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Dear Colleagues:

On behalf of the National Science and Technology Council and the U.S. Global Change
Research Program, we are pleased to transmit to you the Climate Change, Global Food Security,
and the U.S. Food System assessment report. This state-of-the-science assessment establishes the
technical foundation for managing food security outcomes around the world and for preparing
consumers, agricultural producers, and others in the United States for changing conditions.

This report, in response to the President’s Climate Action Plan, integrates research from the
biophysical and the social sciences, across multiple sectors, to evaluate climate-driven changes in
global food security and analyze the U.S. role in food security in a changing world.

The result of a three-year effort led by the U.S. Department of Agriculture, this study brought
together over thirty experts at nineteen institutions in four countries. The authors drew on
information gathered in stakeholder workshops and public commentary, as well as on analysis by
technical experts within the Federal government.

We would like to thank the authors, reviewers, and staff who prepared this report, and the
stakeholders and members of the public whose comments ensured its usefulness and
applicability.

Food security represents one of humanity’s most urgent and important challenges. The science in
this report provides a particularly useful tool in meeting that challenge.

i

John P. Holdren Thomas J. Vilsack

Assistant to the President for Science and Technology Secretary

Director, Office of Science and Technology Policy U.S. Department of Agriculture
Executive Office of the President

Sincerely,
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Report in Brief

Food security—the ability to obtain and use sufficient amounts of safe and nutritious food—is a fundamental
human need. Climate change is very likely to affect global, regional, and local food security by disrupting food
availability, decreasing access to food, and making food utilization more difficult.

Food security exists “when all people at all times have physical, social, and economic access to sufficient,

safe, and nutritious food to meet their dietary needs and food preferences for an active and healthy life”” and
affects people through both under- and overconsumption. Food security requires that food be simultaneously
(1) available—that it exist in a particular place at a particular time, (2) that people can access that food through
economic or other means, (3) that people can utilize the food that is available and accessible to them, and (4)
that each of these components be stable over time. Constrictions within any of these components can result in
food insecurity.

Food is provisioned through a food system that manifests in diverse ways across the globe. The food system
includes all activities related to producing, transporting, trading, storing, processing, packaging, wholesaling,
retailing, consuming, and disposing of food. Whether an individual food system includes few, many, or all of
these elements, each is susceptible to risks from a changing climate.

Human activities, such as burning fossil fuels and deforestation, have increased global greenhouse gas
concentrations; atmospheric carbon dioxide levels have risen from 280 parts per million (ppm) in the late
1700s to today’s level of about 400 ppm. Concentrations continue to rise, though future levels depend on
choices and development pathways yet to be determined. Additionally, the future condition of the food system
depends upon socioeconomic trajectories that are external to the food system itself. For these reasons, a range
of possible emissions futures and socioeconomic pathways have been considered by this assessment.

The Climate Change, Global Food Security, and U.S. Food System assessment represents a consensus of
authors and includes contributors from 19 Federal, academic, nongovernmental, and intergovernmental
organizations in four countries, identifying climate-change effects on global food security through 2100, and
analyzing the United States’ likely connections with that world.

The assessment finds that climate change is likely to diminish continued progress on global food security
through production disruptions leading to local availability limitations and price increases, interrupted
transport conduits, and diminished food safety, among other causes. The risks are greatest for the global poor
and in tropical regions. In the near term, some high-latitude production export regions may benefit from
changes in climate.

As part of a highly integrated global food system, consumers and producers in the United States are likely to
be affected by these changes. The type and price of food imports from other regions are likely to change, as
are export demands placed upon U.S. producers and the transportation, processing, and storage systems that
enable global trade. Demand for food and other types of assistance may increase, as may demand for advanced
technologies to manage changing conditions.

Adaptation across the food system has great potential to manage climate-change effects on food security, and
the complexity of the food system offers multiple potential points of intervention for decision makers at every
level, from households to nations and international governance structures. However, effective adaptation is
subject to highly localized conditions and socioeconomic factors, and the technical feasibility of an adaptive
intervention is not necessarily a guarantee of its application if it is unaffordable or does not provide benefits
within a relatively short time frame, particularly for smaller operations around the world with limited capacity
for long-term investments. The accurate identification of needs and vulnerabilities, and the effective targeting
of adaptive practices and technologies across the full scope of the food system, are central to improving global
food security in a changing climate.






Food security—the ability to obtain and use
sufficient amounts of safe and nutritious food—is a
fundamental human need. Achieving food security
for all people everywhere is a widely agreed upon
international objective, most recently codified in the
United Nations Sustainable Development Goals for
2030. This report describes the potential effects of
climate change on global food security and examines
the implications of these effects for the United States.

Food-security challenges are widely distributed,
afflicting urban and rural populations in wealthy
and poor nations alike. Food-security challenges are
particularly acute for the very young, because early-
life undernutrition results in measurably detrimental
and lifelong health and economic consequences. Food
insecurity affects people through both under- and
overconsumption. Much of the scientific literature
to date addresses the former issue, though the latter
is now receiving more attention. For an individual,
food insecurity may manifest as a reduced capacity
to perform physically, diminished mental health

and development, and an increased risk of chronic
disease. Collectively, food insecurity diminishes
global economic productivity by 2%—3% annually
(USD 1.4-2.1 trillion), with individual country costs
estimated at up to 10% of country GDP.

The last several decades have seen significant
progress in overcoming the obstacles of population
growth, food waste, inefficient distribution, and
ineffective social-safety nets to improve global
food security. There are currently about 805
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million people, or 11% of the global population,

who are undernourished according to the Food and
Agriculture Organization of the United Nations,
down from about 1.01 billion, or 19%, in 1990-1992.
At least 2 billion people currently receive insufficient
nutrition. The fundamental issue addressed by the
Climate Change, Global Food Security, and the U.S.
Food System assessment is whether progress can be
maintained in the face of a changing climate.

Relationships between climate and agriculture

are well documented. Agricultural production is
governed in large part by climate conditions and is a
central consideration for food availability. It is less
widely appreciated that climate conditions also affect
access to food, its utilization, and the overall stability
of each. These effects occur through climate’s
influence on global food-system activities, including
food processing, packaging, transportation, storage,
waste, and consumption (Figure ES-1).

Climate change is a long-term trend in the state of the
climate, usually described as changes in the average
and/or variability of properties such as temperature
and precipitation. Since 1750, rapidly growing
human-induced emissions of greenhouse gases have
caused increases in global average temperatures,
changes in precipitation timing and intensity, rising
sea levels, and many other changes, including direct
physiological effects of changing greenhouse-gas
concentrations on crop development. This report
considers how all of these changes are affecting
global food systems and food security.

Table ES-1: The Components of Food Security. For food security to be achieved, all four components must be attained and

maintained, simultaneously. Each is sensitive to climate change.

Component Definition
Availability The existence of food in a particular place at a particular time.
Access The ability of a person or group to obtain food.
I The ability to use and obtain nourishment from food. This includes a food’s nutritional
Utilization - . .
value and how the body assimilates its nutrients.
Stability The absence of significant fluctuation in availability, access, and utilization.
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Figure ES- 1. Food-system activities and feedbacks. Food-system activities include the production of raw food materials,
transforming the raw material into retail products, marketing those products to buyers and product consumption. Food trans-
portation, storage and waste disposal play a role in each of these activities.

