conserve resources using practices such as the system
of rice intensification. Therefore, opportunities to increase
resource-use efficiency in agriculture should be appropri-
ate for the local context. Appropriately selected practices
to increase resource-use efficiency would ensure greater
environmental flows of water, relieve pressure on land and
soils, and protect ecosystems and forest resources.*®®

Considerable gains in water productivity and yields are
possible in both rainfed and irrigated systems through the
expansion of soil- and water-management practices such
as mulching, water harvesting, and crop rotation. These
practices increase water uptake by crops and increase
water available for crops in rainfed systems*'® and, through
the introduction of water-saving irrigation technologies, in
irrigated systems.#!" Several practices can minimize water
loss in agricultural production while providing more crop
per unit of water, including the restoration of irrigation
infrastructure, like canal lining; the adoption of small-scale
water-conserving irrigation technologies, like sprinkler or
drip systems; and the use of tools for monitoring soil mois-
ture and groundwater levels.

The more judicious use of pesticides and herbicides as
part of a precision agriculture approach, along with environ-
mentally sound agriculture approaches (e.g., on-field crop
diversification, use of wild plants) would increase produc-
tion efficiency and protect the ecosystems and ecosystem
services (e.g., pollinators) on which agriculture depends.
Integrated pest management is a practice generally pro-
posed to meet these goals.*?

Increasing agricultural productivity to meet the growing
demand for food, reduce yield gaps in developing coun-
tries, and improve agricultural livelihoods will require rural
energy development in low-income countries, including
greater energy inputs into agricultural production and value
chains.#® Given limited options to expand traditional fossil
fuel systems in low-income countries, renewable energy
systems and technologies have greater potential to meet
growing energy demand.#'* Other practices can increase
the energy efficiency of agriculture in places where energy
inputs are already high, such as switching from fossil fuels
to solar-powered technologies (e.g., for solar pumps or
cold-storage facilities). Transitioning toward more renew-
able energy sources would offer the further benefits of
reducing GHG emissions and reducing pressure to expand
agricultural land.#15
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Investments in resource-use efficiency can also coaddress
multiple climate change adaptation and mitigation goals.
Importantly, advancements in resource-use efficiency need
to go beyond emissions reductions to include improve-
ments in water-use efficiency and efforts toward land
restoration, biodiversity conservation, and improvements in
water quality.

5.2.2 DIRECT ACTION TO PRESERVE, PROTECT,
AND ENHANCE NATURAL RESOURCES,
ECOSYSTEMS, AND BIODIVERSITY

5.2.2.1 Land and Soils

Land and soils are essential inputs to agricultural produc-
tion. The ability of agriculture to produce crops efficiently
with high yields and high nutritional value depends in

large part on the quality of land and soils available for
agricultural production, especially in low-input production
systems. Use of land and soils for agriculture unavoidably
leads to land degradation and declining soil health over
time.#1® However, many of the same agricultural practices
and management strategies discussed in Section 1 above
slow the decline in land and soil quality so that agricultural
production can be sustained and productivity increased
over time. These practices include locally appropriate sus-
tainable land management practices (e.g., integrated soil
fertility management, conservation agriculture, terracing
and bunds, no-till or minimum-till agriculture) that prevent
land degradation, control soil erosion, improve soil-water
holding capacity, improve soil organic matter, and enhance
soil fertility.#'” Moreover, many of these practices have
direct benefits for the environment and other ecosystem
services. The selection of options should be appropriate for
the local agroecological and farming context to ensure that
benefits are maximized.

5.2.2.2 Water

Water is an essential resource for agricultural production.
Approximately 70% of all freshwater withdrawals are used
in agriculture, and a larger share is consumed in the sec-
tor. However, unsustainable use leads to declining water
availability as well as water quality problems that pose
challenges for human and planetary health and well-being.
Unsustainable groundwater use for irrigation has been well
documented for parts of South Asia#'®*1® and agricultur-

al pollutants levels in water bodies are growing.*? These
problems must be considered and addressed to ensure the
sustainability of irrigated production. Therefore, efforts to

protect and restore water resources are required as part of

a sustainable agriculture approach. Examples include water
harvesting, strengthening institutions for integrated water-re-
sources management across scales, better monitoring
systems to track water availability and quantity (including
loadings of pollutants from crop and livestock production in
water bodies), and reducing both energy subsidies for water
extraction and input subsidies on pesticides and fertilizers.**!

5.2.2.3 Diversification of Agroecosystems

Continuing to mismanage ecosystems and ignore the com-
plex interactions, trade-offs, and interdependencies across
the provisioning services of agriculture and other ecosys-
tem services increases risks to food security and human
well-being.4?? Diversification of agroecosystems—through
greater genetic varieties of important crops and greater
heterogeneity of crop varieties planted in-field as well as
across agricultural landscapes—allows agricultural sys-
tems to function in ways that improve ecosystem services
within agriculture, such as maintenance of soil fertility, crop
production, and pest regulation.#?® Agroforestry systems
provide an example of a highly complex agricultural system
that have been shown to protect crops from extreme
weather events and reduced soil-water availability*?* and

to increase the resilience of agricultural livelihoods.*? Care
needs to be taken with the introduction of exotic species
into seemingly degraded systems that might, in fact, have
high levels of biodiversity.#2¢

Adaptation to climate change and other related threats
also relies on the availability of diverse genetic material:
genes that are unique, combined in unique ways, or car-
ried by multiple crop varieties as well as the wild relatives
of these genes.*?” Genetic diversity is not only important
to avoid catastrophic losses but also to consistently
improve or maintain agricultural productivity. It can also
enhance biomass output per unit of land through better
utilization of nutrients and reduced losses to pests and
diseases.*?® Many important crops could not maintain
commercial status without the regular genetic support of
their wild relatives.*?® There is evidence, however, of the
erosion of some of the genetic diversity in plant material.
This is caused by several factors, including “replacement
of farmers’ varieties/landraces, land clearing, overex-
ploitation, reduced water availability, population pres-
sures, changing dietary habits, and environmental degra-
dation,” among others.**® This has been especially true in
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East and Southeast Asia and in sub-Saharan Africa, and
the overall trend is continuing.#®"

Several pathways are available to maintain plant genet-

ic resources for food and agriculture. In situ and ex situ
conservation, as well as farmer collections of crop genetic
diversity and wild relatives, are important sources of genet-
ic traits for breeding programs that provide climate-resilient
cultivars. In situ conservation—the conservation of crops

in their natural or farm ecosystem—by famers and indige-
nous communities is critical to the development of genetic
material. Proper in situ management, however, depends

on knowledge of the existing crop diversity, including wild
relatives. Surveys, inventories, and support to farmers

to maintain a diverse genetic pool are key instruments

and will have to rely on better linkages and collaboration
between ministries of agriculture and environment, within
and across countries.*%2

National and international gene banks are the main tools
of ex situ conservation. Gene banks have captured the
genetic diversity of many major food crops, such as wheat
and rice, other major crops are not as protected, and little
attention is still paid to the wild relatives of major crops or
to minor but regionally important crops. Therefore, more
capacity is needed to collect and preserve both seed and
vegetatively propagated species in their country of origin,
with duplicates stored elsewhere in facilities that meet
international standards and coordination. Additionally,

the exchange of information should be promoted to avoid
unnecessary redundancy.*3

Protecting natural resources, ecosystems, and biodiver-
sity is essential for the environmental sustainability of
agricultural production and food systems under global
environmental change (including climate change).*** Some
measures aimed at protecting the environment, such as
protections on forested areas or the adoption of on-farm
conservation practices such as conservation agriculture
may have trade-offs with short-term economic benefits,

particularly for small producers that lack viable alternatives.

Other practices, such as integrated pest management,
offer both economic and environmental benefits. Valuing
the environmental externalities (costs) of agricultural pro-
duction may increase incentives to engage in sustainable
practices. Small producers may need additional incentives,
such as payment for environmental services, to adopt and
continue sustainable agricultural practices.

5.2.3 GOVERNANCE OF NATURAL RESOURCES

Improved governance and more effective institutional
arrangements also are needed to identify locally appropri-
ate practices and measures to sustainably manage natural
resources for agriculture.#® Each nation should identify
and implement locally appropriate measures to manage
and stabilize soil organic matter; ensure that adequate
water quantity and quality are available for productive and
domestic purposes; and protect the stock of natural cap-
ital (e.qg., forests), ecosystems, and biodiversity.#% Other
important avenues include (1) a better understanding of
the current state and trends in the condition of soils, water,
biodiversity, and ecosystems through the development of
improved observation and monitoring systems; (2) efforts
to better mainstream agroecology and approaches to
extension services grounded in ecosystem services;

(3) and increased investments into integrated landscape
development.*¥ Institutional strengthening will be required
at multiple scales—from the community to national and
regional levels—to monitor environmental indicators such
as the water tables and to encourage adoption of sus-
tainable agricultural practices such as appropriate crop
selection across a landscape. Policy measures can include
a mix of regulation, incentives, and services to effectively
manage natural resources and promote sustainable agri-
culture practices. 438

Stronger governance of natural resources would improve
outcomes across economic, social, and environmental
dimensions. Strengthening the capacity of institutions to
design effective policies, programs, and interventions—
and monitoring, assessing, and addressing the negative
implications of these interventions—can only lead to
greater environmental sustainability, economic benefits,
and social equity.*%°

5.2.4 EFFORTS TO REDUCE AGRICULTURAL
LAND EXPANSION

Efforts to reduce agricultural land expansion include
direct measures to preserve other land uses, such as
forestry, and measures to sustainably intensify agricul-
tural production on existing cultivated areas. Initiatives
like UNFCCC REDD+, the Bonn Challenge, the CBD Aichi
Target 15, and the Rio+20 land degradation neutrality
goal all aim at reducing deforestation and forest degra-
dation with potentially significant contributions to several
sustainable development goals. However, the potential for
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success and the viability and applicability of the proposed
methods to achieve each initiative’'s goals continue to be
debated: proposed options range from those based on
market mechanisms to those recommending straightfor-
ward forest protection.

Given that deforestation is intimately connected to other
land uses, increasing agricultural output from intensifica-
tion, rather than extensification, has been a key strategy
to preserve important forest areas and was first put
forward by Borlaug (1983).44° The argument is that by
increasing food production from a given amount of land,
the need to clear forest for this production is reduced.
Whether this is what happens in reality is the subject of
some controversy. 41

Many studies that investigate sustainable intensification
opportunities emphasize the role of genomics research
and improved soil and management practices rather

than an increased use of fertilizer, irrigation, or pesticides,
mostly because of the detrimental environmental effects
that high use of these techniques has had on production
systems and neighboring ecosystems following the Green
Revolution. However, in tropical agriculture, management
practices alone are not sufficient in themselves to increase
yields significantly.*#? Even breeding crops with improved
nitrogen uptake ability will be limited by the amount of
nitrogen available in the soil and increasing nitrogen-use
efficiency implies lower protein content, adversely affecting
nutritive value. Improved cropland management, such as
use of cover crops, no-till farming, and intercropping, can
result in higher and more-stable yields,* but these benefits
are often at the lower end of the yield range and can also
be characterized by a time lag, during which production
costs and yield variability increase.** The best way to
increase food production is likely to be through an “inte-
grated nutrient management” approach to intensification
that combines organic and inorganic nutrient sources.*#®

A potential problem is that intensification itself increases
GHG emission, particularly N O (nitrous oxide) if nitroge-
nous fertilizers are used, or CH, if livestock numbers or rice
production are increased.*® Studies that have investigated
the effect of intensification or the use of agronomic practic-
es that increase productivity compared to those currently
in use indicate that, in the long run, the land-sparing effect
prevails with a consequent reduction in deforestation, for-
est degradation, and GHG emissions.447:448449450451,452:453

A forthcoming study supports the finding of previous
studies.*>* The authors show that the adoption of CSA
practices can lead to significant land-sparing, reducing
pressure for the expansion of harvested areas. They find
that the combination of higher yields and the lowering

of commodity prices caused by widespread adoption of
CSA practices for the production of maize, rice, and wheat
reduces producers’ incentives to expand production

into new areas. Even though harvested area for maize
would still expand by 0.4 to 1.8 million hectares over a
2010-50 timeframe, the overall impact across all three
crops would be a decrease in harvested area of between
4 and 26 million hectares. This result is suggestive of
reduced pressure on forests and other natural areas

that might be environmentally significant and rich in
carbon. Furthermore, the adoption of CSA practices
leads to an increase in the concentration of soil organic
carbon, which is beneficial for sustainable production and
production resilience because higher soil organic carbon
concentrations increase soil fertility and water retention.

However, the long-run perspective of most of these stud-
ies must be noted. In reality, agricultural intensification
can increase deforestation if the processes of innovation,
adoption, and market adjustment are not instantaneous
or uniform across farmers and regions. During the transi-
tion, early adopters of innovative technologies will gain a
competitive advantage, and thus an incentive to expand
their cultivation area, potentially at the expense of envi-
ronmentally sensitive land. Yield-increasing innovations
should therefore be accompanied by careful monitoring
and regulation of land conversion.

Many practices to sustainably intensify agricultural pro-
duction can be considered climate smart, but the selection
of appropriate practices should consider other potential
environmental externalities, such as loadings of pollutants
in water bodies from an increase in fertilizer use or harm
to pollinators from overuse of pesticides. Furthermore,
the economic benefits of such practices depend on many
other factors, such as labor requirements. Small produc-
ers may have financial, information, or (for women) social
constraints that make them less able to adopt practices to
sustainably intensify production.
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m Dietary Guidelines with Sustainability in Mind

Brazil is a trailblazer in establishing dietary guidelines that take into account core sustainability concerns. Its
2014 guidelines include as a core principle that healthy diets derive from socially and environmentally sustain-
able food systems. They recognize the importance of using natural resources sustainably and protecting the
environment. The dietary guidelines include environmental considerations, such as soil conservation, control of
pests and diseases, use of antibiotics, conservation of forests and biodiversity, and the amount of water and

energy consumed.

Another example is Sweden. The Swedish Dietary Guidelines produced by the National Food Agency provides
detailed suggestions not only on an environmental footprint linked set of guidelines, such as suggesting
reduced consumption of meat, but it is also notable in providing more detailed advice on the selection of plant-
based foods, recommending for example, root vegetables over salad greens, due to their robustness and lower

environmental impact.4®

5.2.5 ENVIRONMENTALLY SUSTAINABLE DIETS

Promoting sustainable and appropriate diets provides
another opportunity for reducing the environmental foot-
print of agricultural production, leading to more sustainable
and healthier food systems (Box 5.1). Increasing resource-
use efficiency has only limited impacts on reducing the
environmental burden of agricultural production, while

a transition to less-impactful diets would have a greater
effect and at the same time keep pace with future human
food demands.#%4” The global food system is currently
characterized by an unbalanced distribution of foods and
nutrients and unsustainable trends—namely, increasing
demand for meat in middle-income countries. Shifting
diets in developed countries away from resource-intensive
foods such as meat show great potential to reduce GHG
emissions from agriculture and the resource intensity of
agricultural production.*%84%° Promoting plant-based diets
by introducing measures to limit demand for resource-in-

tensive foods (especially livestock) should be limited to
areas where animal-source foods are overconsumed and
where reduced meat consumption would provide health
benefits. In this context, greater regulation of unhealthy and
unsustainable foods is another policy lever to encourage
behavior change. However, such changes in behavior likely
will occur only over the long term, as they may conflict with
social and cultural norms.

As with limiting agricultural land expansion, incentives
encouraging environmentally sustainable diets would help
reduce GHG emissions significantly and improve other
environmental outcomes over time. However, there may be
short-term costs as producers and consumers adjust their
behavior to new economic incentives. Poor consumers in
urban areas may face the greatest challenge in adjusting to
healthy diets, particularly if alternative healthy and afford-
able options are not available and accessible.
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6. Guiding Principles for the Implementation of Adaptation Actions

Climate change threatens the global food system both
directly and indirectly, with risks to production, trade and
value chains, environmental sustainability, and food and
nutrition security. Many existing adaptation efforts are
occurring with little organized planning, without specific
information, and by incrementally adjusting to the climate
threat. This form of autonomous adaptation must be
encouraged, organized, and optimized. Most of these
actions are good for development and should be under-
taken regardless of climate change. However, because
of the impending changes, the pace of adaptation must
accelerate to meet key food security, nutrition, devel-
opment, and sustainability objectives. Even if warming
is contained to 1.5°C, significant adaptation efforts are
needed to maintain and increase food production, make
food value chains more resilient, and provide adequate
nutrition to vulnerable populations. Seldom discussed is
the possibility that more catastrophic scenarios, gener-
ally considered outliers, will come to pass. In such case,
even the more “transformative” options identified in this
paper might be inadequate to protect the most vulner-
able. If the number of severely affected people is large,
the consequences for countries, democracies, and the
global economy can be devastating. Policymakers should
be aware of the possibility of such an outcome and be
prepared to deal with the resulting humanitarian and
environmental crises.

We propose a set of guiding principles for developing a
comprehensive adaptation plan based on actions that
either are immediately advantageous or will become neces-
sary as climate change impacts evolve. The relevance and
need for more drastic actions ultimately depend on the
frequency and intensity of extreme weather and on the
severity of climate change impacts.

1. Increased investments in publicly funded agricultural
research are necessary, with a particular emphasis on
addressing the growing risks faced by vulnerable people.

Research underlies the pursuit of most if not all adapta-
tion measures. Investments in agricultural research, in
particular, have led to extraordinary gains in productivity
over the past century. The benefits of investing in agricul-
tural research are clear and well documented, and knowl-
edge arising from agricultural research has been essential

for reducing rural poverty. Sustained investments in public
agricultural research are vital to meet the new challenges
deriving from the constraints of planetary boundaries and
from climate change. Key promising investments include
those in heat tolerance for maize, but other documented
highly beneficial impacts include drought tolerance for
rainfed maize in Africa, nutrient-use efficient rice variet-
ies, and stacked heat- and drought-tolerant varieties of
several crops. Benefits from such investments tend to

be higher if the crops are irrigated and, in some cases,
are linked with key adaptive management practices such
as no-till, precision agriculture, integrated soil and water
management, and crop protection measures. The relative
adaptive effect of these technologies varies by geography
and crop, but accelerated investments and dissemination
of these technologies can reduce the vulnerabilities of
smallholder farmers as well as the efficiency of farmers
in industrialized countries who will account for a growing
share of food exports into some developing countries,
particularly in sub-Saharan Africa, North Africa, and the
Middle East.

Research in genetic engineering can play a critical role in
developing crop varieties and livestock breeds that can
tolerate or even thrive in new climatic environments, the
necessary regulatory frameworks and agreements for their
use must be established. New crop and livestock breeds
derived from novel genome editing technologies hold great
transformative potential. The precise modification of useful
traits can lead to greater productivity, lower risk from pests
and diseases, and greater suitability to unfavorable climate
and growing conditions. Genome editing in staple crops is
particularly promising to address food security issues and
micronutrient deficiencies in developing countries, while
increasing economic returns to small producers. Genetic
modifications in feedstock and cattle also can help reduce
GHG emissions. Alternatives to conventional agricultural
production systems need to play a role in both adaptation
and mitigation.

More research is needed to identify new vulnerabilities

in food supply chains and strategies to mitigate the risks
that a new climate regime can create for processing,
packaging, and storage practices. Importantly, changes in
pest and disease environments associated with increased
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climate-extreme events, including long-term droughts and
recurring floods, have been understudied, as have been
the intersections of such events, overall climate change,
globalization, and spreading of plant and animal disease.
Therefore, research to strengthen local forecasting of
future climate risks and to better account for the costs and
benefits of alternative locally relevant adaptation options
also are needed.

2. The effects of climate change are multifaceted.
Similarly, adaptation options should be evaluated with
multiple objectives in mind. Economic, environmental,
and social implications of adaptation options should all
be part of decision-making processes.

There are many different approaches and perspectives on
adaptation, including CSA practices, sustainable agricul-
ture, and ecosystem-based adaptation. These approaches
differ in some ways, but all acknowledge the synergies
and trade-offs among economic, social, and environmen-
tal objectives. Decisionmakers will base their choices on
national and local priorities, but they should have full infor-
mation about benefits and trade-offs across objectives.
Ideally, decisionmaking would involve input from multiple
stakeholders and perspectives. This should include efforts
to integrate local needs, preferences, and knowledge, such
as through community-based adaptation. Even within the
broad categories described in this report, specific respons-
es can be tailored to maximize economic, social, and
environmental benefits.

For any set of adaptation options, decisionmakers should
consider the following:

e How compatible is the adaptation option with economic
objectives? In particular, what is the potential for the
option to improve the livelihoods of vulnerable produc-
ers and consumers?

* How compatible is the option with planetary health and
the long-term environmental sustainability of agricultur-
al production?

* How equitable is the adaptation option in terms of the
international distribution of food and the distribution of
costs and benefits across social categories?

e What is the feasibility of implementing and scaling the
option based on the current state of global affairs?

3. Challenges as pervasive as those posed by climate
change require responses at different scales, and mul-
tiple actors bear the responsibility of developing and
implementing adaptation actions.

The growing literature on adaptation indicates that to
preserve and improve the functionality of food systems,
farmers, communities, state actors, and the international
community all should take concurrent measures to coun-
teract the negative effects of climate change. Farmers
play an essential role in the adoption of new and benefi-
cial agronomic practices and technologies, but these and
more radical transformations require the full support of
governments, research agencies, and extension ser-
vices. For some adaptation options, farmers are only the
beneficiaries and end users. Climate services, risk man-
agement mechanisms, and some digital technologies
require that government agencies and private industries
collaborate and work at a larger scale—the state or even
regional level—to provide these services. Other forms of
adaptation require that the international community and
governments coordinate and cooperate regionally and
even globally. Trade and trade policies, forms of data col-
lection and sharing, and the management of some public
goods are examples of problems that must be addressed
at a global scale.

4. The effect of risks and extreme events will determine
future responses to climate change but are understudied.
Risk management (of which insurance is only one instru-
ment) and education to risk management are essential
components of adaptation.

Several analyses indicate that the impacts of climate
change will include more frequent floods and droughts,
increased variability in growing conditions, and greater
uncertainty in predicting short-term weather events such
as the onset of rain and dry seasons. The main focus of
discussions and of quantitative modeling has been on
the effects of changes in mean temperatures and pre-
cipitations; the effects of climate change on the volatility
of agricultural production, crop and livestock prices,

and longer-term producer responses to the associated
increased risk have received much less attention. This
shortcoming must be remedied. First, downscaling
climate change projections, understanding how future
precipitation and temperature distributions will differ
from the past, and determining how to deal with multiple
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TABLE 6.1 Evaluation of adaptation options across economic, environmental, and social dimensions

Example
adaptation
Area option Economic implications  Environmental implications  Social implications
Agricultural Expansion of Irrigation increases eco- Irrigation may have negative The costs and benefits are not
production irrigated area nomic returns to production impacts on water availability and  distributed equally across farmers
in most cases quality (depending on how and (e.g., in some cases women face
where it is implemented) and on  greater constraints to adopt and
GHG emissions benefit from irrigation technology)
Food value Climate-proofed  Climate-proofing infrastruc-  The design and implementation ~ The design and implementation
chains infrastructure ture has upfront costs, but  of infrastructure projects must should also consider the social
may contribute to long-term  consider and minimize any implications of infrastructure
economic development possible negative environmental  developments, including which
impacts communities are affected and
which are excluded
Nutrition and Incentivizing Incentives to encourage Environmental implications of There may be negative social
health healthy diet heathier diet choices may healthier diets are likely to be pos- impacts of some incentives
choices have negative short-term itive, particularly if incentives low-  (e.g., taxing unhealthy foods

economic implications (e.q.,
food companies affected by
labeling requirements)

er consumption of resource-inten-

sive foods in developed countries

may increase food costs for
the poor, labeling requirements
may place small producers at a
disadvantage)

Resource-use efficiency can
lower the costs of produc-
tion through more precise
application of inputs

Resource-use
efficiency

Environment

Resource-use efficiency can
preserve and protect natural
resources and ecosystems and
lower GHG emissions

Measures for resource-use effi-
ciency may not benefit all farmers
equally; some technologies may
be prohibitive for the poorest and
most vulnerable farmers

Source: Authors.

risk sources simultaneously are all challenges that the
research community must tackle. Second, even though
some instruments already exist (e.g., insurance, alter-
native agronomic practices and crop systems), many
other forms of risk reduction must be made available to
farmers and to entrepreneurs who may face different
production environments but also must be able to take
advantage of upside risk without running into catastroph-
ic consequences. Third, and equally important, a culture
of risk management must be developed in countries that
traditionally have not used financial instruments to deal
with risk.

5. Adaptation actions need to span the entire food system.

New agricultural technologies, breeds, and varieties alone
will not be sufficient to ensure adaptation in the agricul-
tural sector. With the exception of subsistence farmers, a
well-functioning storage, transportation, transformation,
and marketing system are all needed to connect producers
to markets and to cities where most consumers reside.
Adaptation measures therefore will have to be introduced
along the entire value chain. Adaptation actions will also
have to be adopted by consumers and their governing bod-
ies alike. These may include reducing food waste, changing
consumption patterns, and changing core dietary guidelines.
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6. Transformative change will need investments in insti-
tutional capacity to manage adaptation.

Promising adaptation options require certain enabling con-
ditions to achieve transformative systemic change. Strong
governance institutions are needed to support agricultural
adaptation to climate change by providing better climate
science and information services at locally applicable
scales, fostering innovation, and promoting farmers’ uptake
of adaptation options. Because other sectors (e.g., ener-
gy) will need to implement complementary adaptations

to achieve transformative change, strong governance is
also required for better collaboration and coordination.
Governance institutions can and should mitigate negative
consequences of adaptation actions (e.g., for vulnerable
social groups or the environment) by effectively moni-
toring outcomes across economic, environmental, and
social objectives and engaging multiple stakeholders in the
decisionmaking process.

7. New digital technologies accompanied by capacity
building can lead to transformative outcomes.

Farmers and entrepreneurs have just started to explore
the power of new digital technologies. Technologies that
connect buyers and sellers, enhance product traceability,
improve organoleptic characteristics and product safety,
and efficiently and proportionally deploy inputs not only
offer opportunities to cope with a new climatic environ-
ment but also provide the chance to take advantage of
future market opportunities and reduce market failures.
Some of these technologies are being tested and even
used in some settings, but in truth, we are only at the
infancy of technological innovation, and there is signifi-
cant scope for expansion. It is difficult to overestimate the
potential for radical change that these technologies can
bring to food systems. In general, the use of these technol-
ogies should increase the efficiency of the food production
and distribution systems and therefore help in reducing
GHG emissions, or at least reduce emission intensity.

8. Temporary and seasonal migration can build up
household resilience and improve food security in rural
areas while exacerbating food security challenges in
urban areas. Without proper planning, large-scale migra-
tion could be catastrophic.

Remittances from seasonal migration can play an import-
ant role in improving rural household resilience to short-

and medium-term shocks. However, rural-urban migration
often contributes to a deteriorating food environment in
urban areas. Moreover, long-term and large-scale migra-
tion from the Global South and out of agriculture due to
increasingly unsuitable conditions for agriculture, sea-level
rise and salinization, and loss of fertility and soil degrada-
tion could prove catastrophic if not accurately anticipated
and planned for. In addition to all other adaptation actions,
significant attention should be given to identifying where
such large-scale migration flows are likely to occur and to
developing policy measures and agreements to support the
future livelihoods of such migrants.

9. Reducing GHG emissions can create significant con-
straints for some adaptation actions.

Depending on how the future unfolds, reducing GHG gases
can become a major factor in deciding which adaptation
measures are viable and in determining how they should
be implemented. The use of adaptation measures, such

as chemical fertilizers, irrigation, and cold storage, as well
as trade of agricultural commodities, could be far more
limited in a world that prioritizes mitigation over adapta-
tion. In a sense, increasing the efficiency of production can
be considered a win-win proposition, as it reduces emis-
sion intensity, a goal that many of the adaptation options
reviewed in this paper achieve. However, depending on the
level of warming that will be reached, total emissions can
become a hard constraint, and the reduction of intensity
might not be sufficient. Therefore, adaptation measures
should be evaluated according to their potential effects on
GHG emissions.

These principles and the literature reviewed here can be
used to define a roadmap for adaptation actions (Figure
7.1). Adaptation actions fall into three categories: (1)
actions that should be carried out immediately and require
immediate support, (2) actions relying on existing knowl-
edge and technologies that would benefit from increased
investments and which should be improved and expanded,
and (3) actions that are significantly different from busi-
ness as usual and can transform the agricultural sector.
Some of them will be needed to chart the future of adap-
tation (i.e., financial support, international agreements and
regulatory frameworks; agricultural research). Other mea-
sures facilitate autonomous adaptation and reduce GHG
emission intensity. The latter two categories need increas-
ing investments in research and development as well as
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Climate adaptation options, planning, and responsibilities
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planning and will be responsible for combating progres-
sively challenging climate conditions. The last category in
particular offers the opportunity for large and long-lasting
gains in GHG emissions abatement if mitigation is structur-
ally embedded in them as they are developed.

These categories intersect and the boundaries among
them are only indicative as there are versions of the “do
now" actions that can benefit from more research and
development (e.g., crop and livestock management) or that
be transformational in their own right over time (e.g., rural
energy). We have attempted to indicate the scale at which

these activities are to be implemented or at least who
should take the leadership in promoting them. Some of
them fall in between scales, indicating that from the start
these actions require close collaboration among actors

at different scales. That said, most adaptation measures
require a network of cooperating agents—farmers need sig-
nificant support from government and international agen-
cies to adopt improved farming practices, whereas trade
policies and adaptation finance require the collaboration of
state and international figures—and part of the adaptation
process is the facilitation of this cooperation.
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7. Conclusion

The world faces the unprecedented challenges of increas-
ing food production by 60% to feed a global population that
is projected to reach 9 billion people by 2050. An already
difficult task is made all the more daunting by the impacts
of climate change. A series of actions must be taken and
the right policies and set of incentives must be in place so
that the additional constraints imposed by climate change
do not irreparably disrupt food systems.

Climate change will extend and exacerbate challenges to
achieve global food security in 21st century. It is imperative
that the world responds to these challenges swiftly and
coherently in order to avoid major disruptions to the food
system and irreparable damages to vulnerable communi-
ties and the environment. As demonstrated in this review,
many adaptation actions are within reach, but it is essential
that investments in adaptation and GHG emissions reduc-
tion be expanded significantly.
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55



.ENDNOTES

IPCC (Intergovernmental Panel on Climate Change). 2018. “Summary
for Policymakers.” In V. Masson-Delmotte, P. Zhai, H. O. Portner, D.
Roberts, J Skea, P. R. Shukla, A. Pirani, et al., eds., Global Warming of
1.5°C: An IPCC Special Report on the Impacts of Global Warming of
1.5°C above Pre-industrial Levels and Related Global Greenhouse Gas
Emission Pathways. Geneva: IPCC.

13

Easterling, W. E., P. K. Aggarwal, P. Batima, K. M. Brander, L. Erda, S.
M. Howden, A. Kirilenko, J. Morton, J. F. Soussana, J. Schmidhuber,
et al. 2007. “Food, Fibre and Forest Products.” In M. Parry, O. F.
Canziani, J. P. Palutikof, P. J. van der Linden, and C. E. Hanson, eds.,
Food, Fibre and Forest Products. Climate Change 2007: Impacts,
Adaptation and Vulnerability. Contribution of Working Group Il to the
Fourth Assessment Report of the Intergovernmental Panel on Climate

2 Rosegrant, M. W., J. Koo, N. Cenacchi, C. Ringler, R. Robertson, Change. (Cambridge, UK: Cambridge University Press) 273-313.

M. Fisher, C. Cox, et al. 2014. Food Security in a World of Natural 14 Nelson, G, A. Palazzo, C. Ringler, T. Sulser, and M. Batka. 2009. “The

Resource Scarcity: The Role of Agricultural Technologies. Washington, Role of International Trade in Climate Change Adaptation.” ICTSD

D.C.: IFPRI. and Food & Agricultural Trade Issue Brief No. Geneva, Switzerland;
Washington, D.C.: International Centre for Trade and Sustainable

3 USGCRP (U.S. Global Change Research Program). 2018. Impacts, Development (ICTSD) and International Food & Agricultural
Risks, and Adaptation in the United States: Fourth National Climate Trade Policy Council (IPC). http://www.agritrade.org/documents/
Assessment, Volume Il, eds D. R. Reidmiller, C.W. Avery, D. R. IssueBrief4.pdf
Easterling, K. E. Kunkel, K. L. M. Lewis, T. K. Maycock, and B. C. 15 Nelson, G., H. Valin, R. D. Sands, P. Havlik, H. Ahmmad, D. Deryng,
Stewart. Washington, D.C.: USGCRP. J. Elliott, et al. 2014a. “Climate Change Effects on Agriculture:

4 Lobell, D. B. and Gourdji, S. M. 2012. “The Influence of Climate Economic Responses to Biophysical Shocks.” Proceedings of the
Change on Global Crop Productivity. Plant Physiol.” 160, 1686—1697. I?:/;;/znilgAcademy of Sciences of the United States of America 111,

5  Knight, J,, ?nd S. Harrison. 2012. The impacts (?f climate change 16 FAO (Food and Agriculture Organization of the United Nations). 2016.
on terrestrial Earth surface systems. Nature Climate Change, 3(1), The State of Food and Agriculture: Climate Change, Agriculture and
24-29. https://doi.org/10.1038/nclimate1660. Food Security. Rome: FAO.

6  Rosenzweig, C., J. Elliott, D. Deryng, A. C. Ruane, C. Mdller, A. 17 Parry, M. L, C. Rosenzweig, A. Iglesias, M. Livermore, and G. Fischer.
Arneth, K. J. Boote, et al. 2014. “Assessing Agricultural Risks of 2004. "Effects of Climate Change on Global Food Production
Climate Change in the 21st Century in a Global Gridded Crop Model Under SRES Emissions and Socio-Economic Scenarios.” Global
Intercomparison.” Proceedings of the National Academy of Sciences Environmental Change 14, 53-67.
of the United States of America 111, no. 9: 3268-73. doi: 10.1073/ 18 Nelson, G. C., M. W. Rosegrant, A. Palazzo, I. Gray, C. Ingersoll,
pnas.1222463110. R. Robertson, S. Tokgoz, et al. 2010. Food Security, Farming, and

o ) Climate Change to 2050: Scenarios, Results, Policy Options. IFPRI
7 Brown, L. R. 2018. “Aflatoxins in Food and Feed: Impacts, Risks, and Research Monograph. Washington, D.C.: IFPRI.
Management Strategies.” GCAN Policy Note 9. Washington, D.C.: , o -
IEPRL 19 Stevanovic, M., A. Popp, H. Lotze-Campen, J. P. Dietrich, C. Miiller, M.
Bonsch, C. Schmitz, B. Bodirsky, F. Humpenoder, and |. Weindl. 2016.

8  Darwin, R, M. Tsigas, J. Lewandrowski, and A. Raneses. 1995. World “The Impact of High-End Climate Change on Agricultural Welfare.”
Agriculture and Climate Change: Economic Adaptations. Washington, Science Advances 2, €1501452.

D.C.. USDA. 20 IFPRI (International Food Policy Research Institute). 2019. Global

9  Darwin, R, M. Tsigas, J. Lewandrowski, and A. Raneses. 1996. “Land Food Policy Report, 2019. Washington, D.C.. IFPRI.

Use and Cover in Ecological Economics.” Ecological Economics 17, 21 Elbehri, A, J. Elliot, and T. Wheeler. 2015. Climate Change, Food
157-81. doi:10.1016/S0921-8009(96)80004-8. Security and Trade: An Overview of Global Assessments and Policy
Insights Climate Change and Food Systems. Global Assessments and

10 Fischer, G, K. Frohberg, M. L. Parry, and C. Rosenzweig. 1993. Implications for Food Security and Trade. Rome: FAO.

Climate Change ?nd W(_)rld Food Supply, Demand and Trade. 22 Nelson, G., A. Palazzo, C. Ringler, T. Sulser, and M. Batka. 2009. “The
In Y. Kaya, N. Nakicenovic, W. D. Nordhaus, and F. L. Toth, eds. Role of International Trade in Climate Change Adaptation.” ICTSD
Costs, Impacts and Benefits of COZ Mitigation. Laxenburg, Austria: and Food & Agricultural Trade Issue Brief No. Geneva, Switzerland;
International Institute for Applied Systems Analysis (IIASA). Washington, D.C.: International Centre for Trade and Sustainable

11 Fischer, G., and H. T. Van Velthuizen. 1996. Climate Change and Development (ICTSP) and Internationl FO.Od & Agricultural

Global Agricultural Potential Project A Case Study of Kenya. Trade Pphcy Council (IPC). http://www.agritrade.org/documents/
IssueBrief4.pdf
Laxenburg, Austria: [IASA.
23 Stevanovi¢, M., Popp, A., Lotze-Campen, H., Dietrich, J.P, Miller, C.,

12 Rosenzweig, C., and M. L. Parry. 1994. “Potential Impact of Bonsch, M., Schmitz, C., Bodirsky, B.L., Humpendder, F, Weindl, I,
Climate Change on World Food Supply.” Nature 367, 133-38. 2016. The impact of high-end climate change on agricultural welfare.
doi:10.1038/367133a0 Sci. Adv. 2, e1501452. https://doi.org/10.1126/sciadv.1501452

56 © August2019


http://www.agritrade.org/documents/IssueBrief4.pdf
http://www.agritrade.org/documents/IssueBrief4.pdf

24

25

26

27

28

29

30

31
32

33

34

35

36

37

38

Morton, J. F. 2007. “The Impact of Climate Change on Smallholder
and Subsistence Agriculture.” Proceedings of the National Academy
of Sciences of the United States of America 104, no. 50, 19680-85.

Jalloh, A, G. C. Nelson, T. S. Thomas, R. Zougmoré, and H. Roy-
Macauley, eds. 2013. West African Agriculture and Climate Change:
A Comprehensive Analysis. IFPRI Research Monograph. Washington,
D.C.. IFPRI.

Waithaka, M., T. S. T. Gerald Nelson, and M. Kyotalimye, eds. 2013.
East African Agriculture and Climate Change: A Comprehensive
Analysis. IFPRI Research Monograph. Washington, DC: IFPRI. http://
www.ifpri.org/publication/east-african-agriculture-and-climate-
change.

Hachigonta, S., G. Nelson, T. S. Thomas, and L. M. Sibanda,

eds. 2013. Southern African Agriculture and Climate Change: A
Comprehensive Analysis. IFPRI Research Monograph. Washington,
D.C.: IFPRI. http://www.ifpri.org/publication/southern-african-
agriculture-and-climate-change.

FAO (Food and Agriculture Organization of the United Nations). 2016.

“The State of Food and Agriculture.”

NN. 2018. “Pastoralism and Conflict in the Horn of Africa and the
Sahel.” Population and Development Review 44, no. 4, 857-60.

Smith, P, M. Bustamante, H. Ahammad, H. Clark, H. Dong, E. A.
Elsiddig, H. Haberl, et al. 2014. “Agriculture, Forestry and Other Land
Use (AFOLU)." In O. Edenhofer, R. Pichs-Madruga, Y. Sokona, E.
Farahani, S. Kadner, K. Seyboth, and A. Adler, et al. Climate Change
2074: Mitigation of Climate Change (Cambridge, UK: Cambridge
University Press.) http://www.ipcc.ch/report/ar5/wg3/.

Ibid.

Barnett, J., and S. O'Neill. 2010. “Maladaptation.” Editorial. Global
Environmental Change 20, 211-13.

Klein, R. J. T, G. F. Midgley, B. L. Preston, M. Alam, F. G. H.
Berkhout, K. Dow, and M. R. Shaw. 2014. “Adaptation Opportunities,
Constraints, and Limits.” In Field et al., Climate Change 2074,
899-943.

This background paper updates and builds on the literature used to
develop the Food Security and Climate Change report of the United
Nations (UN) High Level Panel of Experts on Food Security and
Nutrition (HLPE 2012). It also sharpens focus on specific needs for
adaptation options to address identified impacts of climate change
on agricultural production, value chains, and nutrition, as well as
broader environmental challenges.

Rosegrant et al., “Food Security in a World of Natural Resource
Scarcity:”

Short, E. E., C. Caminade, and B. N. Thomas. 2017. “Climate Change
Contribution to the Emergence and Re-Emergence of Parasitic
Diseases.” Infectious Diseases: Research and Treatment 10, 1-7.