Many factors aside from climate change influence
future food systems and food security. The most
relevant include technological and structural changes
in food production, processing, distribution, and
markets; increasing population, demographic changes,
and urbanization; changes in wealth; changes in eating
habits and food preferences; disasters and disaster
response; and changes in energy availability and use.
Some of these amplify the effects of climate change
and increase the risks to food security (e.g., population
growth), while others appear likely to diminish risk
and to help offset damaging climate-change impacts
(e.g., increasing levels of wealth).

Food security, food systems, and climate change

are each multifaceted topics. Their interactions are
likewise complex and are affected by a wide range
of environmental and socioeconomic factors. It is
nevertheless clear that there are multiple connections
between changing climate conditions and food
systems and that climate change affects food systems
in ways that alter food-security outcomes.

Report Findings

Climate change is very likely to affect global,
regional, and local food security by disrupting
food availability, decreasing access to food, and
making utilization more difficult. Climate change
is projected to result in more frequent disruption of
food production in many regions and in increased
overall food prices. Climate risks to food security are
greatest for poor populations and in tropical regions.

Wealthy populations and temperate regions that are
not close to limiting thresholds for food availability,
access, utilization, or stability are less at risk. Some
high-latitude regions may actually experience near-
term productivity increases due to high adaptive
capacity, CO, fertilization, higher temperatures,
and precipitation increases. However, damaging
outcomes become increasingly likely in all cases
from 2050-2100 under higher emissions scenarios.

The potential of climate change to affect global
food security is important for food producers
and consumers in the United States. The United
States is part of a highly integrated global food
system: climate-driven changes in the United States
influence other nations, and changes elsewhere
influence the United States. The United States
appears likely to experience changes in the types and
cost of foods available for import. The United States
is similarly likely to experience increased demand
for agricultural exports from regions that experience
production difficulties yet have sufficient wealth to
purchase imports; the United States is likely to be
able to meet increased export demand in the near
term. Demand for food and other types of assistance
from the United States could increase in nations that
lack purchasing power. In the longer term and for
higher-emissions scenarios, increased water stress
associated with climate change could diminish the
export of “virtual water” (the water that is embodied
throughout the entire production process of a traded
commodity) in agricultural commodities. Climate
change is likely to increase demand from developing
nations with relatively low per-hectare yields for
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advanced technologies and practices, many of which
were developed in the United States.

Climate change risks extend beyond agricultural
production to other elements of global food
systems that are critical for food security,
including the processing, storage, transportation,
and consumption of food. Production is affected
by temperature increases; changes in the amount,
timing, and intensity of precipitation; and reduced
availability of water in dry areas. Processing,
packaging, and storage are very likely to be affected
by temperature increases that could increase costs
and spoilage. Temperature increases could also
make utilization more difficult by increasing food-
safety risks. Sea-level rise and precipitation changes
alter river and lake levels, and extreme heat can
impede waterborne, railway, and road transportation.
Constraints in one component of food security may
sometimes be compensated through another—for
example, food insecurity may be avoided when
production decreases (availability) are substituted
with food acquired through purchase (access).
Alternatively, constrictions at one point within the
food system may be so severe, or have no feasible
alternative possibilities within a local context,

that food security may be compromised. As a
consequence of these interactions and dependencies,
a systems-based approach is needed to understand the
implications of climate change on food security.

Climate risks to food security increase as the
magnitude and rate of climate change increase.
Higher emissions and concentrations of greenhouse
gases are much more likely to have damaging
effects than lower emissions and concentrations.
Worst-case projections based on high greenhouse-gas
(GHG) concentrations (~850 ppm), high population
growth, and low economic growth imply that the
number of people at risk of undernourishment would
increase by as much as 175 million above today’s
level by 2080. The same socioeconomic conditions
with GHG concentrations of about 550 ppm result

in up to 60 million additional people at risk, while
concentrations of about 350 ppm—Iess than today’s
level—do not increase risk. Scenarios with lower
population growth and more robust economic growth
result in large reductions in the number of food-
insecure people compared to today, even when climate
change is included, but higher emissions still result in
more food insecurity than lower emissions.

Effective adaptation can reduce food-system
vulnerability to climate change and reduce
detrimental climate-change effects on food
security, but socioeconomic conditions can impede
the adoption of technically feasible adaptation

Executive Summary

options. The agricultural sector has a strong record
of adapting to changing conditions. There are still
many opportunities to bring more advanced methods
to low-yield agricultural regions, but water and
nutrient availability may be limiting in some areas, as
is the ability to finance expensive technologies. Other
promising adaptations include innovative packaging
and expanded cold storage that lengthen shelf

life, improvement and expansion of transportation
infrastructure to move food more rapidly to markets,
and changes in cooking methods, diets, and
purchasing practices.

The complexity of the food system within

the context of climate change allows for

the identification of multiple food-security
intervention points, which are relevant to
decision makers at every level. The future need
for, and cost of, adaptation is lower under lower-
emissions scenarios. Trade decisions could help

to avoid large-scale price shocks and maintain

food availability in the face of regional production
difficulties such as drought. Improved transportation
systems help to reduce food waste and enable
participation in agricultural markets. Public- and
private-sector investments in agricultural research
and development, coupled with rapid deployment
of new techniques, can help to ensure continued
innovation in the agricultural sector. Refined storage
and packaging techniques and materials could keep
foods safer for longer and allow for longer-term
food storage where refrigeration is absent and food
availability is transient.

Accurately projecting climate-change risks to food
security requires consideration of other large-
scale changes. Ecosystem and land degradation,
technological development, population growth,

and economic growth affect climate risks and food
security outcomes. Population growth, which is
projected to add another 2 billion people to Earth’s
population by 2050, increases the magnitude of the
risk, particularly when coupled with economic growth
that leads to changes in the types of foods demanded
by consumers. Sustained economic growth can help
to reduce vulnerability if it reduces the number of
poor people and if income growth exceeds increases
in food costs in vulnerable populations. Analyses
based on scenarios of sustained economic growth and
moderate population growth without climate change
suggest that the number of food-insecure people could
be reduced by 50% or more by 2040, with further
reductions over the rest of the century. Such analyses
should not be misinterpreted as projections, since
climate change is already occurring, but they clearly
indicate that socioeconomic factors have large effects
on food insecurity.
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Report Background and Scope

This report is a consensus-based assessment developed
by a team of technical experts and based on the peer-
reviewed scientific literature. The report supports

the National Climate Assessment activities of the
U.S. Global Change Research Program. This report
represents a consensus of authors and contributors
from 19 Federal, academic, nongovernmental, and
intergovernmental organizations in four countries,
identifying climate-change effects on global food
security through 2100, and analyzing the United
States’ likely connections with that issue.

Climate Change, Global Food Security, and the U.S.
Food System is a technical, scientific, and economic
analysis of climate-change effects on global food
security and food systems. The report’s scope is
global, due to the interdependencies within and
among food systems and the shifting geography of
food supplies and demands. Policy recommendations
are outside the scope of this report. Discussion of the
secondary effects of changes in food security upon
other sectors (e.g., human health, national security)
is outside the scope of this report. Domestic U.S.
food security has been detailed elsewhere and is not
the topic of this report. This assessment considers
anticipated changes 25 and 100 years into the future
to the degree supported by the available literature

or through explicit inference based on information
established by the scientific record.