Free, C. M., J. T. Thorson, M. L. Pinsky, K. L. Koen, J. Wiedenmann,
and O. P. Jensen. 2019. “Impacts of Historical Warming on Marine
Fisheries Production.” Science 363, no. 6430, 979-83.

IPCC (Intergovernmental Panel on Climate Change). 2014. Climate
Change 2074: Synthesis Report. Contribution of Working Groups

I, Iland Il to the Fifth Assessment Report of the IPCC. https://doi.
org/10.1017/CB09781107415324

39

40

41

42

43

44

45

46

47

48

The International Model for Policy Analysis of Agricultural
Commodities and Trade (IMPACT) is one of several economic
models used to project the long-term effects of climate change

on indicators of agricultural and economic performance. Although
some of the most-used and most-tested models adopt a similar
approach—that is, they are the end point in a sequential integration
of climate, crop, and economic models—their design;, the breadth
of the market and economic sectors they cover; and the underlying
assumptions they make on the interactions between biophysical
events, human behavior, and institutions at large lead to differences
in their relative estimates of global climate impacts by 2050.

Nelson et al. 2014b. “Agriculture and Climate Change in Global
Scenarios: Why Don't the Models Agree.” Agricultural Economics 45,
85-101.

The fact that variance around consumption is smaller compared to
that of the production-side variables (e.g., production, area, trade)
can be interpreted as follows: while generating results of different
magnitudes, models produce qualitatively similar responses

and project that most of the negative productivity effects will be
transferred to the production side (PROD and AREA) and to trade
responses (average of +1%, but with high variance). Nelson et al.
(2014b) also stated that this estimated transfer of shocks represents
a shared view of the response of the food system to climate impacts.
Analyses that use only biophysical impacts underestimate the ability
of the whole food system to respond to shocks.

Wiebe, K. D., H. Lotze-Campen, R. D. Sands, A. Tabeau, D. van der
Mensbrugghe, A. Biewald, and B. Bodirsky, et al. 2015. “Climate
Change Impacts on Agriculture in 2050 Under a Range of Plausible
Socioeconomic and Emissions Scenarios.” Environmental Research
Letters 10, 85010. https://doi.org/10.1088/1748-9326/10/8/085010.

Median impacts on final yields are between -3.8 and 7.2%, and the
average price increases to 15.5%.

Ainsworth, E. A, and S. P. Long. 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, no. 2, 351-72.

Ainsworth, E. A, and D. R. Ort, 2010. “How Do We Improve Crop
Production in a Warming World?" Plant Physiology 154, no. 2,
526-30.

Asseng, S., P. Martre, A. Maiorano, R. P. Rotter, G. J. O'Leary, G. J.
Fitzgerald, C. Girousse, R. Motzo, F. Giunta, M. A. Babar, et al. 2019.
“Climate Change Impact and Adaptation for Wheat Protein.” Global
Change Biology 25, 155-173. https://doi.org/10.1111/gcb.14481.

Sharkey, T. D, C. J. Bernacchi, G. D. Farquhar, and E. L. Singsaas.
2007. "Fitting Photosynthetic Carbon Dioxide Response Curves
for C3 Leaves. Plant.” Cell Environment 30, 1035-40. https://doi.
org/10.1111/}.1365-3040.2007.01710.x

Ruane, A, J. Antle, J. Elliott, C. Folberth, G. Hoogenboom, D. Mason-
D'Croz, C. Miller, C. Porter et al. 2018. “Biophysical and Economic
Implications for Agriculture of +1.5° and +2.0°C Global Warming
Using AgMIP Coordinated Global and Regional Assessments.”
Climate Resilience 76, 17-39.

Adapting the global food system to new climate realities: Guiding principles and priorities * 57


http://www.ifpri.org/publication/east-african-agriculture-and-climate-change
http://www.ifpri.org/publication/east-african-agriculture-and-climate-change
http://www.ifpri.org/publication/east-african-agriculture-and-climate-change
http://www.ipcc.ch/report/ar5/wg3/
https://doi.org/10.1017/CBO9781107415324
https://doi.org/10.1017/CBO9781107415324
https://doi.org/10.1111/gcb.14481
https://doi.org/10.1111/j.1365-3040.2007.01710.x
https://doi.org/10.1111/j.1365-3040.2007.01710.x

49

Asseng, S., Martre, P, Maiorano, A., Rotter, R.P, O'Leary, G.J.,
Fitzgerald, G.J., Girousse, C., Motzo, R., Giunta, F., Babar, M.A,,
Reynolds, M.P, Kheir, AM.S., Thorburn, PJ., Waha, K., Ruane, A.C.,
Aggarwal, PK., Ahmed, M., Balkovi¢, J., Basso, B., Biernath, C., Bindi,
M., Cammarano, D., Challinor, A.J., De Sanctis, G., Dumont, B., Eyshi
Rezaei, E., Fereres, E., Ferrise, R., Garcia-Vila, M., Gayler, S., Gao, Y.,
Horan, H., Hoogenboom, G, Izaurralde, R.C., Jabloun, M., Jones, C.D.,
Kassie, B.T., Kersebaum, K .-C., Klein, C., Koehler, A-K., Liu, B., Minoli,
S., Montesino San Martin, M., Mdller, C., Naresh Kumar, S., Nendel,
C., Olesen, J.E., Palosuo, T, Porter, J.R., Priesack, E., Ripoche, D.,

59

Beach, R. H., T. B. Sulser, A. Crimmins, N. Cenacchi, J. Cole, N.

K. Fukagawa, D. Mason-D'Croz, S. Myers, M. Sarofim, M. Smith,
and L. H. Ziska. 2019. "A Modeling Approach Combining Elevated
Atmospheric CO2 Effects on Protein, Iron and Zinc Availability with
Projected Climate Change Impacts on Global Diets.” Lancet Planet.
Heal. in print.

Myers, S. S., A. Zanobetti, I. Kloog, P. Huybers, A. D. B. Leakey, A. J.
Bloom, E. Carlisle, et al. 2014. “Increasing CO2 Threatens Human
Nutrition.” Nature 510, 139-42.

61 Four general circulation models (GCMs) were used to represent
Semenov, M.A,, Stockle, C., Stratonovitch, P, Streck, T, Supit, I., Tao, climate change in this analysis: HadGEM2-ES, IPSL-CM5A-LR,
F., Van der Velde, M., Wallach, D., Wang, E., Webber, H., Wolf, J., Xiao, MIROC-ESM-CHEM, and GFDL-ESM2M.
L.,jhzng,tzt.i tho, Z'Hthu' Y.,tEyvegi Ft')’ 200h1 o Clgﬁa:tezghfggf;r;wgpact 62 Dasgupta, S, F. A. Kamal, Z. H. Khan, S. Choudhury, and A. Nishat.
an ? ap‘a ion forwheat protein. 51ob. Lhang. Biol 2o, ' 2015. River Salinity and Climate Change: Evidence from Coastal
hitps://doi.org/10.1111/gcb. 14481 Bangladesh. In World Scientific Reference on Asia and the World

50 Jones, A. G, J. Scullion, N. Ostle, P E. Levy, and D. Gwynn-Jones. Economy, Chapter 9: 205-242.

2014. “Completing the FACE of Elevated CO2 Research.” Environment 63 Trung, N. H. and V. P. D. Tri. 2014. "Possible Impacts of Seawater
International 73, 252—-58. Intrusion and Strategies for Water Management in Coastal Areas in
51 Ruane et al, “Biophysical and Economic Implications.” the Vietnamese Mekong Delta in the Context of Climate Change.” In
Coastal Disasters and Climate Change in Vietnam: Engineering and
52 Schleussner, C. F, D. Deryng, C. Miller, J. Elliott, F. Saeed, C. Folberth, Planning Perspectives, Chapter 10: 219-2.
W. Liu, X. Wang, T. A. M. Pugh, W. Thiery, S. I. Seneviratne, and J. A ‘ adhasher ) q
Rogelj. 2018. “Crop Productivity Changes In 1.5 °C and 2 °C Worlds o4 ROJas.—Do.vvmng, MA P-Nejadhas eml,_T. Harrigan, and S. A )
. L N ) Woznicki. 2017. “Climate Change and Livestock: Impacts, Adaptation
Under Climate Sensitivity Uncertainty.” Environmental Research o )
) and Mitigation.” Climate Risk Management 16, 145-63.
Letters 13. https://doi.org/10.1088/1748-9326/aab63b
) - 65 Crescio, M. |, F. Forastiere, C. Maurella, F. Ingravalle, and G. Ru. 2010.
53 Deryng, D., J. Elliott, C. Folberth, C. Mdiller, T. A. M. Pugh, K. J. Boote, “Heat-Related Mortality in Dairy Cattle: A Case Crossover Study”
D. Conway, A. C. Ruane, D. Gerten, J. W. Jones, et al. 2016. “Regional Preventive Veterinary Medicine 97, 191-97
Disparities in the Beneficial Effects of Rising CO2 Concentrations on ) o
Crop Water Productivity.” Nature Climate Change 6, 786—790. https:// 66 ;l;ang, I‘j et Zl‘ ZO\/] A: Aﬁ;?ﬁ' Ilr;\[ F;.E;a”‘?s e} al, eds., ’g“pacf' )
doi.org/10.1038/nclimate2995 aptat{on, nd Vulnera //ty. art B: Regional aspects. Contribution
of Working Group Il to the Fifth Assessment Report of the

54 Prentice, C., G. D. Farquhar, M. J. R. Fasham, M. L. Goulden, M. Intergovernmental Panel on Climate Change (Cambridge, UK:
Heimann, V. J. Jaramillo, H. S. Kheshgi, C. Le Quéré, R. J. Scholes, Cambridge University Press), 1199-1265.
and D. W“R‘ ‘Wa'l'lace. 2001. "The Carborj Cycle and'Atmospheric 67 FAO (Food and Agriculture Organization of the United Nations).
Carbon Dioxide." In: J. T. Houghton, Y. Ding, D. J. Griggs, M. Noguer, 2018. World Livestock: Transforming the Livestock Sector through the
P J.Van der Linder, X. Dai et al,, eds., Climate Change 2007: The Sustainable Development Goals. Rome: FAO.

Scientific Basis. Contributions of Working Group | to the Third L ) )
) 68 Seo, S. N, and R. Mendelson. 2008. “Animal Husbandry in Africa:
Assessment Report of the Intergovernmental Panel on Climate ) L )
) : ) ) Climate Change Impacts & Adaptation.” African Journal of Agriculture
Change (Cambridge, UK: Cambridge University Press) & Research Economics 2. no. 1 65-82

55 Pritchard, S. G., and J. S. Amthor. 2005. Crops and Environmental 69 Ibid
Change: An Introduction to Effects of Global Warming, Increasing ' 4 .
Atmospheric CO2 And 03 Concentrations, And Soil Salinization on 70 IPCC (Intergovernmen‘tal Paneluon Climate Change). 2014. “Climate
Crop Physiology and Yield. New York: Food Products Press. Change 2014 Synthesis Report”.

56 Schleussner et al, “Crop Productivity Changes” 71 Cltis ||k_e!y that human influence has more than doublgd th"e

probability of occurrence of heat waves in some locations” (IPCC

57 Leakey, A.D. B, E. A. Ainsworth, C. J. Bernacchi, A. Rogers, S. P. Long, 2014, 8).
anj DR Ot |20,09‘ AEI<'evated €02 Effects oanIant Carb”on, N|trc;gen, 72 "Projected changes in climate extremes under different emissions
an Watgr Relations: Six Important LessonAS rom FACE Jourrja scenarios generally do not strongly diverge in the coming two to
of Experimental Botany 60, 2859-76. https://doi.org/10.1093/jxb/ three decades, but these signals are relatively small compared to
erp096. natural climate variability over this time frame” (IPCC 2012, 9).

58 Zavala, J. A, C. L. Casteel, E. H. Delucia, and M. R. Berenbaum. 73 “Globally, in all RCPs, it is likely that the area encompassed by
2008. “Anthropogenic Increase in Carbon Dioxide Compromises monsoon systems will increase, and monsoon precipitation is
Plant Defense against Invasive Insects.” Proceedings of the National likely to intensify and EI Nifio—Southern Oscillation (ENSO) related
Academy of Sciences of the United States of America 105, 5129 LP — precipitation variability on regional scales will likely intensify” (IPCC
5133. https://doi.org/10.1073/pnas.0800568105. 2013, 60).

58 © August 2019


https://doi.org/10.1088/1748-9326/aab63b
https://doi.org/10.1038/nclimate2995
https://doi.org/10.1038/nclimate2995
https://doi.org/10.1093/jxb/erp096
https://doi.org/10.1093/jxb/erp096

74

75

76

77
78

79

80

81

82
83
84
85

86

87

88

89
90

91
92

_____.2013."Summary for Policymakers.” In T. F. Stocker, D. Qin,
G.-K. Plattner, M. Tignor, S. K. Allen, J. Boschung, A. Nauels, Y.
Xia, et al,, eds., Climate Change 2013: The Physical Science Basis.
Contribution of Working Group | to the Fifth Assessment Report of
the Intergovernmental Panel on Climate Change (Cambridge, UK:
Cambridge University Press).

Bathiany, S., V. Dakos, M. Scheffer, and T. M. Lenton. 2018. “Climate

Models Predict Increasing Temperature Variability in Poor Countries.”

Science Advances 4, no. 5. https://doi.org/10.1126/sciadv.aar5809.

De Pinto, A, V. Smith, and R. Robertson. (Forthcoming). “The Role of
Risk in the Context of Climate Change, Land Use Choices and Crop
Production: Evidence from Zambia." Climate Research.

See IPCC (2012).

Thornton, PK., P. J. Ericksen, M. Herrero, and A. J. Challinor. 2014.
“Climate Variability and Vulnerability to Climate Change: A Review.”
Global Change Biology 20, 3313-28. https://doi.org/10.1111/
gcb.12581.

Hlavinka, P, M. Trnka, D. Semeradova, M. Dubrovsky, Z. Zalud, M.,
Mozny. 2009. “Effect of Drought on Yield Variability of Key Crops in
Czech Republic.” Agricultural and Forest Meteorology 149, nos. 3—4,
431-42. https://doi.org/10.1016/j.agrformet.2008.09.004

Rowhani, P, D. B. Lobell, M. Linderman, and N. Ramankutty. 2011.
“Climate Variability and Crop Production in Tanzania.” Agriculture and
Forest Meteorology 151, 449-60.

Comoé, H., R. Finger, and D. Barjolle. 2014. “Farm Management
Decision and Response to Climate Variability and Change in Cote
d'lvoire.” Mitigation and Adaptation Strategies for Global Change 19,
123-42. https://doi.org/10.1007/s11027-012-9436-9.

Thornton et al,, “Climate Variability and Vulnerability.”
Thornton et al., “Climate Variability and Vulnerability”
Comoé et al., “Farm Management Decision and Response.”

Nguyen, T. P. L, G. Seddaiy, S. G. P. Virdis, C. Tidore, M. Pasqui, and
P P. Roggero. 2016. “Perceiving to Learn or Learning to Perceive?
Understanding Farmers’ Perceptions and Adaptation to Climate
Uncertainties.” Agricultural Systems 143, 205—16.

IPCC (Intergovernmental Panel on Climate Change). 2014. “Climate
Change 2074: Synthesis Report.”

UNEP (United Nations Environment Programme). 2018. The
Adaptation Gap Report 2018. Nairobi: UNEP.

Brown, M. E,, E. R. Carr, K. L. Grace, K. Wiebe, C. C. Funk, W.
Attavanich, P. Backlund, and L. Buja. 2017. “Do Markets and Trade
Help or Hurt the Global Food System Adapt to Climate Change?”
Food Policy 68, 154-59.

Stevanovic et al., “The Impact of High-End Climate Change.”

Sutton, W. R,, J. P. Srivastava, M. W. Rosegrant, R. Valmonte-Santos,
and M. Ashwill, 2019. “Striking a Balance Managing El Nifio and La
Nifa in Philippines’ Agriculture.” Washington, D.C.: IFPRI.

This box draws on Koo et al. (2019).

Baye, K., K. Hirvonen, M. Dereje, and R. Remans. 2019. “Energy
and Nutrient Production in Ethiopia, 2011-2015: Implications to
Supporting Healthy Diets and Food Systems.” PLOS One 14, no. 3,
€0213182. https://doi.org/10.1371/journal.pone.0213182.

93

94

95

96

97

98

99

100

101

102

103

104

105

106

Lloyds. 2015. Food System Shock: The Insurance Impacts of Acute
Disruption to Global Food Supply. Lloyds Emerging Risk Report.
London: Lloyds.

Rosegrant et al., “Food Security in a World of Natural Resource
Scarcity:”

Dharmarathna, W. R. S. S., S. Herath, and S. B. Weerakoon. 2014.
“Changing the Planting Date as a Climate Change Adaptation
Strategy for Rice Production in Kurunegala District, Sri Lanka.”
Sustainability Science 9, no. 1, 103-11.

Shrestha, S., P. Deb, and B. T. T. Trang. 2014. "Adaptation Strategies
for Rice Cultivation under Climate Change in Central Vietnam”
Mitigation and Adaptation Strategies for Global Change 21, no. 1,
15-37.

Deb, P, M. S. Babel, and A. F. Denis. 2018. “Multi-GCMs Approach for
Assessing Climate Change Impact on Water Resources in Thailand
Model” Earth Systems and Environment 4, 825.

Deb P, S. Shrestha, and M. S. Babel. 2014. “Forecasting Climate
Change Impacts and Evaluation of Adaptation Options for Maize
Cropping in the Hilly Terrain of Himalayas: Sikkim, India." Theoretical
and Applied Climatology 121, no. 3—4. doi: 10.1007/s00704-014-~
1262-4.

Arefi, H. I, M. Saffari, and R. Moradi. 2017. “Evaluating Planting Date
and Variety Management Strategies for Adapting Winter Wheat to
Climate Change Impacts in Arid Regions.” International Journal of
Climate Change Strategies and Management 9, no. 6, 846—63.

Midega, C. A. 0., J. O. Pittchar, J. A. Pickett, G. W. Hailu, and Z.

R. Khan. 2018. “A Climate-Adapted Push-Pull System Effectively
Controls Fall Armyworm (Spodoptera frugiperda (J E Smith), in Maize
in East Africa.” Crop Protection 105, 10-15.

Yigezu, A. Y., A. Mugera, T. EI-Shater, A. Aw-Hassan, C. Piggin,

A. Haddad, Y. Khalil, and S. Loss. 2018. “Enhancing Adoption of
Agricultural Technologies Requiring High Initial Investment among
Smallholders.” Technological Forecasting and Social Change 134,
199-206.

Bernier, Q., R. Meinzen-Dick, P. Kristjanson, E. Haglund, C. Kovarik,

E. Bryan, C. Ringler, and S. Silvestri. 2015. “Gender and Institutional
Aspects of Climate Smart Agricultural Practices: Evidence from
Kenya.” CCAFS Working Paper No. 79. Copenhagen: CGIAR Research
Program on Climate Change, Agriculture and Food Security (CCAFS).

Hassan, R. 2010. “The Double Challenge of Adapting to Climate
Change while Accelerating Development in Sub-Saharan Africa”
Environment and Development Economics 15, 661-85.

Babu, S. C., A. De Pinto, and N. Paul. 2019. “Strengthening
Institutional Capacity for Disaster Management and Risk Reduction
Through Climate-Resilient Agriculture.” In Disasters, Climate Change
and Food Security: Assessment, Analysis and Action for ASEAN.
Jakarta: Economic Research Institute for ASEAN and East Asia
(forthcoming).

Tavenner, K. and T. A. Crane. 2018. “Gender Power in Kenyan Dairy:
Cows, Commodities, and Commercialization.” Agriculture and Human
Values 35, no. 3, 701-15.

UN (United Nations). 2015a. Paris Agreement [online]. http://unfccc.
int/files/essential_background/convention/application/pdf/english_
paris_agreement.pdf

Adapting the global food system to new climate realities: Guiding principles and priorities * 59


https://doi.org/10.1126/sciadv.aar5809
http://unfccc.int/files/essential_background/convention/application/pdf/english_paris_agreement.pdf
http://unfccc.int/files/essential_background/convention/application/pdf/english_paris_agreement.pdf
http://unfccc.int/files/essential_background/convention/application/pdf/english_paris_agreement.pdf

107

108

109

110

111

112

113

114

115

116

117

118

119

120

The studied CSA technologies included no-till, integrated soil fertility
management, nitrogen-use efficiency, and alternate wet and drying.