Scenarios and Projections of Climate
and Socioeconomic Changes

Vast observational evidence demonstrates that human
activities, such as burning fossil fuels and deforestation,
have increased global greenhouse-gas concentrations;
atmospheric carbon dioxide levels increased from 280
ppm in the late 1700s to today’s level of about 400 ppm.
This has, in turn, increased global average temperature
by about 0.8 °C since 1900.

Scenarios and Projections of Climate Change

In order to investigate how climate might change

in the future, scientists use different levels of
greenhouse-gas emissions as inputs to earth-

system modeling experiments that project future
climate conditions. The most recent set of inputs,
called Representative Concentration Pathways
(RCPs), was developed through the Coupled Model
Intercomparison Project (CMIP) for use in climate
modeling experiments and assessment efforts, such as
those conducted by the Intergovernmental Panel on
Climate Change (IPCC). The RCPs are the basis for

Climate Change, Global Food Security, and the U.S. Food System

the climate projections in the recent 5" Assessment
Report of the [IPCC and are used in this document,
except for occasional instances where we consider
results based on previous widely used scenarios such
as those developed in the IPCC Special Report on
Emissions Scenarios (SRES). This report focuses
primarily on the climate implications of two possible
emissions futures.

* RCP 2.6 is a low-emissions scenario with exten-
sive mitigation and a CO, concentration of about
421 ppm by 2100. This results in a global average
temperature increase of about 1 °C by 2050, with
no further change by 2100, and global average
sea-level rise of about 0.17-0.32 m by mid-
century and 0.26-0.55 m by late century. Referred
to as “low emissions” in this report.

* RCP 8.5 is a high-emissions scenario, where emis-
sions continue to increase rapidly, producing a CO,
concentration of 936 ppm by 2100. This results in
a global average temperature increase of about 2
°C by 2050 and 4 °C by 2100, and global average
sea-level rise of about 0.22—0.38 m by mid-century
(2046-2064) and 0.45-0.82 m by late century.
Referred to as “high emissions” in this report.

The range of 0.26—0.82 m for late-century sea-level
rise projected by the IPCC and used in this document
is slightly less than the estimated range of 0.3—1.2

m by 2100 used by the latest U.S. National Climate
Assessment.

There is considerable regional variability within
these broad global averages. Figure ES-2a shows
the global distribution of projected temperature
changes in mid- and late-century for low and high
emissions. Warming is greater at high latitudes
and in continental interiors. Figure ES-2b shows
the precipitation based on the same emissions and
in the same time frames. In general, wet areas
become wetter over time and dry areas drier. For
both temperature and precipitation, the differences
between scenarios become larger as time progresses.

Scenarios of Socioeconomic Change

One of the challenges of projecting the societal
effects of various emissions scenarios is the
complexity and rapid rate of societal change. As an
illustration, from 1950 to today, global population
increased from about 2.5 billion to over 7 billion and
global GDP from about USD 5.3 trillion to USD 77.6
trillion. We know that future society and adaptive
capacity will differ in many respects from today,

but it is not yet possible to determine the relative
likelihood of many possible societal changes. It



Climate Change, Global Food Security, and the U.S. Food System

(a)

(b)

Figure ES- 2. Projected changes in global surface temperature (a) and precipitation (b). Mid (left) and late (right) 21+
century changes are compared with the period 1986 to 2005 for low emissions (RCP 2.6 — top) and high emissions (RCP
8.5 — bottom) scenarios. Multimodel ensemble-mean changes are shown, where gray dashes indicate areas for which
changes have less than one standard deviation compared to natural variability. This figure was produced using CMIP5
model output through the web application “Climate Explorer,” available at http.//climexp.knmi.nl/.
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is, however, possible to identify alternative sets of
internally consistent future changes that could occur
together. Scientists can then compare plausible future
climates to plausible future societies and determine
likely effects of different combinations.

The scientific community has developed new
scenarios called Shared Socioeconomic Pathways
(SSPs) to facilitate this work. The five SSPs are
designed to span a range of societal conditions in two
particular dimensions: (1) challenges to mitigation
and (2) challenges to adaptation, defined by different
combinations of socioeconomic elements. SSP1
assumes low challenges to mitigation and adaptation;
SSP2 assumes medium challenges to both; SSP3
assumes high challenges to both; SSP4 assumes
adaptation challenges dominate; and SSP5 assumes
mitigation challenges dominate. Each SSP has a
qualitative narrative that describes general trends in
societal conditions and how and why these trends
unfold together over time, along with quantitative
projections of key elements; none is considered more
or less likely than another.

Taken together, the set of RCPs and SSPs

provides a basis for the scientific community to
conduct systematic and comparable analyses of
future vulnerability, risks, and effects of climate
change in the context of other environmental and
socioeconomic changes. Most of the integrated
modeling results examined in this assessment used
combinations of SSP1, SSP2, and SSP3 with RCP
2.6 and RCP 8.5. This report occasionally includes
results based on the socioeconomic conditions in the
SRES scenarios developed previously in the IPCC
process. In some cases, SSPs are also used as a frame
for qualitative assessment of likely future risks to
food security.

Integrated Assessment Modeling of
Agriculture and Food Systems

These studies use climate and socioeconomic
scenarios like RCPs and SSPs to study how the food
system responds to stresses and project climate-
change effects. They do not usually produce direct
calculations of food-security outcomes (i.e., numbers
of undernourished people), but do provide insights
about possible changes in food prices, consumption,
and trade, in addition to changes in yield, cultivated
area, and production.

Most assessments use a structure like that outlined
in Figure ES-3, which links climate models,
biophysical models of agricultural systems, and
economic models. Such integrated assessments

Climate Change, Global Food Security, and the U.S. Food System

help explain food-system changes that affect food
security. Outputs are too aggregated to assess all of
the important food-security concerns related to food
availability, access, utilization, and stability, but have
been used for statistical calculation of childhood
malnutrition and number of people at risk of hunger.
More detailed data and models and additional model
intercomparisons are needed to fully assess climate-
change effects on all dimensions of food security at
subnational, local, and household levels.

Results reviewed in this assessment show that
climate-change effects on overall global food
production are likely to be detrimental, particularly
later in the century. Figure ES-4 shows recent global
modeling results across three different scenarios

for 2050. Yields are reduced, area in production

has increased, prices are higher, and production

and consumption are slightly reduced relative to a
baseline projection for 2050 that does not include
further climate change between now and then.

It is important to recognize that effects vary
substantially by region due to differing biophysical
and socioeconomic conditions that determine both
the effects of climate change and the potential for
adaptation. The most adverse effects are likely to
be in the tropics and subtropics, and some near-
term benefits are possible at higher latitudes, due
to the combined effects of CO, fertilization, higher
temperatures, precipitation increases, and stronger
adaptive capacity.