De Pinto, A, N. Cenacchi, H. Kwon, J. Koo, and S. Dunston. 2018.
“Climate Smart Agriculture and Global Food-Crop Production”
Contributed paper. Vancouver, CA, International Association of
Agricultural Economists (ICAE).

This draws on Brooks et al. 2019. Figures are reproduced from the
same source.

Bryan, E., S. Theis, J. Choufani, A. De Pinto, R. Meinzen-Dick, and

C. Ringler. 2017. “Gender-Sensitive, Climate-Smart Agriculture for
Improved Nutrition in Africa South of the Sahara,” In 2017 Annual
Trends and Outlook Report (ATOR): A Thriving Agricultural Sector in

a Changing Climate: The Contribution of Climate-Smart Agriculture
to Malabo and Sustainable Development Goals. Eds. A. De Pinto and
J.M. Ulimwengu, Washington, DC: International Food Policy Research
Institute (IFPRI).

Kristjanson, P, E. Bryan, Q. Bernier, J. Twyman, R. Meinzen-Dick, C.
Kieran, C. Ringler, C. Jost and C. Doss. 2017. “Addressing gender

in agricultural research for development in the face of a changing
climate: Where are we and where should we be going?” International
Journal of Agricultural Sustainability 15(5): 482-500.

Tall, A, P. Kristjanson, M. Chaudhury, S. McKune, and R. Zougmore.
2014. "Who Gets the Information? Gender, Power and Equity
Considerations in the Design of Climate Services for Farmers.”
CCAFS Working Paper No. 89. Copenhagen: CGIAR Research
Program on Climate Change, Agriculture and Food Security (CCAFS).

Bernier et al., “Gender and Institutional Aspects of Climate Smart
Agricultural Practices: Evidence from Kenya”

Jost, C., F. Kyazze, J. Naab, S. Neelormi, J. Kinyangi, R. Zougmore,
P Aggarwal, et al. 2016. “Understanding Gender Dimensions

of Agriculture and Climate Change in Smallholder Farming
Communities.” Climate and Development 8, no. 2, 1

Beuchelt, T. D., and L. Badstue. 2013. “Gender, Nutrition, and Climate-
Smart Food Production: Opportunities and Trade-offs.” Food Security
5,no. 5,709-21.

Doss, C. R, and M. L. Morris. 2001. “How Does Gender Affect the
Adoption of Agricultural Innovations? The Case of Improved Maize
Technology in Ghana." Agricultural Economics 25, no. 1, 27-39.

Peterman, A., J. A. Behrman, and A. R. Quisumbing. 2014. A Review
of Empirical Evidence on Gender Differences in Nonland Agricultural
Inputs, Technology, and Services in Developing Countries.” In A.

R. Quisumbing, R. Meinzen-Dick, T. L. Raney, A. Croppenstedt, J.

A. Ehrman, and A. Peteran, eds., Gender in Agriculture: Closing the
Knowledge Gap. New York: Springer.

Perez, C., P. Kristjanson, W. Forch, P. Thornton, and L. Cramer. 2015.
“How Resilient Are Farming Households, Communities, Men and
Women to a Changing Climate in Africa?” Global Environmental
Change 34,95-107.

Peterman, A, A. Quisumbing, J. Behrman, and E. Nkonya. 2011.
“Understanding the Complexities Surrounding Gender Differences
in Agricultural Productivity in Nigeria and Uganda.” Journal of
Development Studies 47, no. 10, 1482-1509.

Deere, C. D. and C. R. Doss. 2006. The Gender Asset Gap: What Do
We Know and Why Does it Matter? Feminist Economics 12 (1-2):
1-50.

121

122

123

124

125

126

127

128

129

130
131

132

133

134

Pereira, H.M., P W. Leadley, V. Proenca, R. Alkemade, J. P
Scharlemann, J. F. Fernandez-Manjarrés, M. B. Araujo, P. Balvanera,
R. Biggs, W. W. Cheung, et al. 2010. “Scenarios for Global Biodiversity
in the 21st Century.” Science 330, no. 6010, 1496-1501.

Parmesan, C. 2007." Influences of Species, Latitudes and
Methodologies on Estimates of Phenological Response to Global
Warming.” Global Change Biology 13, 1860—1872.

Cook, C. N.,R. W. Carter, R. A. Fuller, and M. Hockings. 2012.
“Managers Consider Multiple Lines of Evidence Important for
Biodiversity Management Decisions.” Journal of Environmental
Management 113, 341-46.

Gonzalez, P, R. P. Neilson, J. M. Lenihan, and R. J. Drapek. 2010.
“Global Patterns in the Vulnerability of Ecosystems to Vegetation
Shifts Due to Climate Change.” Global Ecology and Biogeography,
19(6), 755-768.

Cahill, J. A, R. E. Green, T. L. Fulton, M. Stiller, F. Jay, N. Ovsyanikov,
R. Salamzade, J. St. John, I. Stirling, M. Slatkin, et al. 2013. “Genomic
Evidence for Island Population Conversion Resolves Conflicting
Theories of Polar Bear Evolution.” PLoS Genetics 9, no. 3, 1003345

Settele, J.,, R. Scholes, R. Betts, S. Bunn, P . Leadley, D. Nepstad,

J.T. Overpeck, and M.A. Taboada. 2014. Terrestrial and inland
water systems. In: Climate Change 2014: Impacts, Adaptation, and
Vulnerability. Part A: Global and Sectoral Aspects. Contribution

of Working Group Il to the Fifth Assessment Report of the
Intergovernmental Panel on Climate Change [Field, C.B., V.R. Barros,
D.J. Dokken, K.J. Mach, M.D. Mastrandrea, T.E. Bilir, M. Chatterjee,
K.L. Ebi, Y .0. Estrada, R.C. Genova, B. Girma, E.S. Kissel, A.N. Levy,
S. MacCracken, P .R. Mastrandrea, and L.L. White (eds.)]. Cambridge
University Press, Cambridge, United Kingdom and New York, NY,
USA, pp.271-359.

Marti, A. F, and R. S. Dodd. 2018. “Using CRISPR as a Gene Editing
Tool for Validating Adaptive Gene Function in Tree Landscape
Genomics.” Frontiers in Ecology and the Environment 4.

Burke, M. B., E. Miguel, S. Satyanath, J. A. Dykema, and D. B.

Lobell. 2009. “Warming Increases the Risk of Civil War in Africa.”
Proceedings of the National Academy of Sciences of the United States
of America 106, 20670-74.

Rosegrant et al., “Food Security in a World of Natural Resource
Scarcity:”

Ibid.

Ortiz-Bobea, A., and J. Tack. 2018. “Is Another Genetic Revolution
Needed to Offset Climate Change Impacts for US Maize Yields?”
Environmental Research Letters 13 (2018), 124000.

Borlaug, N. E. 2000. “Ending World Hunger: The Promise of
Biotechnology and the Threat of Antiscience Zealotry.” Plant
Physiology 124, no. 2, 487-90.

Ishino, Y., H. Shinagawa, K. Makino, M. Amemura, and A. Nakata.
1987. “Nucleotide Sequence of the lap Gene, Responsible for
Alkaline Phosphatase Isozyme Conversion in Escherichia coli, and
Identification of the Gene Product.” Journal of Bacteriology 1609,
5429-33.

Mojica, F. J., C. Diez-Villasefior, J. Garcia-Martinez, and C. Aimendros.
2009. “Short Motif Sequences Determine the Targets of the
Prokaryotic CRISPR Defence System.” Microbiology 155, 733.

60

° August 2019



135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

Duensing, N., T. Sprink, W. A. Parrott, M. Fedorova, M. A. Lema, J. D.
Wolt, and D. Bartsch. 2018. “Novel Features and Considerations for
ERA and Regulation of Crops Produced by Genome Editing.” Frontiers
in Bioengineering and Biotechnology 6, 79.

Ma, X, M. Mau, and T. F. Sharbel. 2017. “Genome Editing for Global
Food Security.” Trends in Biotechnology 36, 123-27.

Khoury, C. K., A. D. Bjorkman, H. Dempewolf, J. Ramirez-Villegas, L.
Guarino, A. Jarvis, L. H. Rieseberg, and P. C. Struik. 2014. “Increasing
Homogeneity in Global Food Supplies and the Implications for Food
Security.” Proceedings of the National Academy of Sciences of the
United States of America 111, 4001-6.

Duensing, N., Sprink, T, Parrott, W.A., Fedorova, M., Lema, M.A., Wolt,
J.D., Bartsch, D., 2018. Novel Features and Considerations for ERA
and Regulation of Crops Produced by Genome Editing. Front. Bioeng.
Biotechnol. 6, 79. https://doi.org/10.3389/fbioe.2018.0007

Teeken, B., O. Olaosebikan, J. Haleegoah, E. Oladejo, T. Madu, A. Bello,
E. Parkes, C. Egesi, P. Kulakow, H. Kirscht and H. A. Tufan. 2018.
“Cassava Trait Preferences of Men and Women Farmers in Nigeria:
Implications for Breeding.” Economic Botany 72, no. 3, 263-77.

CGIAR Gender Platform. “Gender Dynamics in Seed Systems.”
https://gender.cgiar.org/gender-dynamics-seed-systems/.

Ward, C., with R. Torquebiau and H. Xie. 2016. “Improved Agricultural
Water Management for Africa’s Drylands.” World Bank Studies.
Conference Edition. Washington, D.C.: World Bank.

Malabo Montpellier Panel. 2018. Water-Wise: Smart Irrigation
Strategies for Africa. Dakar, Senegal: IFPRI.

Devajaran, S. 2011. “Irrigation and Climate Change.” World Bank.
https://blogs.worldbank.org/africacan/irrigation-and-climate-change

Ringler, C., M. W. Rosegrant, N. Perez, and H. Xie. “The Future of
Irrigation: Farmer-Led." In preparation for publication by the World
Bank as a background paper for the WFIF conference. IFPRI
unpublished.

Malabo Montpellier Panel. 2018. Water-Wise: Smart Irrigation
Strategies for Africa.

Bryan, E., C. Ringler, B. Okoba, C. Roncoli, S. Silvestri, and M. Herrero.
2013. "Adapting Agriculture to Climate Change in Kenya: Household
Strategies and Determinants.” Journal of Environmental Management
114,26-35.

Ward, C., with R. Torquebiau and H. Xie. 2016. “Improved Agricultural
Water Management for Africa’s Drylands.” World Bank Studies.
Conference Edition. Washington, D.C.: World Bank

Malabo Montpellier Panel. 2018. Water-Wise: Smart Irrigation
Strategies for Africa.

Ringler, C., M. W. Rosegrant, N. Perez, and H. Xie. “The Future of
Irrigation: Farmer-Led." In preparation for publication by the World
Bank as a background paper for the WFIF conference. IFPRI
unpublished.

Xie, H., N. Perez, C. Ringler, W. Anderson, and L. You. 2018. “Can
Sub-Saharan Africa Feed Itself? The Role of Irrigation Development in
the Region’'s Drylands for Food Security.” Water International 43, no. 6,
796-814.

151

152

153

154

155

156
157

158
159

160

161

162

163

164

165

166

167
168
169
170

Rosegrant, M. W.,, J. Koo, N. Cenacchi, C. Ringler, R. Robertson,

M. Fisher, C. Cox, et al. 2014. Food Security in a World of Natural
Resource Scarcity: The Role of Agricultural Technologies. Washington,
D.C.: IFPRI.

Arndt, C. 2019. "Renewable Energy: Bringing Electricity to Revitalize
Africa’s Rural Areas.” In 2079 Global Food Policy Report (Washington,
D.C.: IFPRI), 60-67.

Theis, S., N. Lefore, R. S. Meinzen-Dick, and E. Bryan. 2018. “What
Happens After Technology Adoption? Gendered Aspects of Small-
Scale Irrigation Technologies in Ethiopia, Ghana, and Tanzania."
Agriculture and Human Values 35, no. 3, 671-84. https://doi.
org/10.1007/s10460-018-9862-8.

WWDR (World Water Development Report). 2018. Nature-based
Solutions for Water. Geneva: UN-Water. https://www.unwater.org/
publications/world-water-development-report-2018/

FAO (Food and Agriculture Organization of the United Nations). 2018.
“World Livestock: Transforming the Livestock Sector”

Ibid.

Delgado, C. 2005. “Rising Demand for Meat and Milk in Developing
Countries: Implications for Grasslands-Based Livestock Production.”
In D. A. McGilloway, ed., Grassland: A Global Resource (Netherlands:
Wageningen Academic Publishers), 20-39.

IMPACT projections (RCP8.5, SSP2, HadGEM climate model).

Arndt, C. 2019. "Renewable Energy: Bringing Electricity to Revitalize
Africa’s Rural Areas.” In 2019 Global Food Policy Report (Washington,
D.C.: IFPRI), 60-67

Bruns, B, C. Ringler, and R. Meinzen-Dick, eds. 2005. Water Rights
Reform: Lessons for Institutional Design. Washington, D.C.: IFPRI.

Meinzen-Dick, R. S., M.A. Janssen, S. Kandikuppa, R. Chaturvedi, K.
Rao, and S. Theis. 2018. “Playing Games to Save Water: Collective
Action Games for Groundwater Management in Andhra Pradesh,
India.” World Development 107, 40—53.

Thornton PK., 2010. “Livestock production: recent trends future
prospects.” Philosophical Transactions of the Royal Society B:
Biological Sciences, 365,2853-2867

Mclntire, J., D. Bourzat, and P. Pingali. 1992. Crop-Livestock
Interactions in Sub-Saharan Africa. Washington, DC.: World Bank

Weind|, I, H. Lotze-Campen, A. Popp, C. Mller, P. Havlik, M. Herrero,
C. Schmitz, and S. Rolinski. 2015. “Livestock in a Changing Climate:
Production System Transitions as an Adaptation Strategy for
Agriculture.” Environmental Research Letters 10, 094021.

NRC (National Research Council). 2009. Emerging Technologies to
Benefit Farmers in Sub-Saharan Africa and South Asia. Washington,
D.C.: National Academies Press

Rojas-Downing, M., A. P. Nejadhashemi, T. Harrigan, and S. A.
Woznicki. 2017. “Climate Change and Livestock: Impacts, Adaptation
and Mitigation.” Climate Risk Management 16, 145-63.

NRC. 2009. “Emerging Technologies to Benefit Farmers”
Thornton, “Livestock production: recent trends future prospects.”
Lewin H. A. 2009 “It's A Bull's Market.” Science 323, 478-79.

Scott, N. R. 2006. Impact of Nanoscale Technologies in Animal
Management. Netherlands: Wageningen Academic Publishers.

Adapting the global food system to new climate realities: Guiding principles and priorities * 61


https://gender.cgiar.org/gender-dynamics-seed-systems/
https://blogs.worldbank.org/africacan/irrigation-and-climate-change
https://www.unwater.org/publications/world-water-development-report-2018/
https://www.unwater.org/publications/world-water-development-report-2018/

171

172

173

174

175

176

177

178

179

180

181

182
183

184

185
186

Steinfeld, H., P. Gerber, T. Wassenaar, V. Castel, M. Rosales, and C.
de Haan. 2006. Livestock's Long Shadow: Environmental Issues and
Options. Rome: FAQ.

Popp, A, H. Lotze-Campen, and B. Bodirsky. 2010. “Food
Consumption, Diet Shifts and Associated Non-CO2 Greenhouse
Gases from Agricultural Production.” Global Environmental Change
20, 451-62.

For sheep, see Paganoni, B, G. Rose, C. Macleay, C. Jones, D.J.
Brown, G. Kearney, M. Ferguson, and A. N. Thompson. 2017. “More
Feed Efficient Sheep Produce Less Methane and Carbon Dioxide
When Eating High-Quality Pellets.” Journal of Animal Science 95, no. 9,
3839-50.

Smith, P, et al. 2007. "Agriculture” In B. Metz, O. R. Davidson,

P R., Bosch, R. Dave, and L. A. Meyer, eds., Climate Change
2007: Mitigation. Contribution of Working Group Il to the Fourth
Assessment Report of the Intergovernmental Panel on Climate
Change. Cambridge, UK: Cambridge University Press.

Goddard, L. 2016. “From Science to Service.” Science 353, 1366—-67.

WMO (World Meteorological Organization). 2010. “60 years of
service for your safety and well-being.” Bulletin Vol 59 (7). https:/
ane4bf-datap1.s3-eu-west-1.amazonaws.com/wmocms/
s3fs-public/article_bulletin/related_docs/59_1_message_
en.pdf?LrepGndYIDbUzGsxICVGPIVS_06bIVX.

Lin, B. B. 2011. “Resilience in Agriculture through Crop Diversification:

Adaptive Management for Environmental Change.” BioScience 61,
183-193.

IPCC (Intergovernmental Panel on Climate Change). 2012. Managing
the Risks of Extreme Events and Disasters to Advance Climate
Change Adaptation. A Special Report of Working Groups | and Il of
the Intergovernmental Panel on Climate Change. Cambridge, UK:
Cambridge University Press.

______.2014. "Climate Change 2014: Synthesis Report".

Pugh, T. A. M., C. Mller, J. Elliott, D. Deryng, C. Folberth, S. Olin,

E. Schmid, and A. Arneth, 2016. “Climate Analogues Suggest
Limited Potential for Intensification of Production on Current
Croplands under Climate Change.” Nature Communication 7, 12608.
doi:10.1038/ncomms12608.

Hassan, R. 2010. “The Double Challenge of Adapting to Climate
Change while Accelerating Development in Sub-Saharan Africa”
Environment and Development Economics 15, 661-85.

Ibid.

Popper, A. 2019. “Behold the Beefless ‘Impossible Whopper.”
New York Times, April 1. https://www.nytimes.com/2019/04/01/
technology/burger-king-impossible-whopper.html.

Headey, D., K. Hirvonen, and J. Hoddinott. 2018. “Animal Sourced
Foods and Child Stunting.” American Journal of Agricultural
Economics 100, no. 5, 1302-19. https://doi.org/10.1093/ajae/
aay053.

Ibid.

Alexander, P, C. Brown, A. Arneth, C. Dias, J. Finnigan, D. Moran, and
M. D. A. Rounsevell. 2017. “Could Consumption of Insects, Cultured
Meat or Imitation Meat Reduce Global Agricultural Land Use?” Global
Food Security 15, 22—-32.

187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

Tuomisto, H. L., and M. J. T. de Mattos. 2011. “Environmental
Impacts of Cultured Meat Production.” Environmental Science &
Technology 45, 6117-23. http://dx.doi.org/10.1021/.

Alexander et al. “Could Consumption of Insects, Cultured Meat or
Imitation Meat”

Rodrigues, J., J. Thurlow, W. Landman, C. Ringler, R. Robertson and
T. Zhu. 2016. “The Economic Value of Seasonal Forecasts Stochastic
Economywide Analysis for East Africa.” IFPRI Discussion Paper 1546.
Washington, D.C.: IFPRI.

PARM (Platform for Agricultural Risk Management). 2015. “Platform
for Agricultural Risk Management: Terms of Reference for the Risk
Assessment Studies.” Platform for Agricultural Risk Management.

Choudhary, V. 2015. Agricultural Risk Management in the Face of
Climate Change. Washington, D.C.: World Bank.

OECD (Organisation for Economic Co-operation and Development).
2009. Managing Risk in Agriculture: A Holistic Approach. Paris: OECD
Publishing.

Wagner, G, and M. L. Weitzman. 2018. “Potentially Large Equilibrium
Climate Sensitivity Tail Uncertainty.” Economics Letters 168, 144-46.

Nelson, G., H. Valin, R. D. Sands, P. Havlik, H. Ahmmad, D. Deryng,
J. Elliott, et al. 2074a. “Climate Change Effects on Agriculture:
Economic Responses to Biophysical Shocks.” Proceedings of the
National Academy of Sciences of the United States of America 111,
3274-79.

Lazzaroni, S., and N. Wagner. 2076. “Misfortunes Never Come Singly:
Structural Change, Multiple Shocks and Child Malnutrition in Rural
Senegal.” Economics & Human Biology 23, 246-62.

Harvey, C. A, Z. L. Rakotobe, N. S. Rao, R. Dave, H. Razafimahatratra,
R. H. Rabarijohn, H. Rajaofara, and J. L. MacKinnon. 2014. “Extreme
Vulnerability of Smallholder Farmers to Agricultural Risks and
Climate Change in Madagascar.” Philosophical Transactions of the
Royal Society of London B: Biological Sciences 369, no. 1639.

Nganje, W., R. Hearne, C. Gustafson, and M. Orth. 2008. “Farmers’
Preferences for Alternative Crop and Health Insurance Subsidy.”
Applied Economic Perspectives and Policy 30, no. 2, 333—-51.

Meinzen-Dick, R., N. Johnson, A. R. Quisumbing, J. Njuki, J. A.
Behrman, D. Rubin, A. Peterman, and E. Waithanji. 2014. The Gender
Asset Gap and Its Implications for Agricultural and Rural Development
in Gender in Agriculture (New York: Springer), 91-116.

Komarek, A., A. De Pinto, and V. Smith. (under review). "A Review of
Risks in Agriculture and the Need to Examine Multiple Sources of
Risk Jointly.” Agricultural System.

Smith, V. H., J. W. Glauber, and B. K. Goodwin. 2017. “Time to Reform
the US Federal Agricultural Insurance Program. Agricultural Policy

in Disarray Reforming the Farm Bill.” Washington, D.C.: American
Enterprise Institute.

Babcock, B., and C. E. Hart. 2006. “Crop Insurance: A Good Deal for
Taxpayers?” lowa Agricultural Review 12, no. 3. https://www.card.
iastate.edu/iowa_ag_review/summer_06/IAR.pdf.

Santeramo, F. G, F. Adinolfi, F. Capitanio, and B. K. Goodwin. 20716.
“Farmer Participation, Entry and Exit Decisions in the Italian Crop
Insurance Programme.” Journal of Agricultural Economics 67, no. 3.

62 © August2019


https://ane4bf-datap1.s3-eu-west-1.amazonaws.com/wmocms/s3fs-public/article_bulletin/related_docs/59_1_message_en.pdf?LrnepGndYlDbUzGsxlCVGPlvS_06blVX
https://ane4bf-datap1.s3-eu-west-1.amazonaws.com/wmocms/s3fs-public/article_bulletin/related_docs/59_1_message_en.pdf?LrnepGndYlDbUzGsxlCVGPlvS_06blVX
https://ane4bf-datap1.s3-eu-west-1.amazonaws.com/wmocms/s3fs-public/article_bulletin/related_docs/59_1_message_en.pdf?LrnepGndYlDbUzGsxlCVGPlvS_06blVX
https://ane4bf-datap1.s3-eu-west-1.amazonaws.com/wmocms/s3fs-public/article_bulletin/related_docs/59_1_message_en.pdf?LrnepGndYlDbUzGsxlCVGPlvS_06blVX
https://www.nytimes.com/2019/04/01/technology/burger-king-impossible-whopper.html
https://www.nytimes.com/2019/04/01/technology/burger-king-impossible-whopper.html
https://doi.org/10.1093/ajae/aay053
https://doi.org/10.1093/ajae/aay053
http://dx.doi.org/10.1021/
https://www.card.iastate.edu/iowa_ag_review/summer_06/IAR.pdf
https://www.card.iastate.edu/iowa_ag_review/summer_06/IAR.pdf

203

204

205

206

207

208

209

210

21

212

213

214

215

216

217

218

Trestini, S., S. Szathvary, E. Pomarici, and V. Boatto. 2018.
“Assessing the Risk Profile of Dairy Farms: Application of the Income
Stabilisation Tool in Italy." Agricultural Finance Review 78, no. 2,
195-208.

Was, A, and P. Kobus. 2018. “Factors Differentiating the Level of Crop
Insurance at Polish Farms.” Agricultural Finance Review 78, no. 2,
209-22.

von Negenborn, F, R. Weber, and O. Musshoff. 2018. “Explaining
Weather Related Credit Risk with Evapotranspiration and
Precipitation Indices." Agricultural Finance Review 78, no. 2, 246-61.

Zubor-Nemes, A., J. Fogarasi, and G. Kemény. 2018. “Farmers’
Responses to the Changes in Hungarian Agricultural Insurance
System.” Agricultural Finance Review 78, no. 2, 275-88.

van Asseldonk, M. 2018. “Does Subsidized MPCI Crowd Out
Traditional Market-Based Hail Insurance in the Netherlands?”
Agricultural Finance Review 78, no. 2, 262-74

Smith et al,, “Time to Reform the US Federal Agricultural Insurance
Program”

Lubowski, R. N. et al. 2006. “Environmental Effects of Agricultural
Land-Use Change—The Role of Economics and Policy.” Washington,
D.C.: USDA Economic Research Service.

Lubowski, R. N, A. J. Plantinga, and R. N. Stavins. 2008. “What
Drives Land Use Change in the United States? A National Analysis of
Landowner Decisions.” Land Economics 84, no. 4, 529-50.

Claassen, R, Carriazo, F.,, Cooper, J.C., Hellerstein, D., Ueda et, K.
2011, Grassland to Cropland Conversation in the Northern Plains:
The Role of Crop Insurance, Commodity, and Disaster Programs,’
USDA Economic Research Service.

Miao, R., D. A. Hennessy, and H. Fen. 2014. “Sodbusting, Crop
Insurance, and Sunk Conversion Costs.” Land Economics 90, no. 4
601-22.

Wu, J. 1999. “Crop Insurance, Acreage Decisions, and Nonpoint-
Source Pollution.” American Journal of Agricultural Economics 81, no.
2,305-20.

Babcock, B.A., and D. A. Hennessy. 1996. “Input Demand under Yield
and Revenue Insurance.” American Journal of Agricultural Economics
78,n0.2,416-27.

Smith, V. H., and B. K. Goodwin. 2013. “The Environmental
Consequences of Subsidized Risk Management and Disaster
Assistance Programs.” Annual Review of Resource Economics 5,
35-60.

Goodwin, B. K., and V. H. Smith. 2003. “An Ex-Post Evaluation of
the Conservation Reserve, Federal Crop Insurance, and other
Government Programs: Program Participation and Soil Erosion.”
Journal of Agricultural and Resource Economics 28, no. 2: 201-16.

Mishra, A. K., R. W. Nimon, and H. S. El-Osta. 2005. “Is Moral Hazard
Good for the Environment? Revenue Insurance and Chemical Input
Use.” Journal of Environmental Management 74, 11-20.

Hill, R.V,, N. Kumar, N. Magnan, S. Makhija, F. de Nicola, D. J.
Spielman, P. S. Ward 2019. “Ex ante and ex post effects of hybrid
index insurance in Bangladesh. Journal of Development Economics.
136,1-17.

219

220

221

222

223

224

225

226

227

228

229

230

231

232

233

Clarke, D. J., and N. Kumar. 2016. “Microinsurance Decisions:
Gendered Evidence from Rural Bangladesh.” Gender,
Technology and Development 20, no. 2, 218-41. http://doi.
org/10.1177/0971852416639784.

Delavallade, C., F. Dizon, R. V. Hill, and J. P. Petraud. 2015. Managing
Risk with Insurance and Savings: Experimental Evidence for Male and
Female Farm Managers in West Africa. IFPRI Discussion Paper 1426.
Washington, D.C.: IFPRI.

Carter, M. R, A. de Janvry, E. Sadoulet, and A. Sarris. 2014. Index-
based Weather Insurance for Developing Countries: A Review of
Evidence and a Set of Propositions for Up-scaling. Technical report.
FERDI/Agence Frangaise de Développement, Paris.

Cole, S, X. Giné, X., and J. Vickery. 2013. “How Does Risk
Management Influence Production Decisions? Evidence from a Field
Experiment.” Policy Research Working Paper No. 6546. Washington,
D.C.: World Bank.

Giné, X, R. Townsend, and J. Vickery. 2008. “Patterns of Rainfall
Insurance Participation in Rural India." World Bank Economic Review
22, no. 3, 539-66.

Giné, X, and D. Yang. 2009. “Insurance, Credit, And Technology
Adoption: Field Experimental Evidence from Malawi.” Journal of
Development Economics 89,no. 1, 1-11.

Hill, R. V., M. Robles, and F. Ceballos. 2016. “Demand for a Simple
Weather Insurance Product in India: Theory and Evidence.” American
Journal of Agricultural Economics 98, no. 4, 1250-70.

Hill, R.V,, N. Kumar, N. Magnan, S. Makhija, F. de Nicola, D. J.
Spielman, P. S. Ward 2019. “Ex ante and ex post effects of hybrid
index insurance in Bangladesh. Journal of Development Economics.
136, 1-17.

Binswanger-Mkhize, H. P. 2012. “Is There Too Much Hype about
Index-Based Agricultural Insurance?” Journal of Development Studies
48, no. 2, 187-200.

Tadesse, M. A, B. A. Shiferaw, and O. Erenstein. 2015. “Weather Index
Insurance for Managing Drought Risk in Smallholder Agriculture:
Lessons and Policy Implications for Sub-Saharan Africa.” Agricultural
and Food Economics 3, 26.

See, for example, Ward, P, S. Makhija, and D. Spielman.

2017. "Drought-Tolerant Rice, Weather Index Insurance, and
Comprehensive Risk Management for Smallholders: Evidence from
a Multiyear Field Experiment in India.” IFPRI Discussion Paper 1679.
Washington, D.C.: IFPRI.

World Bank. 2005. Managing Agricultural Production Risk Innovations
in Developing Countries. Report N. 32727-glb. Geneva: Agriculture
and Rural Development Department, World Bank.

Choudhary, “Agricultural Risk Management in the Face of Climate
Change,”

Sumner, D.A., J. M. Alston, and J. W. Glauber. 2010. “Evolution of the
Economics of Agricultural Policy.” American Journal of Agricultural
Economics 92, no. 2: 403-23.

Aker, J. C., and |. M. Mbiti. 2010. “Mobile Phones and Economic
Development in Africa.” Journal of Economic Perspectives 24, no. 3,
207-32.

Adapting the global food system to new climate realities: Guiding principles and priorities * 63


http://doi.org/10.1177/0971852416639784
http://doi.org/10.1177/0971852416639784

234

235

236

237

238

239

240

241

242

243

244

245

246

247

NRC (National Research Council). 1997. Precision Agriculture in

the 271st Century: Geospatial and Information Technologies in Crop
Management. Washington, DC: National Academy Press. https://
www.nap.edu/catalog/5491/precisionagriculture-in-the-21st-century-
geospatialand-information-technologies.

Schimmelpfennig, D. 2016. “Precision Agriculture Technologies
and Factors Affecting Their Adoption.” Amber Waves, December 5.
Washington, D.C.: USDA. www.ers.usda.gov/amber-waves/2016/
december/precision-agriculture-technologies-andfactors-affecting-
their-adoption/.

Busch, C. 2012. “New Technologies Boost Crop Yield, Save Money,
Time and Resources.” Impact, August. http:/extension.colostate.
edu/docs/comm/impact/PrecisionAgriculture.pdf.

Abberton, M., R. Conant, and C. Batello, eds. 2010. Grassland Carbon
Sequestration: Management, Policy and Economics: Proceedings of
the Workshop on the Role of Grassland Carbon Sequestration in the
Mitigation of Climate Change. Integrated Crop Management, vol.

11. Rome: Food and Agriculture Organization of the United Nations
(FAO).

Vallis, I, W. J. Parton, B. A. Keating, and A. W. Wood. 1996.
“Simulation of the Effects of Trash and N Fertilizer Management on
Soil Organic Matter Levels and Yields of Sugarcane.” Soil and Tillage
Research 38, no. 1-2, 115-32.

Pan, Y, R. A. Birdsey, J. Hom, K. McCoullough, and K. Clark. 2006.
“‘Improved Satellite Estimates of Net Primary Productivity from
MODIS Satellite Data at Regional and Local Scales.” Ecological
Applications 16, no. 1, 125-32.

Woodfine, A. 2009. The Potential of Sustainable Land Management
Practices for Climate Change Mitigation and Adaptation in Sub-
Saharan Africa. Rome: FAO.

Thomas, R. 2008. “Opportunities to Reduce the Vulnerability of
Dryland Farmers in Central and West Asia and North Africa to
Climate Change.” Agriculture, Ecosystems & Environment 126, no.
1-2,36-45.

Van Etten, J., E. Beza, L. Calderer, K. Van Duijvendijk, et al. 2016.
“First Experiences with a Novel Farmer Citizen Science Approach:
Crowdsourcing Participatory Variety Selection Through On-Farm
Triadic Comparisons of Technologies (Tricot).” Experimental
Agriculture 55, S1, 1-22.

Beza, E., J. Steinke, J. van Etten, P. Reidsma, C. Fadda, and S. Mittra.
2017. "“What Are the Prospects for Citizen Science in Agriculture?
Evidence from Three Continents on Motivation and Mobile Telephone
Use of Resource-Poor Farmers.” PLoS ONE 12, no. 5, e0175700.
https://doi.org/10.1371/journal.pone.0175700

NCRS (National Resources Conservation Service). 2007. “Precision
Agriculture: NRCS for Emerging Technologies.” Agronomy Technical
Note 1. Washington, D.C.: U.S. Department of Agriculture.

Global Partnership for Sustainable Development Data. 2016. “Data
Initiatives, Global Partnership for Sustainable Development Data”
www.data4sdgs.org/index.php/initiatives/africa-regional-data-cube

FAO (Food and Agriculture Organization of the United Nations). 2017.
Migration. Agriculture and Climate Change. Rome: FAO.

United Nations Office for Disaster Reduction. 2015. Sendai
Framework for Disaster Risk Reduction (20715-2030). Geneva: United
Nations Office for Disaster Reduction.

248

249

250

251

252

253

254

255

256

257

258

259

260

261

UN (United Nations). 2015a. Paris Agreement [online]. http://unfccc.
int/files/essential_background/convention/application/pdf/english_
paris_agreement.pdf

.2015b. Transforming our world: the 2030 Agenda for
Sustainable Development [online]. https:/sustainabledevelopment.
un.org/post2015/transformingourworld

Murina, M. and A. Nicita. 2014. “Trading with conditions: The effect
of sanitary and phytosanitary measures on lower income countries’
agricultural exports”, UNCTAD Policy Issues in International Trade
and Commodities Research Study Series No. 68, 20 p.

Valenzuela, E. and K. Anderson. 2011. “Climate change and food
security to 2050: A global economy-wide perspective.” Contributed
paper for the 55th Annual Conference of the Australian Agricultural
and Resource Economics Society (AARES), 9-11February 2011.
Accessed at https:/tind-customer-agecon.s3.amazonaws.
com/eQefafab-5cd8-45e1-b650-0332e08e5ab3?response-
content-disposition=inline%3B%20filename%2A%3DUTF-
8%27%27Anderson%2520Valenzuela.pdf&response-content-type=ap
plication%2Fpdf&AWSAccessKeyld=AKIAXL7W7Q3XHXDVDQYS&Ex
pires=1564683400&Signature=K73qGGxeSzzNUbkhBajpLnib7hQ%3D

O'Brien, K.L. and R.M. Leichenko. 2000. “Double exposure: assessing
the impacts of climate change within the context of economic
globalization”. Global Environmental Change 10(3): 221-232.

Stevanovic, M., Popp, A., Lotze-Campen, H., Dietrich, J.P, Mdller, C.,
Bonsch, M., Schmitz, C., Bodirsky, B.L., Humpendder, F, Weind|, .,
2016. The impact of high-end climate change on agricultural welfare.
Sci. Adv. 2, e1501452. https://doi.org/10.1126/sciadv.1501452

Flynn, D. F. B., M. Gogol-Prokurat, T. Nogeire, N. Molinari, B. T. Richers,
B. B. Lin, N. Simpson, et al. 2009. “Loss of Functional Diversity under
Land Use Intensification across Multiple Taxa.” Ecology Letters 12,
22-33.

Garnett, T, M. C. Appleby, A. Balmford, |. J. Bateman, T. G. Benton, P
Bloomer, B. Burlingame, et al. 2013. “Sustainable Intensification in
Agriculture: Premises and Policies.” Science 8, no. 341, 33-34.

MacDonald, G. K., K. A. Brauman, S. Sun, K. M. Carlson, E. S. Cassidy,
J. S. Gerber, and P. C. West. 2015. “Rethinking Agricultural Trade
Relationships in an Era of Globalization.” Bioscience 65, 275-89.

Vermeulen, S. J., B. M. Campbell, and J. S. I. Ingram. 2012. “Climate
Change and Food Systems.” Annual Review of Environment and
Resources 37, 195-222.

De Fraiture, C., X. Cai, U. Amarasinghe, M. Rosegrant, and D Molden.
2004. Does Cereal Trade Save Water? The Impact of Virtual Water
Trade on Global Water Use. INMI Research Reports H035342.
Colombo, Sri Lanka: International Water Management Institute.

WTO (World Trade Organization). 2015. “Falling Import Demand,
Lower Commodity Prices Push Down Trade Growth Prospects.”
September 30. https://www.wto.org/english/news_e/pres15_e/
pr752_e.htm.

Brown, M. E., and V. Kshirsagar. 2015. “Weather and International
Price Shocks on Food Prices in the Developing World." Global
Environmental Change 34, 31-40.

Lybbert, T. J.,, and D. A. Sumner. 2012. “Agricultural Technologies
for Climate Change in Developing Countries: Policy Options for
Innovation and Technology Diffusion.” Food Policy 37, 114-23.

64

° August 2019


https://www.nap.edu/catalog/5491/precisionagriculture-in-the-21st-century-geospatialand-information-technologies
https://www.nap.edu/catalog/5491/precisionagriculture-in-the-21st-century-geospatialand-information-technologies
https://www.nap.edu/catalog/5491/precisionagriculture-in-the-21st-century-geospatialand-information-technologies
http://www.ers.usda.gov/amber-waves/2016/december/precision-agriculture-technologies-andfactors-affecting-their-adoption/
http://www.ers.usda.gov/amber-waves/2016/december/precision-agriculture-technologies-andfactors-affecting-their-adoption/
http://www.ers.usda.gov/amber-waves/2016/december/precision-agriculture-technologies-andfactors-affecting-their-adoption/
http://extension.colostate.edu/docs/comm/impact/PrecisionAgriculture.pdf
http://extension.colostate.edu/docs/comm/impact/PrecisionAgriculture.pdf
https://doi.org/10.1371/journal.pone.0175700
http://www.data4sdgs.org/index.php/initiatives/africa-regional-data-cube
http://unfccc.int/files/essential_background/convention/application/pdf/english_paris_agreement.pdf
http://unfccc.int/files/essential_background/convention/application/pdf/english_paris_agreement.pdf
http://unfccc.int/files/essential_background/convention/application/pdf/english_paris_agreement.pdf
https://sustainabledevelopment.un.org/post2015/transformingourworld
https://sustainabledevelopment.un.org/post2015/transformingourworld
https://tind-customer-agecon.s3.amazonaws.com/e0efafa6-5cd8-45e1-b650-0332e08e5ab3?response-content-disposition=inline%3B%20filename%2A%3DUTF-8%27%27Anderson%2520Valenzuela.pdf&response-content-type=application%2Fpdf&AWSAccessKeyId=AKIAXL7W7Q3XHXDVDQYS&Expires=1564683400&Signature=K73qGGxeSzzNUbkhBajpLnib7hQ%3D
https://tind-customer-agecon.s3.amazonaws.com/e0efafa6-5cd8-45e1-b650-0332e08e5ab3?response-content-disposition=inline%3B%20filename%2A%3DUTF-8%27%27Anderson%2520Valenzuela.pdf&response-content-type=application%2Fpdf&AWSAccessKeyId=AKIAXL7W7Q3XHXDVDQYS&Expires=1564683400&Signature=K73qGGxeSzzNUbkhBajpLnib7hQ%3D
https://tind-customer-agecon.s3.amazonaws.com/e0efafa6-5cd8-45e1-b650-0332e08e5ab3?response-content-disposition=inline%3B%20filename%2A%3DUTF-8%27%27Anderson%2520Valenzuela.pdf&response-content-type=application%2Fpdf&AWSAccessKeyId=AKIAXL7W7Q3XHXDVDQYS&Expires=1564683400&Signature=K73qGGxeSzzNUbkhBajpLnib7hQ%3D
https://tind-customer-agecon.s3.amazonaws.com/e0efafa6-5cd8-45e1-b650-0332e08e5ab3?response-content-disposition=inline%3B%20filename%2A%3DUTF-8%27%27Anderson%2520Valenzuela.pdf&response-content-type=application%2Fpdf&AWSAccessKeyId=AKIAXL7W7Q3XHXDVDQYS&Expires=1564683400&Signature=K73qGGxeSzzNUbkhBajpLnib7hQ%3D
https://tind-customer-agecon.s3.amazonaws.com/e0efafa6-5cd8-45e1-b650-0332e08e5ab3?response-content-disposition=inline%3B%20filename%2A%3DUTF-8%27%27Anderson%2520Valenzuela.pdf&response-content-type=application%2Fpdf&AWSAccessKeyId=AKIAXL7W7Q3XHXDVDQYS&Expires=1564683400&Signature=K73qGGxeSzzNUbkhBajpLnib7hQ%3D
https://tind-customer-agecon.s3.amazonaws.com/e0efafa6-5cd8-45e1-b650-0332e08e5ab3?response-content-disposition=inline%3B%20filename%2A%3DUTF-8%27%27Anderson%2520Valenzuela.pdf&response-content-type=application%2Fpdf&AWSAccessKeyId=AKIAXL7W7Q3XHXDVDQYS&Expires=1564683400&Signature=K73qGGxeSzzNUbkhBajpLnib7hQ%3D
https://doi.org/10.1126/sciadv.1501452
https://www.wto.org/english/news_e/pres15_e/pr752_e.htm
https://www.wto.org/english/news_e/pres15_e/pr752_e.htm

262
263
264

265

266

267

268

269

270

271

272
273

274
275

276

277

278

279

280

Wiebe et al., “Climate Change Impacts on Agriculture in 2050."
Ibid.