Integrated assessment studies clearly show that
technological, economic, and policy decisions each
play a major role in the global food system and future
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Figure ES-3. Framework for integrated agricultural

and food system impact assessments. Models of global
economic and biophysical system, driven by climate-model
outputs for different RCPs, are linked to assess outcomes
under different future scenarios.
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Figure ES-4. Climate-change effects on agricultural commodities in 2050 under different SSPs and RCPs. The more
pessimistic “high concentration/low international cooperation” scenario (RCP8.5/SSP3) shows much larger and more
variable climate-change effects for the five commodities (coarse grains, rice, wheat, oilseeds and sugar), than the “me-
dium concentration/middle of the road” (RCP6.0/SSP2) and “low concentration/sustainable development” (RCP4.5/SSP1)
scenarios. All are compared to baseline of SSPs with no climate change. Results are from three GCMs and five economic
models, aggregated across thirteen regions (n = 75). YEXO = yield effect of climate change without technical or economic
adaptation, YTOT = realized yields after adaptation, AREA = agricultural area in production, PROD = total production, CONS

= consumption, Expo = exports, IMPO = imports, PRICE = prices.

global food security, demonstrating that climate
assessments need to be made in the context of
plausible future socioeconomic scenarios.

Many studies indicate that these technological

and socioeconomic factors are likely to be more
important to food security than climate change

under low-to-medium emissions and concentration
scenarios in the near term to mid-century. Under less-
optimistic socioeconomic scenarios, higher-emissions
scenarios, and longer time frames, climate effects are
projected to be equal to or greater than the effects of
socioeconomic change.

Food Availability and Stability

The first component of food security, availability,
addresses the question of whether food exists

locally. Where food is, or is not, is in part a function
of production types, rates, and locations. Food
production occurs through the cultivation of crops and
livestock, fishing, and hunting outside of cultivated
systems. Production forms the foundation of food
availability, providing calories and nutrients for human
consumption. The processing, packaging, and storage
of food also contribute to food availability, as do trade
and the transportation systems that enable it.

Climate change influences food availability and
stability through each food-system activity. Climate
can also interact with external stressors (e.g., conflict)
and with the natural-resource base (e.g., soils) to alter
the stability of food supplies. Increased risk can also

result from agricultural expansion into less optimal
lands in response to climate trends. The literature
suggests that world food production needs to increase
by 60%—100% to feed a larger, wealthier, and more
urban global population.

Crop yields have increased globally by about 1.8%
per year on average since 2000, while the area of
per-capita—cultivated land has decreased by 9%
over the same period, leading to an 8% increase in
total per-capita global cereal production since 2000.
Yield increases appear to be diminished by up to
2.5% per decade, globally, due to climate change.
Local production is particularly important in the
tropics, where crops’ biophysical thresholds are
already closer to their limitations and where higher
temperatures are likely to result in diminished
yields. In addition to the direct physical effects

of temperature and precipitation changes, climate
change influences the range and infestation intensity
of crop pests and pathogens.

Livestock production provides a livelihood for over
a billion people, including 600 million households
in less-developed areas of the world, and contributes
the equivalent of over USD 1 trillion to the global
economy. Heat stress from higher temperatures
diminishes food intake and physical activity for
livestock, leading to lower growth, survival, and
reproductive rates, as well as lower production of
meat, milk, and eggs. Climate change also affects
livestock indirectly through changes in the incidence
of disease and pests, pasture and forage crop quality
and quantity, and feed-grain production.
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Fisheries, both cultivated and capture, as well as

wild game, are important protein sources for large
segments of the global population and are subject to
multiple stressors that affect food availability, stability,
and incomes (food access). Current methodological
techniques cannot distinguish the importance of
climate change relative to other influences upon food
supplies from fisheries and wild game.

Processing, packaging, storing, trading, and
transporting food are frequently prerequisites for
food to reach its ultimate consumers. The influence
of climate change on which crops are grown

where in the world affects the location of storage,
processing, and packaging facilities, as well as that
of the underlying transportation infrastructure for
moving food from producer to consumers or to trade
hubs. Higher temperatures require more postharvest
cooling for fresh fruits and vegetables, which is
likely to result in additional energy expenditures
and costs. Temperature and precipitation, along with
extreme events, directly influence transportation
systems (e.g., flooding of roads, storm surge in
ports) and can impair just-in-time food distribution
networks. One-sixth of global agricultural production
(by mass) is traded internationally, which can act

to stabilize food supplies when local or regional
production fails due to climate or other factors.

Food production, processing, packaging, storage,
transport, and trade all have dependencies upon
climate variables. The agricultural sector is highly
adaptive but limited in many regions by financial or
other restrictions of local producers to realistically
adopt relevant technologies and practices for
responding to changing conditions. In addition,

some adaptations can have undesirable side effects,
requiring a systemic approach when implementing
adaptive strategies. Adaptation via effective food
packaging, higher levels of food processing, increased
and improved cold storage and cold-chain continuity,
and greater redundancies in transportation options
each represent adaptive food-system approaches to
help ensure food availability and its stability.

Future climate-change effects on food availability
and its stability are considered using the SSP and

Climate Change, Global Food Security, and the U.S. Food System

emissions futures frameworks, and reflect the
informed judgment of the authors. The risks posed
by climate change to food production are greatest
under SSPs 2, 3, and 4, where yield increases
weaken due to reduced agricultural investment and
increasing land degradation. This trend exposes
more production to variable climate influences and
therefore can lead to local availability challenges
under these SSPs. Under SSPs 3 and 4 this challenge
could be particularly pronounced, given that, under
these scenarios, those living in the poorest countries
lack access to agricultural technologies that could
offset some climate-variability effects on production
in arid and marginal lands. The risks posed by
climate change to food production are lowest under
the economic conditions described in SSPs 1 and

5 for a given scenario of climate change. Under
these SSPs, gradual intensification is likely to be the
principal means of increasing crop yields.

Climate change influences food availability and
stability throughout the food system. Understanding
systemic connections allows decision makers to
identify strengths, vulnerabilities, and compensatory
mechanisms to help to ensure food availability and
stability. The condition of the natural-resource base
and adaptive capacity are important to agricultural
production and strongly influence food-security
outcomes. Now and in the future, climate influences
on food availability and stability depend on the relative
balance of changes being experienced within localized
conditions; at the global scale, however, such changes
are increasing challenges to food security.

Food Access and Stability

The second component of food security—access—
addresses whether an individual or community

has the resources necessary to acquire food.
Access involves prices (trading); proximity to food
(availability); retail outlets (wholesaling/retailing)
or farmable lands (producing); and the social and
cultural norms that shape food distribution and
preferences.
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Figure ES- 5. Relative risks to food availability for different SSPs. The risks to food availability would be lowest under the
economic conditions described in in SSP 1 and SSP 5 for a given scenario of climate change, with poorer nations being at
higher risk across all food production, distribution and trade categories for all SSPs. Shading represents higher or lower risks
for each SSP from climate change. Risks reflect the informed judgment of the authors of this report based on the available

literature.
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Global real food prices generally decreased over

the second half of the 20™ century and have

been increasing since 2000. Price affects food
affordability, which integrates food prices with
income for purchasing food and can originate outside
of the food system.

Trade in agricultural commodities and food can
reduce price volatility and enhance stability for both
producers and consumers by enabling areas of food
production surpluses to supply areas of deficit. Food
prices are affected by the balance between supply and
demand, which is a function of food production, global
population, and consumption rates. Price volatility
has risen in recent years due to a combination of
factors, including the widespread occurrence of
extreme climate events, competition for land, and
changes in commodity markets as global demand for
commodities from nonfood sectors increases. Low-
income households, whose food budgets represent a
larger portion of their incomes, are generally more
vulnerable to price spikes.

Extreme temperatures, heavy rainfall events, drought,
sea-level rise, and storm surge can damage road,

rail, and shipping infrastructure. Climate’s effects
upon transportation infrastructure can hinder the
movement of food from its place of production

to consumers, altering food prices in response to
changes in the cost of transportation and disrupting
the timing and operation of logistical supply systems
between producers and distributors.

Rapid changes already underway in the food

retail sector can improve or reduce resilience to
climate change, depending on specific adaptive
capacities. Adaptation to higher temperatures may

be accomplished with increased refrigeration, for
example, though that often comes with increased
costs for wholesalers, retailers, and consumers.
Repairs, modifications, changes to shipping logistics,
and transportation substitutions may be used to adapt
to changing conditions.

There is high uncertainty about future changes in real
food prices, even in the absence of climate change.
Socioeconomic models that include climate change
generally show an increase in food prices, implying
that climate change is likely to diminish other gains
in food accessibility that might be achieved under
any socioeconomic development scenario.

Using the SSP and emissions futures, we can
examine how climate change is likely to affect food
access in the future. This discussion reflects the
informed judgment of the authors. Under SSPs 1
and 5, highly integrated and well-functioning world
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Figure ES-6. Relative risks to food access for different
SSPs. The risks to food access would be lowest under the
economic conditions described in SSP 1 and SSP 5 for a
given scenario of climate change, with poorer nations being
at higher risk across almost all food affordability and allo-
cation categories for all SSPs. Shading represents higher or
lower risks for each SSP from climate change. Risks reflect
the informed judgment of the authors of this report based
on the available literature.

markets suggest that climate change alone would be
unlikely to generate the exceptional price shocks that
compromise widespread food availability. SSPs 2, 3,
and 4 each present various futures under somewhat
constrained global trade. SSP2 would likely
experience many stresses and shocks in availability,
and issues of price increases and affordability are
prevalent in poorer countries. Under SSPs 3 and 4,
this pattern and outcome are accentuated.

Climate and weather have demonstrable effects on
food prices, transportation infrastructure, and the costs
and operations of food distributors, affecting food
access and stability. Food access is strongly influenced
by additional factors outside of the food system, such
as household income. The adaptive capacity of food
access to changes in climate is potentially very high
but varies enormously between high-income and low-
income countries and individuals, between urban and
rural populations, and the ways in which each of these
develops in the future.

Food Utilization and Stability

Food utilization is the ability of individuals to make
use of the food otherwise available and accessible

to them. Nutritional outcomes are frequently
measured in terms of malnutrition, which manifests
as undernutrition or overnutrition. The prevalence of
child stunting in the developing world decreased from
approximately 47% in 1980 to 29.2% in 2000 and is
expected to further decrease to 23.7% by 2020. The
prevalence of obesity since 1970 has increased for all
developed countries and for a number of developing
countries, with the largest increases seen in urban
populations and in the lowest income groups.

Climate has a number of potential and observed
effects on food utilization, which include
contamination of the food supply, the nutritional
composition of food, and a body’s ability to
assimilate available nutrients. Climate change
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Elevated atmospheric
carbon dioxide leads to
lower protein content
inimportant global
food staples.

affects food safety by influencing vectors of food
contamination and levels of toxins in food. Elongated
supply chains expose food products to greater risk

of contamination and make it harder to verify the
quality of food at various stages, but also allow

more diversity in consumption and more stability
over time. Temperature increases are associated with
bacteria-caused illness related to poor food storage
and handling practices in the supply chain. Fungal
contamination resulting in the increase of mycotoxins
in the food supply occurs due to high temperature
and moisture levels during pre- and post-harvest and
during storage, transportation, and processing, as
well as pre-harvest practices and timing, the handling
of agricultural products, and insect damage. Aquatic
and fishery food sources can be affected by climate
when more frequent or widespread harmful algal
blooms lead to high toxin levels and uptake rates
within the food supply.

Elevated atmospheric carbon dioxide leads to lower
protein content in important global food staples.
Disease burden, the status of women, and water,
sanitation, and hygiene factors each influence
nutritional outcomes as well and are affected by
changing climate.

Food waste that occurs as a result of climate-sensitive
activities during food storage, processing, packaging,
and trade affects utilization rates. Estimates suggest
that 30%—50% of total global food production by
mass is lost globally as waste. Food waste in retail,

in food service, and at home accounts for most food
waste in developed regions; in developing nations,
the absence of adequate food system infrastructure is
a primary cause.

Diminished food utilization or utilization stability can
result when the food system fails to adapt to changes
in climate. Food safety and waste vulnerabilities

are particularly apparent during extreme weather
events when time is critical. Adaptive options can
include increased and improved cold storage, varietal
selection, biological control, storage structures,
chemical treatments, botanical and inert dusts,

and improved handling and processing to reduce
vulnerabilities.
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The influence of climate change on food utilization
depends on how the food system responds under
differing socioeconomic and climate futures; this
section reflects the informed judgment of the authors.
Rates of economic growth and environmental quality
are expected to be high or improve in poor countries
under SSPs 1 and 5, expanding their capacity to
manage changes in climate and respond quickly to
climate-related disasters. Under SSP2, technology
transfer and economic growth would be somewhat
lower than under SSP1, but globalized trade might
compel investment in, or transfer of, food safety
technologies to meet international certification
requirements, limiting significant challenges to

food safety. Environmental quality is expected to
deteriorate under SSPs 2, 3, and 4, leading to more
illness-based diseases that affect a body’s capacity
for absorbing nutrients from food. In SSPs 3 and 4,
poor countries will experience low rates of economic
growth and technology transfer, limiting adaptive
capacity in these cases. Under SSP4, high levels of
intracountry inequality could produce highly variable
outcomes within a country, with the wealthy largely
insulated and the poor experiencing increasing
exposure to food utilization and stability challenges
posed by climate change.

Biological contaminants in the food supply are highly
sensitive to changing temperature and humidity,
affecting food-spoilage rates and human health, the
latter of which in turn affects a body’s capacity to
absorb nutrients. Adaptive capacity is potentially
very high but is also highly variable, and depends
on decisions made at multiple levels throughout a
diverse food system. Climate variability has already
affected the stability of food utilization through
extreme-weather events; to the degree that more
extreme events may be anticipated in the future,
food utilization stability should be expected to be
challenged.

The United States as a Global Food-
System Actor

The United States makes significant contributions
to global food security through trade, assistance

Key
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|
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Figure ES- 7. Relative risks to food utilization for different SSPs. The risks to food utilization would be lowest under the
economic conditions described in SSP 1 and SSP 5, with poorer nations being at higher risk across all food utilization cat-
egories for all SSPs. Shading represents higher or lower risks for each SSP from climate change. Risks reflect the informed
judgment of the authors of this report based on the available literature.
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programs, technology transfer, and export of
environmental-management systems used in
agriculture. The U.S. agriculture sector is responsive
to the main drivers of global food demand, including
population and income growth. The trend of rapidly
rising global incomes is expected to be a significant
source of increasing demand for food, though

this may be tempered somewhat as the growth in
global population is expected to slow in the coming
decades, bringing with it a lowering of the growth
rate of food consumption. Three major challenges to
meeting this demand and achieving broader global
food security that are likely to involve the U.S. food
system include (1) closing yield gaps, (2) increasing
food production, and (3) reducing food waste.