Nicholls, R. J., and A. Cazenave. 2010. “Sea-Level Rise And Its Impact
On Coastal Zones." Science 328, no. 18, 1517-20.

Elver, H. 2015. “Interim Report of the Special Rapporteur on the Right
to Food.” New York: United Nations General Assembly. http://www.
un.org/en/ga/search/view_doc.asp?symbol=A/70/287.

Tacoli, C., B. Bukhari, and S. Fisher. 2013. Urban Poverty, Food
Security and Climate Change. Human Settlements Working Paper no.
37. London: International Institute for Environment and Development.

IPCC (Intergovernmental Panel on Climate Change). 2014. “Climate
Change 2014: Synthesis Report”.

Whitmee, S., A. Haines, C. Beyrer, F. Boltz, A. G. Capon, B. F. de
Souza Dias, A. Ezeh, et al. 2014. “Safeguarding Human Health in the
Anthropocene Epoch: Report of the Rockefeller Foundation—Lancet
Commission on Planetary Health.” The Lancet 386, no. 10007:
1973-2028.

Shi, L., E. Chu, and J. Debats. 2015. “Explaining Progress in Climate
Adaptation Planning Across 156 U.S. Municipalities.” Journal of the
American Planning Association 81, no. 3, 191-202.

Moretti, C. L., L. M. Mattos, A. G. Calbo, and S. A. Sargent. “2010
Climate Changes and Potential Impacts on Postharvest Quality of
Fruit and Vegetable Crops—A Review." Food Research International
43,1824-32.

FAO (Food and Agriculture Organization of the United Nations).
2071c. Global food losses and food waste — Extent, causes and
prevention. Rome

_____.2017a. Energy-Smart Food for People and Climate. Rome: FAQ.

James, S. J., and C. James. 2010. “The Food Cold-Chain and Climate
Change.” Food Research International 43, 1944-56.

Stevanovic et al,, “The Impact of High-End Climate Change”.

Bandyopadhyay, S., S. Kanji, and L. Wang. 2012. “The Impact of
Rainfall and Temperature Variation on Diarrheal Prevalence in Sub-
Saharan Africa.” Applied Geography 33, 63-72.

Tirado, M. C., R. Clarke, L. A. Jaykus, A. McQuatters-Gollop, and J.
M. Frank. 2010. “Climate Change and Food Safety: A Review.” Food
Research International 43, 1745-65.

Sanders T.H, R.J. Cole, PD. Blankenship, and R.A. Hill.1985. “Relation
of Environmental Stress Duration to Aspergillus flavus Invasion and
Aflatoxin Production in Preharvest Peanuts.” Peanut Science 12: 90-
93. doi:10.3146/pnut.12.2.0011

Thomas, T.S., R.D. Robertson and K.J. Boote. 2019. Evaluating risk
of aflatoxin field contamination from climate change using new
modules inside DSSAT. IFPRI Discussion Paper 1859. Washington,
DC: International Food Policy Research Institute (IFPRI). https:/doi.
0rg/10.2499/p15738coll2.133372

Medina, A., A. Rodriguez, and N. Magan. 2014a. “Climate Change
Factors and A. Flavus: Effects on Gene Expression, Growth and
Aflatoxin Production.” World Mycotoxin Journal 8, no. 2, 171-79.

. 2074b. “Effect of Climate Change on Aspergillus Flavus and
Aflatoxin B1 Production.” Frontiers in Microbiology 5: 348.

281

282

283

284

285

286
287

288

289

290

291

292

293

294

295

296

297

Villers P. 2014. "Aflatoxins and safe storage.” Frontiers in
Microbiology 5:1-6. doi: 10.3389/fmicb.2014.00158.

Nelson, G., J .Bogard, K. Lividini, J. Arsenault, M. Riley, T. B. Sulser,
D. Mason-D’Croz, B. Power, D. Gustafson, M. Herrero, M., et al. 2018.
Income Growth and Climate Change Effects on Global Nutrition
Security to Mid-Century.” Nature Sustainment 1, 773—81. https://doi.
org/10.1038/s41893-018-0192-z

Nelson et al.,, “The Role of International Trade in Climate Change
Adaptation.”

Nelson, G. C., M. W. Rosegrant, A. Palazzo, |. Gray, C. Ingersoll,

R. Robertson, S. Tokgoz, et al. 2010. Food Security, Farming, and
Climate Change to 2050: Scenarios, Results, Policy Options. IFPRI
Research Monograph. Washington, D.C.: IFPRI.

Chomo, V. and de Young, C. 2015. Towards sustainable fish food and
trade in the face of climate change. BIORES, 9(2).

Brown et al., “Do Markets and Trade Help or Hurt?”

Handa, S., and G. Mlay. 2006. “Food Consumption Patterns,
Seasonality and Market Access in Mozambique.” Development in
Southern Africa 23, 541-60.

Tadesse, G. G., B. Algieri, M. Kalkuhl, and J. von Braun. 2014. “Drivers
and Triggers of International Food Price Spikes and Volatility.” Food
Policy 47, no. 8, 117-28.

Schmitz, C., A. Biewald, H. Lotze-Campen, A. Popp, J. P. Dietrich,

B. Bodirsky, M. Krause, and |. Weindl. 2012. “Trading More Food —
Implications for Land Use, Greenhouse Gas Emissions, and the Food
System.” Global Environmental Change 22, no. 1, 189—2009.

Flachsbarth, |, B. Willaarts, H. Xie, G. Pitois, N. D. Mueller, C. Ringler,
and A. Garrido. 2015. The Role of Latin America’s Land and Water
Resources for Global Food Security: Environmental Trade-Offs of
Future Food Production Pathways. PLoS ONE 10(1): e0116733.
https://doi.org/10.1371/journal.pone.0116733.

Martin, W., and D. Laborde Debucquet. 2018. “The Free Flow of
Goods and Food Security and Nutrition.” In 2078 Global Food Policy
Report (Washington, D.C.: IFPRI), 20-29.

Bricefio-Garmendia, C., A. Estache, and N. Shafik. 2004. Infrastructure
Services in Developing Countries: Access, Quality, Costs and Policy
Reform. WPS 3468. Washington, D.C.: World Bank.

Ubilava, D. 2018. “The Role of El Nifio Southern Oscillation in
Commodity Price Movement and Predictability.” American Journal of
Agricultural Economics 100, no. 1, 239-63.

Lee, J., G. Gereffi, and J. Beauvais. 2012. “Global Value Chains and
Agrifood Standards: Challenges and Possibilities for Smallholders
in Developing Countries.” Proceedings of the National Academy of
Sciences of the United States of America 109, 12326-31.

Barnet, J., and J. Campbell. 2010. Climate Change and Small Island
States. New York: Routledge.

Anderson, K., M. lvanic, and W. J. Martin. 2014. “Food Price Spikes,
Price Insulation, and Poverty." In J.-P. Chavas, D. Hummels, and B.
D. Wright, eds., The Economics of Food Price Volatility (Chicago:
University of Chicago Press), 311-39.

Baltzer, K. 2013. “International to Domestic Price Transmission in
Fourteen Developing Countries During the 2007-08 Food Crisis.”
Working Paper. Copenhagen: United Nations University.

Adapting the global food system to new climate realities: Guiding principles and priorities * 65


http://www.un.org/en/ga/search/view_doc.asp?symbol=A/70/287
http://www.un.org/en/ga/search/view_doc.asp?symbol=A/70/287
https://doi.org/10.2499/p15738coll2.133372
https://doi.org/10.2499/p15738coll2.133372
https://doi.org/10.1038/s41893-018-0192-z
https://doi.org/10.1038/s41893-018-0192-z
https://doi.org/10.1371/journal.pone.0116733

298

299

300

301

302

303

304

305
306

307

308

309

310

311

312

Gouel, C., and D. Laborde. 2017. “The Crucial Role of International
Trade in Adaptation to Climate Change.” NBER Working Paper No.
25221. Cambridge, MA: National Bureau of Economic Research
(NBER).

Zilberman, D., J. Zhao, and A. Heiman. 2012. "Adoption versus
Adaptation, with Emphasis on Climate Change.” Annual Review of
Resource Economics 4, no. 1,27-53.

Reardon, T, R. Echeverria, J. Berdegué, B. Minten, L. Liverpool-Tasie,
D. Tschirley, D. Zilberman. 2018. “Rapid transformation of food
systems in developing regions: highlighting the role of agricultural
research.” Agricultural Systems 172, 47-59.

Reardon, T, and D. Zilberman. 2018. “Climate Smart Food Supply
Chains in Developing Countries in an Era of Rapid Dual Change in
Agrifood Systems and the Climate.” In L. Lipper, N. McCarthy, D.
Zilberman, S. Asfaw, and G. Branca, eds., Climate Smart Agriculture.
Natural Resource Management and Policy 52. New York: Springer.

James, S. J., and C. James. 2010. “The Food Cold-Chain and Climate
Change.” Food Research International 43, 1944-56

Arndt, C. 2019. “Renewable Energy: Bringing Electricity to Revitalize
Africa's Rural Areas.” In 2079 Global Food Policy Report (Washington,
D.C.: IFPRI), 60-67.

Graziano da Silva, J., and S. Fan. 2017. Smallholders and
Urbanization: Strengthening Rural-Urban Linkages to End Hunger
and Malnutrition. Global Food Policy Report 2017. Washington D.C.:
IFPRI.

Ibid.

Jacxsens, L., P A Luning, J. der Vorst, F. Devlieghere, R. Leemans,
and M. Uyttendaele. 2010. “Simulation Modelling and Risk
Assessment as Tools to Identify the Impact of Climate Change on
Microbiological Food Safety—The Case Study of Fresh Produce
Supply Chain.” Food Research International 43: 1925-35.

Tirado, M. C., R. Clarke, L. A. Jaykus, A. McQuatters-Gollop, and J.
M. Frank. 2010. “Climate Change and Food Safety: A Review.” Food
Research International 43, 1745-65

Waliyar, F., M. Osiru, H. Sudini, and S. Njoroge. 2013. “Reducing
aflatoxins in groundnuts through integrated management and
biocontrol," In L. J. Unnevehr and D. Grace, eds., Aflatoxins — Finding
Solutions for Improved Food Safety (Washington, D.C.: IFPRI), 1-2.

GLOPAN (Global Panel on Agriculture and Food Systems for
Nutrition). 2016. “Food Systems and Diets: Facing the Challenges of
the 21st Century. London: GLOPLAN. http://glopan.org/sites/default/
files/ForesightReport.pdf.

Berlin, J., U. Sonesson, and A. Tillman. 2008. “Product Chain Actors’
Potential for Greening the Product Life Cycle." Journal of Industrial
Ecology 12,95-110.

USAID (U.S. Agency for International Development). 2016. “Digital
Development for Feed the Future. Low-cost Sensors for Agriculture.”
Key Findings Report. https://static.globalinnovationexchange.org/
s3fs-public/asset/document/USAID%20Sensors4Ag%20Key %20
Findings%20FINAL_FOR%20DISTRIBUTION.pdf.

__ . 20177."How Digital Tools Impact the Value Chain.” https://
www.usaid.gov/sites/default/files/documents/15396/Why_Where_
and_How_Digital_Tools_Impact_the_Value_Chain.pdf.

313

314

315

316

317

318

319

320

321

322

323

324

325

326

Grace, K., F. Davenport, H. Hanson, C. Funk, and S. Shukla. 2015.
“Linking Climate Change and Health Outcomes: Examining the
Relationship between Temperature, Precipitation and Birth Weight in
Africa” Global Environmental Change 35, 125-37.

Zezza, A, B. Davis, C. Azzarri, K. Covarrubias, L. Tasciotti, and G.
Anriquez. 2008. The Impact of Rising Food Prices on the Poor.
Unpublished manuscript. Rome: FAO .

Biewald, A., H. Lotze-Campen, |. Otto, N. Brinckmann, B. Bodirsky,

I. Weindl, A. Popp, and H. J. Schellnhuber. 2015. “The Impact of
Climate Change on Costs of Food and People Exposed to Hunger
at Subnational Scale.” PIK-Report No.128. Background paper to the
World Bank Report Shock Waves: Managing the Impacts of Climate
Change on Poverty.

Rosegrant, M. W,, T. B. Sulser, D. Mason-D'Croz, N. Cenacchi, A. Nin-
Pratt, S. Dunston, T. Zhu, et al. 2017. Quantitative Foresight Modeling
to Inform the CGIAR Research Portfolio. Project Report for USAID.
Washington, D.C.: IFPRI.

Hasegawa, T, S. Fujumori, P. Havlik, H. Valin, B. L. Bodirsky, J. C.
Doelman, T. Fellmann, P. Kyle, P, J. F. L. Koopman, H. Lotze-Campen,
et al. 2018. "Risk of Increased Food Insecurity Under Stringent
Global Climate Change Mitigation Policy." Nature Climate Change 8,
699-703

Robinson, S., D. Mason D'Croz, S. Islam, N. Cenacchi, B. Creamer,
A. Gueneau, G. Hareau, et al. 2015. “Climate Change Adaptation
in Agriculture: Ex Ante Analysis of Promising and Alternative Crop
Technologies Using DSSAT and IMPACT." IFPRI Discussion Paper.
Washington, D.C.: IFPRI.

See, for example, Parry, M. L., C. Rosenzweig, A. Iglesias, G. Fischer,
and A. T. J. Livermore. 1999. “Climate Change and World Food
Security: A New Assessment.” Global Environmental Change 9
(Supplemental Issue): s52-s67.

Vermeulen, S. J., B. M. Campbell, and J. S. I. Ingram. 2012. “Climate
Change and Food Systems.” Annual Review of Environment and
Resources 37, 195-222

Bazzaz, F. A. 1990. “The Response of Natural Ecosystems to the
Rising Global CO2 Levels.” Annual Review of Ecology and Systematics
21,167-96.

Cure, J. D., and B. Acock. 1986. “Crop Responses to Carbon Dioxide
Doubling: A Literature Survey.” Agricultural Forest and Meteorology
38, no. 1/3,127-45.

Idso, K. E., and S. B. Idso. 1994. “Plant Responses to Atmospheric
CO2 Enrichment in the face of Environmental Constraints: A Review
of the Past 10 Years' Research.” Agricultural and Forest Meteorology
69, 153-203.

Hogy, P, and A. Fangmeier. 2009. “Atmospheric CO2 Enrichment
Affects Potatoes: 2 Tuber Quality Traits.” European Journal of
Agronomy 30, 85-94.

Felzer,B. S, T. Cronin, J. M. Reilly, J. M. Melillo, and X. Wang.
2007. “Impacts of Ozone on Trees and Crops.” Compters Rendus
Geoscience 339, 784-98.

Moretti, C. L., L. M. Mattos, A. G. Calbo, and S. A. Sargent. “2010
Climate Changes and Potential Impacts on Postharvest Quality of
Fruit and Vegetable Crops—A Review.” Food Research International
43,1824-32.

66 © August2019


http://glopan.org/sites/default/files/ForesightReport.pdf
http://glopan.org/sites/default/files/ForesightReport.pdf
https://static.globalinnovationexchange.org/s3fs-public/asset/document/USAID%20Sensors4Ag%20Key%20Findings%20FINAL_FOR%20DISTRIBUTION.pdf
https://static.globalinnovationexchange.org/s3fs-public/asset/document/USAID%20Sensors4Ag%20Key%20Findings%20FINAL_FOR%20DISTRIBUTION.pdf
https://static.globalinnovationexchange.org/s3fs-public/asset/document/USAID%20Sensors4Ag%20Key%20Findings%20FINAL_FOR%20DISTRIBUTION.pdf
https://www.usaid.gov/sites/default/files/documents/15396/Why_Where_and_How_Digital_Tools_Impact_the_Value_Chain.pdf
https://www.usaid.gov/sites/default/files/documents/15396/Why_Where_and_How_Digital_Tools_Impact_the_Value_Chain.pdf
https://www.usaid.gov/sites/default/files/documents/15396/Why_Where_and_How_Digital_Tools_Impact_the_Value_Chain.pdf

327

328

329

330

331

332
333

334

335
336

337

338

339

340

341

342

Myers, S. S., A. Zanobetti, I. Kloog, P Huybers, A. D. B. Leakey, A. J.
Bloom, E. Carlisle, et al. 2014. “Increasing CO2 Threatens Human
Nutrition.” Nature 510, 139-42.

McMichael, A, D. Campbell-Lendrum, S. Kovats, S. Edwards, P.
Wilkinson, T. Wilson, R. Nicholls, S. Hales, F. Tanser, D. Le Sueur, et al.
2003. “Global Climate Change." In Comparative Quantification of Health
Risks: Global and Regional Burden of Disease Attributable to Selected
Major Risk Factors. Geneva: World Health Organization. According

to McMichael et al,, climate impacts could increase the burden of
diarrhea by up to 10% by 2030 in some regions. Higher temperatures
encourage the development of pathogens, and water scarcity affects
water quality and the hygiene habits that can prevent diarrhea.

Signorelli, S., C. Azzarri, and C. Roberts. 2016. Malnutrition and
Climate Patterns in the ASALs of Kenya: A Resilience Analysis

Based on a Pseudopanel Dataset. Report prepared by the Technical
Consortium, a project of the CGIAR. Technical Report Series No. 2:
Strengthening the Evidence Base for Resilience in the Horn of Africa.
Nairobi: International Livestock Research Institute.

Springmann, M., D. Mason-D'Croz, S. Robinson, T. Garnett, H. Charles,
J. Godfray, D. Gollin, et al. 2016. “Global and Regional Health Effects
of Future Food Production under Climate Change: A Modelling
Study.” The Lancet 387, no. 10031. http://dx.doi.org/10.1016/S0140-
6736(15)01156-3.

Ruel, M. T, J. L. Garrett, and S. Yosef. 2017. “Food Security and
Nutrition: Growing Cities, New Challenges.” Global Food Policy Report,
20177. Washington, D.C.: IFPRI.

Ibid.

Thornton, PK., P. J. Ericksen, M. Herrero, and A. J. Challinor. 2014.
“Climate Variability and Vulnerability to Climate Change: A Review.”
Global Change Biology 20, 3313-28. https://doi.org/10.1111/
gcb.12581

Fanzo, J., C. Davis, R. McLaren, and J. Choufani. 2018. “The Effect
of Climate Change Across Food Systems: Implications for Nutrition
Outcomes.” Global Food Security 18, 12-19.

Myers et al., “Increasing CO2 Threatens Human Nutrition.”