Increasing food production is a key to providing
continued upward growth in food supplies and

is particularly important for producers for whom
agriculture represents both a food and an income
source. Yield gaps are the difference between

the actual crop productivity of a place and what
might otherwise be attained using the best genetic
material, technology, and management practices.
Yield gaps are typically caused by lack of access

to contemporary technology and management
knowledge. Genetically modified crop varieties and
the technological advances that produce them could
play a significant role in increased food production
in nations with large yield gaps, if they are suited

to the local cultural, ecological, and economic
situation. Other technologies, such as high-efficiency
irrigation systems and advanced mechanization and
fertilization methods, can also contribute to reducing
the yield gap.

The United States is the largest global exporter of
corn, is among the top wheat and rice suppliers, and
is responsible for one-quarter of the world’s meat
exports. These exports represent “virtual water” that
can compensate for the effects of climate change on
water resources in arid and semiarid regions around
the world. Underlying food transportation, storage,
processing, and related facilities will need to change
to accommodate the shifting production areas for
major export crops. Vulnerabilities in transportation
infrastructure in the United States and around the
world are evident in the available scientific literature
and may impede export capacity in a changing
climate.

The United States imports food to meet consumer
demand for variety, quality, and convenience.
Globally, the United States is the third-largest
importer of agricultural products such as coffee and
fresh fruit, which influences the production choices

and incomes of overseas producers and food systems.
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Climate change affects the production of key food
imports due to their specific climatic and ecological
requirements.

Trade benefits the United States by contributing to
the economy, bringing investment, and providing
incomes across multiple economic sectors. Modeling
shows that the U.S. trade balance in agricultural
goods in the coming decades might be expected to
change in a changing climate, with imports expected
to increase slightly more than exports by 2050.

These results, however, do not account for potential
vulnerability in transportation infrastructure, which
affects access to trade markets for many actors in the
U.S. food system.

In addition to helping countries meet agricultural
development and long-term food security objectives,
U.S. international food assistance is an important
instrument for meeting the needs of vulnerable
populations. Food assistance will likely continue to
be an important tool for ameliorating food insecurity
in the early stages of climate change, particularly

in response to extreme climate events, while many
low-income nations are just beginning to experience
rising incomes. The consequences of climate change
on food security in different global regions will
influence, and be influenced by, development efforts.
Technological development in the United States has
demonstrably benefited global food production over
the last century, the result of concerted investment
in agricultural research and investment. Continued
advancement could provide critical climate-change
adaptation possibilities for developing countries,
and demand for advanced technologies could grow
as economic development proceeds. Proactive and
targeted management is necessary, however, for
technology and information products to be effective
in reducing future food insecurity.

The United States maintains many important
connections with the rest of the world, including
trade, food and developmental assistance, and
technological development. Each is essential for
global food security and will be challenged by
climate change. Climate change has the ability to
disrupt food security by making it more difficult to
get food from one region that is able to produce a
food to another region that wants to consume it, due
to vulnerabilities in transportation infrastructure and
related trade arrangements. The United States will
likely be directly and indirectly affected by changing
global conditions but is expected to maintain strong
food imports, exports, and assistance programs and
be the source of new technologies and information
products for addressing global food insecurity.

Executive Summary

Increasing food
production is particularly
important for producers
for whom agriculture
represents both a food
and an income source.






Chapter 1

The connections among weather, climate, and

food production have long been recognized and
studied. Over the last several decades, it has become
increasingly clear that human activities such as fossil-
fuel combustion and deforestation are changing the
Earth’s climate (IPCC 2013). It is likewise clear

that these changes have affected and will continue

to affect human society, natural ecosystems, and
managed ecosystems (IPCC 2013). An extensive body
of evidence shows that climate change will continue
to have direct and indirect effects on food production
throughout the next century (Walthall et al. 2012).

This report builds on previous analyses and
assessments of climate change and agriculture to
look more broadly at the potential effects of climate
change on global food security and examine the
implications of these effects for the United States.
Food security is defined as “when all people at

all times have physical, social, and economic

access to sufficient, safe, and nutritious food to
meet their dietary needs and food preferences for

an active and healthy life” (FAO 1996, 2012a).
There are currently about 805 million people, or
about 11% of the global population, facing chronic
undernourishment (FAO et al. 2014). In 1990-1992,
the undernourished population was estimated to be
1.01 billion, or about 19% of the global population
(FAO et al. 2014). There has been real improvement
over the last several decades, but a significant
fraction of the global population still does not get
enough food.

The fundamental question addressed by this report

is whether this progress can be maintained in

the face of changing global climate. Are further
improvements in food security achievable? Is climate
change likely to threaten and/or reduce food security
in the future?

The components of food security are food
availability, access, and utilization (including food
safety and nutritional value), and the stability of each
over time. Addressing the intersection of climate
change and each of these components requires
consideration of much more than food production;
other important food-system activities include
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Introduction and Report Background

food processing, packaging, transporting, storing,
trading, wholesaling, retailing, consuming, and
waste disposing. It is not possible to understand and
characterize the potential effects of climate change
on food security without this broad food systems
perspective. A systems perspective is needed to
address the effects of climate change on global
food security and feedbacks to the United States.
The United States is tightly connected to the global
food system through its role as a major exporter and
importer of food, a provider of assistance for many
food-insecure nations, and a developer of relevant
food technologies and research outputs.

Questions this report will address include the
following:

* How are climate and society projected to change
in the next 20-30 years and the next 70-100
years? (Chapter 3)

* How might plausible changes in climate and
socioeconomic conditions influence the produc-
tion, consumption, trade, and prices of food?
(Chapter 4)

* What are the components of food security and
how might climate change affect them? (Chapters
5,6,and 7)

* How might climate change affect global food
security and influence the U.S. food system?
(Chapter 8)

1.1 Report Background

This publication is a comprehensive technical
evaluation of the relationship between climate
change, global food security, and the U.S. food
system. It is a consensus-based assessment conducted
by a team of technical experts led by the U.S.
Department of Agriculture (USDA). It is based on the
peer-reviewed scientific literature and was developed
to support U.S. National Climate Assessment (NCA)
process, as described in the Global Change Research
Act (GCRA) of 1990. In response to stakeholders,

Food security is defined
as“when all people at

all times have physical,
social, and economic
access to sufficient, safe,
and nutritious food to
meet their dietary needs
and food preferences for
an active and healthy life.”
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the scope was expanded to include how changes in
global climate and food security in other parts of the
world could affect the U.S. food system.

Through the USDA’s participation in the U.S.
Global Change Research Program (USGCRP),

this report will help to meet the requirements of

the GCRA, which directs agencies to “produce
information readily usable by policymakers
attempting to formulate effective strategies for
preventing, mitigating, and adapting to the effects of
global change” and to undertake periodic scientific
assessments (United States Code, Title 15, Chapter
56A, 1990). The GCRA requires that the NCA
project its findings 25 and 100 years into the future
and meet the standards set forth by the Data Quality
Act (Public Law 554, 2000). Section 1.4 below
describes the types of literature and information used
to inform this assessment.

1.2  Report Scope

Food security and the food systems that underpin

it have been, are, and will continue to be subject

to change as a result of many factors, including
changes in food production, trade arrangements,
transportation systems, civil unrest, health, energy
costs, economic status, and others, each operating on
a variety of spatial and temporal levels. This report
documents how food systems and food security have
already responded and may continue to respond to a
world affected by climate change. A discussion of the
secondary effects of these changes upon other sectors
(e.g., human health, national security) is outside

the scope of this report, as is consideration of the
effects of food systems on climate and the associated
mitigation options. Policy recommendations are
outside the scope of this report. Finally, the more
specific issue of domestic U.S. food security has
been detailed extensively elsewhere (Gundersen et al.
2011, Takle et al. 2013, USDA ERS 2013a) and is not
the topic of this report.

This report addresses the spectrum of food security
components: availability, access, utilization,

and stability. While food production (including
livestock, fisheries, and wild harvesting, in addition
to crops) is clearly related to food availability, post-
farm gate activities (food processing, packaging,
transporting, storing, trading, wholesaling, retailing,
consuming, and waste disposing) matter a great deal
to comprehensive food-security outcomes. Each is
considered within economic, social, and biophysical
contexts.

The geographic scope of this report is global. Food-
system activities and the food-security outcomes of
these activities in relation to food availability, access,
utilization, and their stability are highly interactive,
both geographically and temporally. Because of
these interdependencies and the shifting geography
of food supplies and demands, any given nation’s
food security must be considered within the global
context. Hence, the global scale was necessarily
selected for this report.

1.3  Report Organization

This report examines what is currently known about
climate’s historical relationship to food security

and the food system. This stock of knowledge is
then applied to a scenario-based future of plausible
outcomes, reflecting a range of plausible future
assumptions regarding climate, the economy, and
agricultural development over the next 20—100 years.
The report is organized as follows:

* The Executive Summary affords an overview of
the report’s full content.

* The Introduction (this chapter) provides back-
ground and an orientation to the report’s layout.

* Key Concepts and Definitions (Chapter 2)
includes a general description of key concepts that
are prevalent throughout the report and definitions
of important terms.

* Models, Scenarios, and Projections of Climate
Change and Socioeconomic Change (Chapter 3),
summarizes recent projections and scenarios that
describe how overall global climate and climate
variables relevant to food security are likely to
change under different levels of greenhouse-gas
emissions and concentrations. It also describes
alternative pathways of future socioeconomic
change that could affect food vulnerability and
response capabilities. These scenarios reflect a
range of plausible future conditions against which
risks, vulnerabilities, and opportunities may be
assessed in an integrated fashion.

* Integrated Assessment Modeling of Agricul-
tural and Food Systems (Chapter 4), describes
global and regional modeling of climate-change
effects on food production, agricultural land use,
prices, and numbers of food-insecure people.

* Food Availability and Stability (Chapter 5),
documents the relationships between climate
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change and the parts of the food system relevant
to availability of food supplies.

* Food Access and Stability (Chapter 6), docu-
ments the relationships between climate change
and the parts of the food system relevant to
people’s access to food.

* Food Utilization and Stability (Chapter 7),
documents the relationships between climate
change and the parts of the food system relevant
to people’s utilization of food.

* Global Food Security, Climate Change, and the
United States (Chapter 8), describes how cli-
mate change affects global food systems and how
global food security could affect the food system
of the United States.

* Report Conclusions (Chapter 9), describes the
high-level findings that the authors have drawn
from this assessment.

» Finally, a series of appendices lists author and
technical contributors and their affiliations
(Appendix A), commonly used abbreviations
(Appendix B), a glossary (Appendix C), and the
report’s references (Appendix D).

1.4 Report-Development Process

USDA engaged USGCRP agencies with an initial
“scoping session,” identifying specific interests in
the report. Additional stakeholders were engaged

at an initiation workshop with the report authors

in June 2013 to help scope the report and provide

the most useful possible information to those
communities most likely to make use of it."! A second
stakeholder meeting was held during a session of the
National Council for Science and the Environment
in January 2014.% Overall, more than 50 stakeholder
groups representing food-production groups, food-
assistance organizations, financiers, private industry,
nongovernmental representatives, the Federal service,
and others were engaged in the initial scoping and
development stages of the report. Participation by an
additional 26 organizations was solicited.

This report had two types of technical content
contributors. Report authors contributed text to one

or more chapters, participated in building consensus
to develop a coherent interpretation of the available
technical materials across the range of the report’s
subject matter content, and arrived at the conclusions
presented in Chapter 9. Technical contributors wrote
text for individual chapters and participated in
developing conclusions related to the subject matter
of that chapter alone; technical contributors were not
involved in developing the overall report conclusions.
Report authors and technical contributors were
chosen for their expertise and represent academic
institutions, Federal service, and nongovernmental
and intergovernmental organizations. Contributors
of nontechnical information listed glossary terms
and abbreviations for the appendices but did not
participate in content development or the consensus
process. A list of report authors, chapter technical
contributors, and nontechnical contributors is
provided in Appendix A.

Peer-reviewed documents and specific types of
government or intergovernmental data sources (e.g.,
FAOSTAT) have been included in this evaluation.
Trade journals, online documents or webpages that
document the existence of a particular program, and
other types of publications may contain information
both useful and important to the subject matter of
this report that is not generally available in the peer-
reviewed technical literature. However, because those
sources are not subject to peer-review standards,
their quality and veracity can vary greatly. As a
consequence, those sources are included here only in
cases where a specific opinion or perspective is being
represented as such and is consequently not in need
of review verification.

The report was primarily drafted between October
2013 and October 2014. Expert peer reviewers were
solicited via Federal Register in July and August
2014. 652 comments were responded to through
peer review and interagency comment, followed by a
public comment period in September 2015. A revised
draft was submitted for Federal clearance in October
2015.

' http://www.globalchange.gov/sites/globalchange/files/Climate%20Change%?20and%20Food%20Security%20Expert%20Stakeholder%

20Mtg%20Summary%20%28Final%29.pdf

2 http://www.buildingclimatesolutions.org/topics/view/523385840cf264abcce225e8/
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Chapter 2

Climate change, food security, and food systems are
each highly technical and interdisciplinary fields of
study in their own right, with specialized concepts
and lexicons. The purpose of this chapter is to
briefly list and summarize a set of key terms and
conceptualizations that appear throughout the report.

2.1 Food Security

Food security is defined as the state or condition
“when all people at all times have physical, social,
and economic access to sufficient, safe, and
nutritious food to meet their dietary needs and food
preferences for an active and healthy life” (FAO
1996, 2012a). Globally, about 805 million people are
food insecure (FAO et al. 2014) and at least 2 billion
live with insufficient nutrients (Pinstrup-Andersen
2009, Barrett and Bevis 2015). Paradoxically, about
2.5 billion people are overweight or obese (Ng

Key Concepts and Definitions

et al. 2014), though not necessarily obtaining the
necessary nutrients for development and health.
The FAO (Food and Agriculture Organization of the
United Nations) definition above holds “sufficient,
safe and nutritious” as the goal; overweight or
obesity can themselves lead to damaging health
effects (Ng et al. 2014).

Food production is an important prerequisite for food
security to be achieved but is alone insufficient to

do so. Many other factors determine food security,
including economic conditions from the global to the
micro levels and the conditions of trade, food safety,
land use, demographics, and disease (Ericksen et al.
2009, Misselhorn et al. 2012). Food security is not
only a reflection of the aggregate balance between
supply and demand but integrally includes individual
and community access to food as well as economic,
social, political, and environmental factors (Devereux
2012, Headey 2013, Maxwell and Fitzpatrick 2012,
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Regmi and Meade 2013, Simelton et al. 2012, World
Bank 2012b).