Medina, A, A. Rodriguez, and N. Magan. 2014a. “Climate Change
Factors and A. Flavus: Effects on Gene Expression, Growth and
Aflatoxin Production.” World Mycotoxin Journal 8, no. 2, 171-79.

. 2014b. “Effect of Climate Change on Aspergillus Flavus and
Aflatoxin BT Production.” Frontiers in Microbiology 5: 348.

Fan, S. 2018. “Food Policy in 2017-2018: Progress, Uncertainty, and
Rising Antiglobalism.” In Global Food Policy Report, 2018. Washington
D.C.. IFPRI.

Nelson, G., J. Bogard, K. Lividini, J. Arsenault, M. Riley, T. B. Sulser,
D. Mason-D’Croz, et al. 2018. “Income Growth and Climate Change
Effects on Global Nutrition Security to Mid-Century.” Nature
Sustainability 1, no. 12: 773-81

Headey, D., K. Hirvonen, and J. Hoddinott. 2018. “Animal Sourced
Foods and Child Stunting.” American Journal of Agricultural
Economics 100, no. 5, 1302—-19. https://doi.org/10.1093/ajae/aay053

Ruel, M. T, J. L. Garrett, and S. Yosef. 2017. “Food Security and
Nutrition: Growing Cities, New Challenges.” Global Food Policy
Report, 2017. Washington, D.C.: IFPRI.

Ibid.

343

344

345

346

347

348

349

350

351

352

353

354

355

356

Krebs, N. F, M. Mazariegos, A. Tshefy, C. Bose, N. Sami, E. Chomba,
W. Carlo, N. Goco, M. Kindem, L.L. Wright, K. M. Hambidge, and the
Complementary Feeding Study Group. 2011. “Meat Consumption Is
Associated with Less Stunting among Toddlers in Four Diverse Low-
Income Settings.” Food and Nutrition Bulletin 32, no. 3, 185-91.

Zhang, Z., P. D. Goldsmith, and A. Winter-Nelson. 2016. “The
Importance of Animal Source Foods for Nutrient Sufficiency in the
Developing World: The Zambia Scenario.” Food and Nutrition Bulletin
37,n0. 3,303-16.

Willett, W., J. Rockstrom, B. Loken, M. Springmann, T. Lang, S.
Vermeulen, T. Garnett, D. Tilman, F. DeClerck, A. Wood, M. Jonell,
M. Clark, et al. 2019. Food in the Anthropocene: The EAT-Lancet
Commission on Healthy Diets from Sustainable Food Systems. The
EAT Lancet Commission.

FAO and FCRN (Food Climate Research Network). 2016. Plates,
Pyramids and Planets. Developments in National Healthy and
Sustainable Dietary Guidelines: A State of Play Assessment. Oxford:
FAO and FCRN. http://www.fao.org/3/a-i5640e.pdf.

Willett, W., J. Rockstrom, B. Loken, M. Springmann, T. Lang, S.
Vermeulen, T. Garnett, D. Tilman, F. DeClerck, A. Wood, M. Jonell,
M. Clark, et al. 2019. Food in the Anthropocene: The EAT-Lancet
Commission on Healthy Diets from Sustainable Food Systems. The
EAT Lancet Commission

Ruel, M. T. 2001. “Can Food-Based Strategies Help Reduce Vitamin
A and Iron Deficiencies? A Review of Recent Evidence.” Washington,
D.C.: IFPRI.

Leroy, J. L. and E. A. Frongillo. 2007. “Can Interventions to Promote
Animal Production Ameliorate Undernutrition?” The Journal of
Nutrition 137, no. 10, 2311-16.

Ruel et al., “Food Security and Nutrition: Growing Cities, New
Challenges.”

Hawkes, C., J. Harris, and S. Gillespie. 2017. “Urbanization and the
Nutrition Transition.” Global Food Policy Report, 2017. Washington,
D.C.. IFPRI.

Chakrabarti, S., A. Kishore, K. Raghunathan, and S. P. Scott. 2018.
“Impact of Subsidized Fortified Wheat on Anaemia in Pregnant Indian
Women." Maternal & Child Nutrition 15, no. 1, €126609.

Martorell, R., M. Ascencio, L. Tacsan, et al. 2015. “Effectiveness
Evaluation of the Food Fortification Program of Costa Rica: Impact
on Anemia Prevalence and Hemoglobin Concentrations in Women
and Children.” American Journal of Clinical Nutrition 107, no. 1,
210-17. doi:10.3945/ajecn.114.097709

Wood, S, K. Sebastian, and S. J. Scherr. 2000. Pilot Analysis of Global
Ecosystems: Agroecosystems, A joint study by International Food
Policy Research Institute and World Resources Institute. Washington,
D.C: IFPRI and World Resources Institute.

Zhang, W, T. H. Ricketts, C. Kremen, K. Carney, and S. M. Swinton.
2007. "Ecosystem Services and Dis-services to Agriculture.”
Ecological Economics 64, no. 2, 253-60.

Millennium Ecosystem Assessment. 2005. Ecosystems and Human
Well-being: Synthesis. Washington, D.C.: Millennium Ecosystem
Assessment.

Adapting the global food system to new climate realities: Guiding principles and priorities * 67


http://dx.doi.org/10.1016/S0140-6736(15)01156-3
http://dx.doi.org/10.1016/S0140-6736(15)01156-3
https://doi.org/10.1111/gcb.12581
https://doi.org/10.1111/gcb.12581
https://doi.org/10.1093/ajae/aay053
http://www.fao.org/3/a-i5640e.pdf

357

358

359

360

361

362

363

364

365

366

367

368

Rockstrém, J., W. Steffen, K. Noone, A. Persson, F. S. Chapin, E. F.
Lambin, et al. 2009. “A Safe Operating Space for Humanity.” Nature
461,472-75.

Steffen, W., K. Richardson, J. Rockstrom, S. E. Cornell, I. Fetzer,

E. M. Bennett, et al. 2015. “Planetary Boundaries: Guiding Human
Development on a Changing Planet.” Science 347, no. 6223, 1259855.
https://doi.org/10.1126/science.1259855.

TEEB (The Economics of Ecosystems and Biodiversity). 2018.
Measuring What Matters in Agriculture and Food Systems: A
Synthesis of the Results and Recommendations of TEEB for
Agriculture and Food's Scientific and Economic Foundations. Geneva:
UN Environment.

Diaz, S, J. Settele, E. Brondizio, H. T. Ngo, M. Gueze, J. Agard,

A. Arneth, P. Balvanera, K. Brauman, et al. 2019. Summary for
policymakers of the Global Assessment Report on Biodiversity
and Ecosystem Services of the Intergovernmental Science-Policy
Platform on Biodiversity and Ecosystem Services. secretariat of
the Intergovernmental Science-Policy Platform on Biodiversity and
Ecosystem Services (IPBES), Bonn, Germany.

Rosegrant, M. W, T. B. Sulser, D. Mason-D'Croz, N. Cenacchi, A. Nin-
Pratt, S. Dunston, T. Zhu, et al. 2017. Quantitative Foresight Modeling
to Inform the CGIAR Research Portfolio. Project Report for USAID.
Washington, D.C.: IFPRI.

Roy, J., P. Tschakert, H. Waisman, S. Abdul Halim, P. Antwi-Agyei, P.
Dasgupta, B. Hayward, M. Kanninen, D. Liverman, C. Okereke, et al.
2018. “Sustainable Development, Poverty Eradication and Reducing
Inequalities.” In V. Masson-Delmotte, P. Zhai, H.-O. Portner, D. Roberts,
J. Skea, PR. Shukla, A. Pirani, W. Moufouma-Okia, C. Péan, R. Pidcock
et al,, eds., Global Warming of 1.5°C. An IPCC Special Report on the
impacts of global warming of 1.5°C above pre-industrial levels and
related global greenhouse gas emission pathways, in the context of
strengthening the global response to the threat of climate change,
sustainable development, and efforts to eradicate poverty. In Press.

Seppelt, R, A. M. Manceur, J. Liu, E. P. Fenichel, and S. Klotz. 2014.
“Synchronized Peak-Rate Years of Global Resources Use.” Ecology
and Society 19, no. 4, 50.

Pimentel, D., P. Hepperly, J. Hanson, D. Douds, and R. Seidel. 2005.
“Environmental, Energetic, and Economic Comparisons of Organic
and Conventional Farming Systems.” BioScience 55, 573—82.

Foley, J. A, R. DeFries, G. P. Asner, C. Barford, G. Bonan, S. R.
Carpenter, F. S. Chapin, M. T. Coe, G. C. Daily, H. K. Gibbs, et al. 2005.
“Global Consequences of Land Use.” Science 309, 570-74.

Van Asselen, S., and P. H. Verburg. 2012. “A Land System
Representation for Global Assessments and Land-Use Modeling.”
Global Change Biology 18, 3125-48.

Vaclavik, T, S. Lautenbach, T. Kuemmerle, and R. Seppelt. 2013.
“Mapping Global Land System Archetypes.” Global Environmental
Change 23, 1637-47.

IPBES (Intergovernmental Science-Policy Platform on Biodiversity
and Ecosystem Services). 2016. “Summary for Policymakers of the
Assessment Report of the Intergovernmental Science-Policy Platform
on Biodiversity and Ecosystem Services on Pollinators, Pollination and
Food Production.” S. G. Potts, V. L. Imperatriz-Fonseca, H. T. Ngo, J. C.
Biesmeijer, T. D. Breeze, L. V. Dicks, L. A. Garibaldi, R. Hill, J. Settele, A.
J. Vanbergen, et al., eds. Bonn: IPBES Secretariat.

369

370

371

372

373

374

375

376

377

378

379

380
381

FAO and ITPS (Intergovernmental Technical Panel on Soils).
2015. Status of the World's Soil Resources (SWSR) — Main Report.
Food and Agriculture Organization of the United Nations and
Intergovernmental Technical Panel on Soils.

Classen, A. T.,, M. K. Sundqvist, J. A. Henning, G. S. Newman, J. A.
Moore, M. A. Cregger, L. C. Moorhead, and C. M. Patterson. 2015.
“Direct and Indirect Effects of Climate Change on Soil Microbial and
Soil Microbial-Plant Interactions: What Lies Ahead?” ESA Centennial
Paper. Ecosphere 6,no. 8, 1-21.

IPBES. 2018. IPBES Assessment Report on Land Degradation and
Restoration. L. Montanarella, R. Scholes, and A. Brainich, eds. Bonn:
IPBES Secretariat.

Power, A. G. 2010. "Ecosystem Services and Agriculture: Tradeoffs
and Synergies.” Philosophical Transactions of the Royal Society B 365,
no. 1554: 2959-71.

Tscharntke, T., A. M. Klein, A. Kruess, |. Steffan-Dewenter, and C.
Thies. 2005. “Landscape Perspectives on Agricultural Intensification
and Biodiversity — Ecosystem Service Management.” Ecology Letters
8,857-74. https://doi.org/10.1111/j.1461-0248.2005.00782.x

Tscharntke, T, Y. Clough, T. C. Wanger, L. Jackson, I. Motzke, .
Perfecto, J. Vandermeer, and A. Whitbread. 2012. “Global Food
Security, Biodiversity Conservation and the Future of Agricultural
Intensification.” Biological Conservation 151, no. 1, 53—-59.

Bianchi, F. J. C. J. H. Booij, and T. Tscharntke. 2006. “Sustainable
Pest Regulation in Agricultural Landscapes: A Review on Landscape
Composition, Biodiversity and Natural Pest Control.” Proceedings of
the Royal Society B: Biological Sciences 273, no. 1595, 1715-27.

Meehan, T. D., B. P. Werling, D. A.Landis, and C. Gratton. 2011.
“Agricultural Landscape Simplification and Insecticide Use in the
Midwestern United States.” Proceedings of the National Academy of
Sciences of the United States of America 108, no. 28, 11500—505.

Khoury, C. K., A. D. Bjorkman, H. Dempewolf, J. Ramirez-Villegas, L.
Guarino, A. Jarvis, L. H. Rieseberg, and P. C. Struik. 2014. “Increasing
Homogeneity in Global Food Supplies and the Implications for Food
Security.” Proceedings of the National Academy of Sciences of the
United States of America 111, 4001-6

Altieri, M. A, C. L. Nicholls, A. Henao, and M. A. Lana. 2015.
“Agroecology and the Design of Climate Change-Resilient Farming
Systems.” Agriculture and Sustainable Development 35, 869-90.

Potts, S. G, J. C. Biesmeijer, C. Kremen, P. Neumann, O. Schweiger,
and W. Kunin. 2010. “Global Pollinator Declines: Trends, Impacts, and
Drivers." Trends in Ecology and Evolution 25, no. 6, 345-53.

IPBES. 2016. “Summary for Policymakers of the Assessment Report”

Settele, J., R. Scholes, R. Betts, S. Bunn, P . Leadley, D. Nepstad,

J.T. Overpeck, and M.A. Taboada. 2014. Terrestrial and inland
water systems. In: Climate Change 2014: Impacts, Adaptation, and
Vulnerability. Part A: Global and Sectoral Aspects. Contribution

of Working Group Il to the Fifth Assessment Report of the
Intergovernmental Panel on Climate Change [Field, C.B., V.R. Barros,
D.J. Dokken, K.J. Mach, M.D. Mastrandrea, T.E. Bilir, M. Chatterjee,
K.L. Ebi, Y .0. Estrada, R.C. Genova, B. Girma, E.S. Kissel, A.N. Levy,
S. MacCracken, P .R. Mastrandrea, and L.L. White (eds.)]. Cambridge
University Press, Cambridge, United Kingdom and New York, NY,
USA, pp.271-350.

68

° August 2019


https://doi.org/10.1126/science.1259855
https://doi.org/10.1111/j.1461-0248.2005.00782.x

382

383

384

385

386

387

388

389

390

391

392

393

394

395

Larsen, A. E. 2013. "Agricultural Landscape Simplification Does Not
Consistently Drive Insecticide Use.” PNAS 110, no. 38, 15330—-335.

Makurira, H. 2010. Water Productivity in Rainfed Agriculture:
Redrawing the Rainbow of Water to Achieve Food Security in Rainfed
Smallholder Systems. Boca Raton, Fla: CRC Press.

Rockstrom, J., and J. Barron. 2007. “Water Productivity in Rainfed
Systems: Overview of Challenges and Analysis of Opportunities
in Water Scarcity-Prone Savannahs.” Irrigation Science 25, no 3,
299-311. https://doi.org/10.1007/s00271-007-0062-3

Ringler, C. 2017. “Investment in Irrigation for Global Food Security.”
IFPRI Policy Note. Washington D.C.: IFPRI.

Jiménez Cisneros, B. E., T. Oki, N. W. Arnell, G. Benito, J. G. Cogley, P.
Doll, T. Jiang, and S. S. Mwakalila. 2014. “Freshwater Resources.” In
C. B. Field, V. R. Barros, D. J. Dokken, K. J. Mach, M. D. Mastrandrea,
T. E. Bilir, M. Chatterjee, et al., eds., Climate Change 2014: Impacts,
Adaptation, and Vulnerability, “Part A: Global and Sectoral Aspects”
(Cambridge, UK: Cambridge University Press) 229-69.

Jiménez Cisneros, B. E., T. Oki, N. W. Arnell, G. Benito, J. G. Cogley, P.
Doll, T. Jiang, and S. S. Mwakalila. 2014. “Freshwater Resources.” In
C. B. Field, V. R. Barros, D. J. Dokken, K. J. Mach, M. D. Mastrandrea,
T. E. Bilir, M. Chatterjee, et al,, eds., Climate Change 2014: Impacts,
Adaptation, and Vulnerability, “Part A: Global and Sectoral Aspects”
(Cambridge, UK: Cambridge University Press) 229-69.

Elliott, J., D. Deryng, C. Miller, K. Frieler, M. Konzmann, D. Gerten, and
M. Glotter, et al. 2014. “Irrigation, Adaptation, and Climate Change.”
Proceedings of the National Academy of Sciences 111, no. 9,
3239-44.

Smith, P, et al. 2007. “Agriculture” In B. Metz, O. R. Davidson,

P R., Bosch, R. Dave, and L. A. Meyer, eds., Climate Change
2007: Mitigation. Contribution of Working Group Il to the Fourth
Assessment Report of the Intergovernmental Panel on Climate
Change. Cambridge, UK: Cambridge University Press.

Le Queré, C., R. Moriarty, R. M. Andrew, G. P. Peters, P. Ciais, P.
Friedlingstein, S. D. Jones, et al. 2015. “Global Carbon Budget 2014.”
Earth System Science Data 7, 47-85.

Smith, P, M. Bustamante, H. Ahammad, H. Clark, H. Dong, E. A.
Elsiddig, H. Haberl, et al. 2014. “Agriculture, Forestry and Other Land
Use (AFOLU)." In O. Edenhofer, R. Pichs-Madruga, Y. Sokona, E.
Farahani, S. Kadner, K. Seyboth, and A. Adler, et al. Climate Change
2074: Mitigation of Climate Change (Cambridge, UK: Cambridge
University Press.) http://www.ipcc.ch/report/ar5/wg3/.

Betts, R. A. 2000. “Offset of the Potential Carbon Sink from Boreal
Forestation by Decreases in Surface Albedo.” Nature 408, 187-90.

Bala, G., K. Caldeira, M. Wickett, T. J. Phillips, D. B. Lobell, C. Delire,
and A. Mirin. 2007. “Combined Climate and Carbon-Cycle Effects of
Large-Scale Deforestation.” Proceedings of the National Academy of
Sciences of the United States of America 104, 6550—55.

Davin, E. L., N. de Noblet-Ducoudré, and P. Friedlingstein, 2007:
Impact of land cover change on surface climate: Relevance of the
radiative forcing concept. Geophys. Res. Lett., 34, L13702.

Brovkin, V., et al. 2013. “Effect of Anthropogenic Land-Use and
Land-Cover Changes on Climate and Land Carbon Storage in CMIP5
Projections for the Twenty-First Century.” Journal of Climate 26, no.
18, 6859-81.

396

397

398

399

400

401

402

403

404

405

406

407

408

409

Schwaiger, H., and D. N. Bird. 2010. “Integration of Albedo Effects
Caused by Land Use Change into the Climate Balance: Should
We Still Account in Greenhouse Gas Units?” Forest Ecology and
Management 260, no. 3, 278.

Wit, H. A. de, A. Bryn, A. Hofgaard, J. Karstensen, M. M. Kvalevag,
and G. P. Peters. 2014. “Climate Warming Feedback from Mountain
Birch Forest Expansion: Reduced Albedo Dominates Carbon Uptake.”
Global Change Biology 20, 2344-55.

Pielke, R. A, G. Marland, R. A. Betts, T. N. Chase, J. L. Eastman, J.

0. Niles, D. D. S. Niyogi, and S. W. Running. 2002. “The Influence of
Land-Use Change and Landscape Dynamics on the Climate System:
Relevance to Climate-Change Policy Beyond the Radiative Effect of
Greenhouse Gases." Philosophical Transactions of the Royal Society
of London A360, 1705-19.

Feddema, J., K. Oleson, G. Bonan, L. Mearns, L. E. Buja, G. A. Meeh|,
and W. M. Washington. 2005. “The Importance of Land-Cover
Change in Simulating Future Climates.” Science 310, 1674-78.

Bala, G., K. Caldeira, M. Wickett, T. J. Phillips, D. B. Lobell, C. Delire,
and A. Mirin. 2007. “Combined Climate and Carbon-Cycle Effects of
Large-Scale Deforestation.” Proceedings of the National Academy of
Sciences of the United States of America 104, 6550—55.

Jackson, R. B, J. T. Randerson, J. G. Canadell, R. G. Anderson,

R. Avissar, D. D. Baldocchi, G. B. Bonan, K. Caldeira, N. S.
Diffenbaugh, and C. B. Field. 2008. “Protecting Climate with Forests.
Environmental Research Letters 3, 044006.

Koornneef, J., P. van Breevoort, C. Hamelinck, C. Hendriks, M.
Hoogwijk, K. Koop, and M. Koper. 2011. “Potential for Biomass

and Carbon Dioxide Capture and Storage.” Ecofys. Available online.
https://www.eenews.net/assets/2011/08/04/document_cw_01.pdf.