Understanding food security requires recognizing

its interdisciplinary, interactive, intersectoral,

and multiscale nature; misconceptions are not
uncommon. One common source of confusion occurs
in the application of the term “food security” to the
separate, though related, topic of national-scale or
regional-scale agricultural production. While the
terms were used interchangeably in the past (UN
Human Rights 1974), this is no longer the case;

food security is distinct from food production. Food
production (not necessarily domestic) is an important
element of the food-availability component of food
security but alone is insufficient to guarantee food
security. For example, the United States produces an
annual average of over 3,600 kcal per-capita per day
(FAOSTAT 2014b), yet 14.3% of the U.S. population
is currently food insecure (Coleman-Jensen et al.
2014). In contrast, Singapore’s population remains
food secure and is ranked fifth out of 109 nations
globally from the Economist’s Global Food Security
Index (Economist Intelligence Unit 2015), though the
country has effectively no cropland under cultivation
within its borders (FAOSTAT 2014a). This compares
with 0.54 hectare (ha) under cultivation per-capita in
the United States (FAOSTAT 2014b), demonstrating
that food security may be achieved even in the
absence of domestic crop production; trade can
effectively substitute for domestic production where
there is economic access to international markets.

The four components of food security (Table 2.1)
are not mutually exclusive but serve to organize the
topic into an analytically meaningful framework and

allow for systematic analysis of food and nutritional
outcomes (Ericksen 2008, Ingram 2011, Maxwell
1996, Maxwell and Smith 1992).

Food security is determined by each of these
components acting and interacting across multiple
spatial and temporal scales (Carr 2006, Davis et al.
2001, Kotzé 2003, Maxwell 1996, Maxwell and
Smith 1992). Changes in one region may affect
food security in other countries at great distances
(Dronin and Kirilenko 2008). While some changes
may directly diminish food security, they may be
compensated for through alternative pathways
(e.g., as when supply disruptions are addressed
through trade (Parry et al. 2004). A globalized food
system can in this way buffer the local effects of
weather events but may also increase vulnerability
by transmitting price shocks globally (Godfray and
Beddington et al. 2010). As a major food importer
and exporter (USDA ERS 2013a), the United States
can be significantly influenced by climate events and
changes in other parts of the world.

Climate change can affect food security in multiple
ways (National Research Council 2007, Wheeler
and von Braun 2013). Rising temperatures, altered
precipitation patterns, and extreme weather events
have already affected agricultural yields, the
geographical distribution of food- and water-borne
diseases, and trade patterns (Schmidhuber and
Tubiello 2007). Meeting each component of food
security described in Table 2.1 depends upon the
functioning of each of the food system elements
shown in Figure 2.1, whose climate sensitivities are
described throughout this report.

Table 2.1: The Components of Food Security. For food security to be achieved, all four components must be attained

simultaneously. Adapted from FAO 2008d.

Component

Definition

Availability

storage, and trade.

The existence of food in a particular place at a particular time. Addresses the “supply
side” of food security, which is determined by food production, transportation, food stocks,

Access

The ability of a person or group to obtain food. Economic access to food (including
affordability) and allocation within society (including intranation and intrahousehold
distribution) are integral to this component.

Utilization

role of food in such practices.

The ability to use and obtain nourishment from food. This includes a food’s nutritional
value and how the body assimilates its nutrients. Sufficient energy and nutrient intake is
also the result of biophysical and sociocultural factors related to food safety and food
preparation, dietary diversity, cultural norms and religious practices, and the functional

Stability

The absence of significant fluctuation in availability, access, and utilization. When stable,
food availability, access, and utilization do not fluctuate to the point of adversely affecting
food security status, either on a seasonal or annual basis or as a result of unpredictable
events. Weather, political unrest, or a change in economic circumstances may affect food
security by introducing instabilities.
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2.2 Food Insecurity

Food insecurity is the absence of food security.

It exists over different time horizons and affects
people through both under- and overconsumption.
Much of the scientific literature to date addresses the
former issue, though the latter is now receiving more
attention (Hawkes et al. 2012, Ng et al. 2014).

When households face long-term deficits in acquiring
sufficient food, often a result of long-term poverty
and lack of resources, they experience “chronic food
insecurity” (Maxwell and Smith 1992). Alternatively,
households that face unexpected or short-term food
deficits experience “transient food insecurity,” often
the result of reductions in food production, lack of
imports, higher prices, or climatic events (Devereux
20006). Climate change can influence both types of
food insecurity. Long-term changes in temperature
and precipitation may reduce income and result in
higher levels of chronic food insecurity, whereas
extreme events such as droughts and floods might
increase the frequency of transient food insecurity.

Just as food security is determined through interactions
occurring across multiple spatial and temporal

scales, the consequences of food insecurity are also
observable across those ranges. For an individual,
chronic food insecurity may manifest as a reduced
capacity to perform physically, diminished mental
health and development, and an increased risk of
chronic disease (Jyoti et al. 2005, Seligman et al. 2007,
Seligman et al. 2009, Slack and Yoo 2005, Whitaker

et al. 2006). Undernourishment, including inadequate
caloric and/or nutrient intake (WFP 2012), is a
consequence of food insecurity and leads to outcomes
such as stunting (short for one’s age), wasting (thin for
one’s age), and micronutrient malnutrition.

Collectively, these changes diminish global economic
productivity by 2%—-3% annually (USD 1.4-2.1
trillion; FAO 2013b), with individual country costs
estimated at up to 10% of national GDP (WFP 2013a,
Martinez and Fernandez 2008).

2.3 Food Systems

Food security depends not only on yields and trade
but also on changes that affect food processing,
storage, transportation, and retailing; the ability of
consumers to purchase food; and food-consumption
patterns. Food security is therefore an important
outcome of a functioning food system (Figure 2.2;
Ingram 2011, FAO 2008c¢), in concert with emergent
properties of the food system, such as food prices,
and (frequently) external factors, such as income.

* Producing food relies on agricultural produc-
tion, including crops, livestock, and fisheries and
their relationships with climate and environmental
change (Crane et al. 2011, Ericksen et al. 2011,
IPCC 2007c, Schlenker and Lobell 2010, Vermeu-
len and Aggarwal et al. 2012).

* Processing of primary agricultural commodities
transforms these commodities into more-easily
edible and digestible food (Boughton and Reardon
1997).

» Packaging food protects it during transportation,
extends its shelf life, and reduces the chance of
contamination.

» Storing food items keeps them in one location for
a period of time and may occur at each step of the
food system.

*  Wholesaling refers to the purchase and resale of
agricultural commodities and food in bulk, to be
retailed by others.

» Retailing describes economic agents, from road-
side vendors and open markets to supermarkets
and restaurants, selling a range of unprocessed to
processed and prepared foods to consumers.

* Trading refers to economic exchanges of food or
other materials for payments or export revenue; it
can occur across all of the food system activities.

* Transporting describes the movement of food to
and between markets, and from markets to com-
munities and homes.

* Consuming is individuals and families eating
food to sustain themselves in their day-to-day
lives.

» Disposing refers to feeding spoiled, inedible,
or surplus food to animals, composting food to
harvest it for nutrients, or discarding food into 