Turner P. A, C. B. Field, C. B. Lobell, D. L. Sanches, and K. J. Mach.
2018. “Unprecedented Rates of Land-Use Transformation in
Modelled Climate Change Mitigation Pathways." Nature Sustainability
1,no. 5,240-45.

Yamagata, Y., N. Hanasaki, A. Ito, T. Kinoshita, D. Murakami, and Q.
Zhou. 2018. “Estimating Water—Food—Ecosystem Trade-Offs for the
Global Negative Emission Scenario (IPCC-RCP2. 6).” Sustainability
Science 13, no. 2,301-13.

Rockstrom, J., J. Williams, G. Daily, A. Noble, N. Matthews, L. Gordon,
et al. 2017. “Sustainable Intensification of Agriculture for Human
Prosperity and Global Sustainability.” Ambio 46, no. 1, 4=17. https:/
doi.org/10.1007/s13280-016-0793-6

Forsyth, T. 2013. "“Community-Based Adaptation: A Review of Past
and Future Challenges.” WIREs Climate Change 4, no. 5, 439-46.

Alfarra, A., A. Turton, D. Coates, R. Connor, M. De Souza, O. Unver,

J. Payne, M. McCartney, B. Sonneveld, R. Welling, et al. 2018. "NBS
[Nature-based Solutions] for Managing Water Availability.” In WWAP
(United Nations World Water Assessment Programme), UN-Water.
The United Nations World Water Development Report 2018, 38—50.
Paris, France: UNESCO.

Rasul, G, and B. Sharma 2016. “The Nexus Approach to Water—
Energy—Food Security: An Option for Adaptation to Climate Change.”
Climate Policy 16, no. 6, 682—702.

Smith, P. 2013. “Delivering Food Security without Increasing Pressure
on Land.” Global Food Security 2, 18—23.

Adapting the global food system to new climate realities: Guiding principles and priorities * 69


https://doi.org/10.1007/s00271-007-0062-3
http://www.ipcc.ch/report/ar5/wg3/
https://www.eenews.net/assets/2011/08/04/document_cw_01.pdf
https://doi.org/10.1007/s13280-016-0793-6
https://doi.org/10.1007/s13280-016-0793-6

410

411

412

413

414

415

416

417

418

419

420

421

422

Rockstrom, J., and J. Barron. 2007. “Water Productivity in Rainfed
Systems: Overview of Challenges and Analysis of Opportunities
in Water Scarcity-Prone Savannahs.” Irrigation Science 25, no 3,
299-311. https://doi.org/10.1007/s00271-007-0062-3

Rockstrom, J., and J. Barron. 2007. “Water Productivity in Rainfed
Systems: Overview of Challenges and Analysis of Opportunities
in Water Scarcity-Prone Savannahs.” Irrigation Science 25, no 3,
299-311. https://doi.org/10.1007/s00271-007-0062-3

Bottrell, D., and K. Schoenly. 2018. “Integrated Pest Management
for Resource-Limited Farmers: Challenges for Achieving Ecological,
Social and Economic Sustainability.” The Journal of Agricultural
Science 156, no. 3, 408-26. doi:10.1017/S0021859618000473

Arndt, C. 2019. "Renewable Energy: Bringing Electricity to Revitalize
Africa’s Rural Areas.” In 2079 Global Food Policy Report (Washington,
D.C.: IFPRI), 60-67.

Rockstrém, J., and J. Barron. 2007. “Water Productivity in Rainfed
Systems: Overview of Challenges and Analysis of Opportunities
in Water Scarcity-Prone Savannahs.” Irrigation Science 25, no 3,
299-311. https://doi.org/10.1007/s00271-007-0062-3

van Vuuren, D. P, E. Stehfest, D. E. H. J. Gernaat, J. C. Doelman,
M. van den Berg, M. Harmsen, H. Sytze de Boer, L. F. Bouwman,
V. Daioglou, O. Y. Edelenbosch, et al. 2017. “Energy, Land-Use and
Greenhouse Gas Emissions Trajectories under a Green Growth
Paradigm.” Global Environmental Change 42, 237-50.

Nkonya, E. and J. Koo. 2017. The Unholy Cross: Profitability

and Adoption of Climate-Smart Agriculture Practices in Africa

South of the Sahara. In 2017 Annual Trends and Outlook Report
(ATOR): A Thriving Agricultural Sector in a Changing Climate: The
Contribution of Climate-Smart Agriculture to Malabo and Sustainable
Development Goals. Eds. A. De Pinto and J.M. Ulimwengu,
Washington, DC: International Food Policy Research Institute (IFPRI).

Altieri, M. A, and C. L. Nicholls. 2017. “The Adaptation and Mitigation
Potential of Traditional Agriculture in a Changing Climate.” Climatic
Change 140, 33-45.

Shah, T, S. Bhatt, R. K. Shah, and J. Talati. 2008. “Groundwater
Governance through Electricity Supply Management: Assessing an
Innovative Intervention in Gujarat, Western India." Agricultural Water
Management 95, no. 11: 1233-42.

Giordano, M., and K. Villholdt. 2007. The Agricultural Groundwater
Revolution: Opportunities and Threats to Development. Colombo, Sri
Lanka: International Water Management Research Institute (IWMI).

Xie, H., and C. Ringler. 2017. "Agricultural Nutrient Loadings to
the Freshwater Environment: The Role of Climate Change and
Socioeconomic Change.” Environmental Research Letters 12, 1-10.

Bonsch, M., A. Popp, A. Biewald, S. Rolinski, C. Schmitz, K. Hoegner,
J. Heinke, S. Ostberg, J. P. Dietrich, B. Bodirsky, et al . 2015.
“Environmental Flow Provision: Implications for Agricultural Water
and Land-Use at the Global Scale.” Global Environmental Change 30,
113-32.

Power, A. G. 2010. "Ecosystem Services and Agriculture: Tradeoffs

and Synergies.” Philosophical Transactions of the Royal Society B 365,

no. 1554: 2959-71.

423

424

425

426

427

428

429

430

431

432

433

434

Meehan, T. D., B. P. Werling, D. A.Landis, and C. Gratton. 2011.
“Agricultural Landscape Simplification and Insecticide Use in the
Midwestern United States.” Proceedings of the National Academy of
Sciences of the United States of America 108, no. 28, 11500—505.

Lin, B. B. 2011. “Resilience in Agriculture through Crop Diversification:
Adaptive Management for Environmental Change.” BioScience 61,
183-193.

Quandt, A. K., H. Neufeldt, and J. T. McCabe. 2017. “The Role of
Agroforestry in Building Livelihood Resilience to Floods and Drought
in Semiarid Kenya." Anthropology Faculty Contributions, 9. Boulder:
University of Colorado.

Ewel, J. J., D. J. O’'Dowd, J. Bergelson, C. C. Daehler, C. M. D’Antonio,
L. D. Gomez, D. R. Gordon, R. J. Hobbs, A. Holt, K. R. Hopper, et al.
1999. “Deliberate Introduction of Species: Research Needs: Benefits
Can Be Reaped, But Risks Are High.” BioScience 48, no. 8, 619-30.

FAO (Food and Agriculture Organization of the United Nations).
20711b. Synthetic Account of the Second Global Plan of Action for
Plant Genetic Resources for Food and Agriculture. Rome: FAO.
2011b. Synthetic Account of the Second Global Plan of Action for
Plant Genetic Resources for Food and Agriculture. Rome: FAO.

Tilman, D. 1999. “Global Environmental Impacts of Agricultural
Expansion: The Need for Sustainable and Efficient Practices”
Proceedings of the National Academy of Sciences of the United States
96, no. 11, 5995-6000. https://doi.org/10.1073/pnas.96.11.5995.

de Groot, R. S., M. A. Wilson, and R. M. J. Boumans. 2002. “A
Typology for the Classification, Description and Valuation of
Ecosystem Functions, Goods and Services.” Ecological Economics
41,393-408.

Quandt, A. K., H. Neufeldt, and J. T. McCabe. 2017. “The Role of
Agroforestry in Building Livelihood Resilience to Floods and Drought
in Semiarid Kenya." Anthropology Faculty Contributions, 9. Boulder:
University of Colorado.

Khoury, C. K., A. D. Bjorkman, H. Dempewolf, J. Ramirez-Villegas, L.
Guarino, A. Jarvis, L. H. Rieseberg, and P. C. Struik. 2014. “Increasing
Homogeneity in Global Food Supplies and the Implications for Food
Security.” Proceedings of the National Academy of Sciences of the
United States of America 111, 4001-6.

Quandt, A. K., H. Neufeldt, and J. T. McCabe. 2017. “The Role of
Agroforestry in Building Livelihood Resilience to Floods and Drought
in Semiarid Kenya." Anthropology Faculty Contributions, 9. Boulder:
University of Colorado.

Quandt, A. K., H. Neufeldt, and J. T. McCabe. 2017. “The Role of
Agroforestry in Building Livelihood Resilience to Floods and Drought
in Semiarid Kenya." Anthropology Faculty Contributions, 9. Boulder:
University of Colorado.

Diaz, S, J. Settele, E. Brondizio, H. T. Ngo, M. Guéze, J. Agard,

A. Arneth, P. Balvanera, K. Brauman, et al. 2019. Summary for
policymakers of the Global Assessment Report on Biodiversity
and Ecosystem Services of the Intergovernmental Science-Policy
Platform on Biodiversity and Ecosystem Services. secretariat of
the Intergovernmental Science-Policy Platform on Biodiversity and
Ecosystem Services (IPBES), Bonn, Germany

70

° August 2019


https://doi.org/10.1007/s00271-007-0062-3
https://doi.org/10.1007/s00271-007-0062-3
https://doi.org/10.1007/s00271-007-0062-3
https://doi.org/10.1073/pnas.96.11.5995

435

436

437
438

439

440

441

442

443

444

445

446

447

FAO and ITPS (Intergovernmental Technical Panel on Soils).
2015. Status of the World's Soil Resources (SWSR) — Main Report.
Food and Agriculture Organization of the United Nations and
Intergovernmental Technical Panel on Soils.

Wang, X., A. Biewald, J. P. Dietrich, C. Schmitz, H. Lotze-Campen, F.
Humpendder, B. L. Bodirsky, and A. Popp. 2016. “Taking Account of
Governance: Implications for Land-Use Dynamics, Food Prices, and
Trade Patterns.” Ecological Economics 122, 12-24.

A separate paper focuses on integrated landscape approaches.

Ratner, B. D, R. S. Meinzen-Dick, C. May, and E. Haglund. 2013.
“Resource Conflict, Collective Action, And Resilience: An Analytical

Framework." International Journal of the Commons 7, no. 1, 183—208.

Meinzen-Dick, R., Q. Bernier, and E. Haglund. 2013. “The Six ‘Ins’ of
Climate-Smart Agriculture: Inclusive Institutions for Information,
Innovation, Investment, and Insurance.” CAPRi Working Paper 114.
Washington, D.C.: IFPRI.

Borlaug, N. E. 1983. “Contributions of Conventional Plant Breeding to
Food Production.” Science 219, 689-93.

Matthews, R., and A. De Pinto. 2012. “Should REDD+ Fund
‘Sustainable Intensification” as a Means of Reducing Tropical
Deforestation?” Carbon Management 3, no. 2, 117-20.

Graves, A, R. B. Matthews, and K. J. Waldie. 2004. “Low External
Input Technologies for Livelihood Improvement in Subsistence
Agriculture” Advances in Agronomy 82, 473—555.

Pretty, J. N., J. I. L. Morison, and R. E. Hine. 2003. “Reducing Food
Poverty by Increasing Agricultural Sustainability in Developing
Countries.” Agriculture, Ecosystems, & Environment 95, 217-34.

Hobbs, P. R. 2007. “Conservation Agriculture: What Is It and Why Is
It Important for Future Sustainable Food Production?” Journal of
Agricultural Science 145,127-37.

Sanchez, P. A, B. Jama, A. Niang, and C. Palm. 2001. “Soil Fertility,
Small-Farm Intensification, and the Environment in Africa” In D.

R. Lee and C. B. Barrett, eds., Tradeoffs or Synergies? Agricultural
Intensification, Economic Development, and the Environment
(Wallingford, UK: CABI), 325-44.

Bodirsky, B., A. Popp, H. Lotze-Campen, J. Dietrich, S. Rolinski, I.
Weindl, C. Schmitz, C. Miller, M. Bonsch, F. Humpendoder, et al. 2014.
“Reactive Nitrogen Requirements to Feed the World in 2050 and
Potentials to Mitigate Nitrogen Pollution.” Nature Communications 5,
no. 3858.

Rosegrant, M. W, T. B. Sulser, D. Mason-D'Croz, N. Cenacchi, A. Nin-
Pratt, S. Dunston, T. Zhu, et al. 2017. Quantitative Foresight Modeling
to Inform the CGIAR Research Portfolio. Project Report for USAID.
Washington, D.C.: IFPRI.

448

449

450

4571

452

453

454

455

456

457

458

459

De Pinto, A, R. Robertson, S. Begeladze, C. Kumar, H. Kwon, T.
Thomas, N. Cenacchi, and J. Koo. 2017. “Cropland Restoration

as an Essential Component to the Forest Landscape Restoration
Approach—Global Effects of Wide-Scale Adoption.” IFPRI Discussion
Paper 01682. Washington, D.C.: IFPRI.

Li, M., A. De Pinto, J. Ulimwengo, L. You, and R. Robertson.

2015. "Modeling Land-Use Allocation with Mixed-level Data: An
Econometric Analysis for the Democratic Republic of the Congo.”
Environment and Resource Economics 60, 433-69.

Gockowski, J., and D. Sonwa. 2011. “Cocoa Intensification Scenarios
and Their Predicted Impact on CO2 Emissions, Biodiversity
Conservation, and Rural Livelihoods in the Guinea Rain Forest of
West Africa” Environmental Management 48, 307-21.

Burney, J. A, S. J. Davis, and D. B. Lobell. 2010. “Greenhouse Gas
Mitigation by Agricultural Intensification.” Proceedings of the National
Academy of Sciences of the United States of America 107, no. 26,
12052-57.

Popp, A., K. Calvin, S. Fujimori, P. Havlik, F. Humpendder, E. Stehfest,
B. L. Bodirsky, J. P. Dietrich, J. C. Doelmann, et al. 2017. “Land-

Use Futures in the Shared Socio-Economic Pathways.” Global
Environmental Change 42, 331-45.

Dietrich, J. P, C. Schmitz, H. Lotze-Campen, A. Popp, and C.
Muller. 2014. “Forecasting Technological Change in Agriculture
- An Endogenous Implementation in a Global Land Use Model”
Technological Forecasting and Social Change. 81, 236—249.

De Pinto, A., N. Cenacchi, H. Kwon, J. Koo, and S. Dunston. 2018.
“Climate Smart Agriculture and Global Food-Crop Production.”
Contributed paper. Vancouver, CA, International Association of
Agricultural Economists (ICAE).

FAO and FCRN (Food Climate Research Network). 2016. Plates,
Pyramids and Planets. Developments in National Healthy and
Sustainable Dietary Guidelines: A State of Play Assessment. Oxford:
FAO and FCRN. http://www.fao.org/3/a-i5640e.pdf.

Davis, K. F, J. A. Gephart, K. A. Emery, A. M. Leach, J. N. Galloway,
and P. D'Odorico. 2016. “Meeting Future Food Demand with Current
Agricultural Resources.” Global Environmental Change 39, 125-32.

Steinfeld, H., P. Gerber, T. Wassenaar, V. Castel, M. Rosales, and C.
de Haan. 2006. Livestock’s Long Shadow: Environmental Issues and
Options. Rome: FAQ.

Aleksandrowicz L., R. Green, E.J.M. Joy, P. Smith and A. Haines.
2016. The Impacts of Dietary Change on Greenhouse Gas Emissions,
Land Use, Water Use, and Health: A Systematic Review. PLoS ONE
11(11): e0165797. https://doi.org/10.1371/journal.pone.0165797.

Weindl, I, A. Popp, B. L. Bodirsky, S. Rolinski, H. Lotze-Campen, A.
Biewald, F. Humpendoder, J. P. Dietrich, and M. Stevanovic. 2017.
“Livestock and Human Use of Land: Productivity Trends and Dietary
Choices as Drivers of Future Land and Carbon Dynamics.” Global and
Planetary Change 159, 1-10.

Adapting the global food system to new climate realities: Guiding principles and priorities  * 71


http://www.fao.org/3/a-i5640e.pdf
https://doi.org/10.1371/journal.pone.0165797

ABOUT THE AUTHORS

Alessandro De Pinto
A.DePinto@cgiar.org

Elizabeth Bryan
E.Bryan@cgiar.org

Claudia Ringler
C.Ringler@cgiar.org

Nicola Cenacchi
N.Cenacchi@cgiar.org

ACKNOWLEDGEMENTS

We gratefully acknowledge the comments of the following
reviewers: Ernest Aryeetey, African Research Universities
Alliance, Accra, Ghana; Rashid Hassan, University of
Pretoria, Pretoria, Republic of South Africa; Hermann Lotze-
Campen, Potsdam Institute for Climate Impact Research
(PIK), Potsdam, Germany; Fulco Ludwig, Wageningen
University, Wageningen, The Netherlands; Guy F. Midgley,
Stellenbosch University, Stellenbosch, Republic of South
Africa; Joyashree Roy, Asian Institute of Technology,
Klongluang, Pathumthani, Thailand; and Leocadio
Sebastian, CGIAR Research Program for Climate Change,
Agriculture and Food Security (CCAFS) Hanoi, Vietnam.

We also gratefully acknowledge comments on the draft
paper by Rebecca Carter, Molly Brown, Anand Patwardhan,
Mark Rosegrant and Tim Searchinger.

This publication has not undergone IFPRI's standard
peer-review process. Any opinions stated in this publication
are those of the authors and are not necessarily represen-
tative of or endorsed by IFPRI.

ABOUT IFPRI

The International Food Policy Research Institute (IFPRI),
established in 1975, provides research-based policy
solutions to sustainably reduce poverty and end hunger
and malnutrition. IFPRI's strategic research aims to foster
a climate-resilient and sustainable food supply; promote
healthy diets and nutrition for all; build inclusive and
efficient markets, trade systems, and food industries;
transform agricultural and rural economies; and strengthen
institutions and governance. Gender is integrated in all the
Institute’'s work. Partnerships, communications, capacity
strengthening, and data and knowledge management

are essential components to translate IFPRI’s research
from action to impact. The Institute’s regional and country
programs play a critical role in responding to demand for
food policy research and in delivering holistic support for
country-led development. IFPRI collaborates with partners
around the world.

ABOUT THE GLOBAL COMMISSION ON
ADAPTATION

The Global Commission on Adaptation seeks to accelerate
adaptation action and support by elevating the political
visibility of adaptation and focusing on concrete solutions.
Itis convened by 19 countries and guided by more than 30
Commissioners, and co-managed by the Global Center on
Adaptation and World Resources Institute.

OSASs ®

Copyright 2019 Global Commission on Adaptation. This work is licensed under the Creative Commons Attribution 4.0 International License.
To view a copy of the license, visit http://creativecommons.org/licenses/by/4.0/


http://creativecommons.org/licenses/by/4.0/
mailto:A.DePinto%40cgiar.org?subject=
mailto:E.Bryan%40cgiar.org?subject=
mailto:C.Ringler%40cgiar.org?subject=
mailto:N.Cenacchi%40cgiar.org?subject=

	_Hlk7726861
	_Hlk10191671
	_Hlk536782398
	_Hlk13640311
	_Hlk6224027
	_Hlk6224057
	_Hlk3251734
	_Hlk15558243
	_Hlk6227620
	_Hlk6227649
	_Hlk6227815
	_Hlk7778641
	_Hlk3546605
	_Hlk3544789
	_Hlk3817263
	_Hlk9611151
	_Hlk12025842
	_Hlk17881808
	_Hlk18068247
	_Hlk15038062
	_Hlk17369764
	_Hlk17373645
	_Hlk17373392
	_Hlk17369558
	_Hlk14520573
	_Hlk17376650
	_Hlk17396027
	_Hlk17381996
	_Hlk17382146
	_Hlk17381773
	_Hlk17382672
	_Hlk17382588
	_Hlk17382697
	_Hlk17367300
	baep-author-id8
	baep-author-id9
	_Hlk17394263
	baep-author-id5
	_GoBack
	_Hlk17367179
	_Hlk17368394
	_Hlk17397711

