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WHAT ARE FOOD SYSTEMS
(AND WHY DO WE
CARE ABOUT THEM)?

After air and water, food is our most basic need. Yet unlike
air and water, food also forms an essential part of our
identities as families and communities. Food production
is the world's largest use of water and land (FAO 2024,
2025; Ritchie and Roser 2019). Until recently, agriculture
was also the world’s largest source of employment. Today,
a quarter of the world’s labor force still works in agricul-
ture, with an even greater proportion in low- and middle-
income countries (Roser 2023).

But food involves much more than production and con-
sumption. The tremendous growth in variety, abundance,
and year-round availability of food that we have experi-
enced in recent decades has been enabled by related
growth in the supply chains that link producers to con-
sumers, including processing, storage, transportation,
and marketing. This wider set of essential and closely con-
nected activities makes up our food system (Erickson et
al. 2010; Ingram 2011; HLPE 2014, 2017; Food Systems
Dashboard 2025).

These activities are in turn related to energy, innovation,
technology, roads, and many other domains, so in a sense,
food systems are all-encompassing. Instead of consider-
ing a single food system, it can be useful to think of multi-
ple interconnected food (or agrifood) systems operating
at different scales, just as local markets are connected to a
larger global market, and local internet service providers
are part of a larger worldwide web. While the boundar-

ies of these various food systems may be difficult to delin-
eate, itis not necessary to define food systems precisely
to appreciate their importance. Indeed, it is estimated
that nearly half the world's people live in households that
depend at least partly on agrifood systems for their liveli-
hoods (Davis et al. 2023), and all 8 billion of us are part of
food systems as consumers.

Food systems have achieved remarkable progress in
recent decades, but they will also face significant chal-
lenges in delivering the many outputs and services we
expect and need from them in the future (ISDC 2023).
For example, progress in reducing hunger has slowed
and even reversed in recent years, while the incidence
of micronutrient deficiencies and obesity is rising (FAO,

IFAD, UNICEF, WFP, and WHO 2024). Pressure on land,
water, biological, and atmospheric resources is increasing
(FAO 2017; IPCC 2023). Meanwhile, despite the fundamen-
tal importance of food systems, those who earn their liv-
ing from food production often earn much less than those
in other economic sectors (World Bank 2025). Looking
ahead, the Independent Science for Development Council
identifies nine major trends that will continue to affect
agrifood systems: demographic trends, changing con-
sumption patterns, market concentration, climate change,
environmental degradation, shifting global health chal-
lenges, geopolitical instability, growing inequalities, and
new technologies and innovations (ISDC 2023).

These interrelated challenges mean that to consider the
future of food, we need to look beyond food production
to the wider set of activities that bring food to our tables
and beyond food consumption to the wider set of impacts
and outcomes for people and planet that characterize

the performance of those activities. We need to look at
food systems.

WHAT CAN WE KNOW
ABOUT THE FUTURE
OF FOOD SYSTEMS?

Strictly speaking, nothing. Without a crystal ball, we can-
not know the future with certainty. But decisions that will
affect the future of food systems still need to be made
today, and there are insights we can offer with confidence
to help guide those decisions.

First, we can draw on experience and understanding

of the past and present to make reasoned inferences
about the future. This may involve a variety of foresight
approaches. Since the dawn of agriculture, farmers (such
as the family of 3-year-old Rosita on the cover of this book)
have had to make decisions about when and where to
plant their crops without knowing what weather and mar-
ket conditions would be like during the weeks and months
before harvest time. Instead, they have drawn on their
experience and expectations as a guide. When we con-
sider the future of larger and more complex food systems
in a world that is becoming more uncertain, more com-
plex foresight methods are needed, including quantitative
tools such as statistical analysis and simulation modeling
(see Chapter 37 on foresight modeling).



Second, the future depends partly on choices we — as
individuals and society — have not yet made. This pres-
ents an opportunity but also a challenge. The opportu-
nity is that we have the chance to inform those choices
through analysis and engagement with public and private
decision-makers and other stakeholders. The challenge is
that the interacting processes that make up food systems
are extremely complex, and the goals of decision-makers
and other stakeholders are extremely diverse (and some-

times conflicting).

By combining sophisticated quantitative analysis of

food systems and qualitative engagement processes
with stakeholders, we can identify and explore the likely
impacts of alternative future scenarios based on alterna-
tive development pathways and external factors, and use
the resulting insights to inform the decisions we make
about food systems today. So, although we cannot know
the future of food systems with certainty, we do know
something about possible futures of food systems, and
what we can do to help achieve (or avoid) them. That is the
subject of this book.

THIS BOOK

This book presents a collection of short chapters on the
current state of knowledge about different aspects of the
future of food systems, written by a diverse group of sci-
entists with experience and expertise in a wide range of
related topics, disciplines, and regions. The 109 contrib-
utors come from across CGIAR and many other partner
research institutions around the world. This collection was
begun as part of the CGIAR Research Initiative on Foresight
during the 2022-2024 period and completed as part of the
ongoing area of work on foresight and prioritization under
the CGIAR Science Program on Policy Innovations.

Each chapter examines a particular aspect of food sys-
tems, using a standard format to concisely describe
recent trends and challenges that highlight the impor-
tance of the topic, summarize the latest available foresight
research on that topic, and identify key gaps in exist-

ing foresight research that merit further attention in the
future. These chapters are intended as brief and acces-
sible overviews of the latest foresight research on each
topic, guides to help readers find more detailed infor-
mation if desired, and indications of where our current

knowledge of future trends needs to be improved.

The collection includes 15 chapters focused on major
drivers and impacts of change in food systems, 11 chap-
ters that provide regional and national perspectives on
the future of food systems, 7 chapters on the future of
major food commodities, and 3 chapters on food systems
measurement and modeling tools.

Even with this diverse set of contributions, the picture
remains incomplete. Given the complexity of food sys-
tems, itis impossible to characterize them fully. Some top-
ics are missing, and others could easily be developed in
much greater detail. We look forward to adding topics
that are missing from this collection (such as demograph-
ics and genetic resources) and to developing aspects of
included chapters that merit expansion.

In a world of complexity and uncertainty, the goal of this
book — and the purpose of foresight analysis, more gen-
erally —is not to predict the future with precision, but
rather to carefully consider and present what can be
known about possible future pathways in order to inform
choices today.

KEY INSIGHTS

The picture that emerges from this collection highlights
the continuing challenges that food systems will confront
in the coming decades. Poverty will become more geo-
graphically concentrated (Chapter 2), healthy diets will
remain out of reach for many (Chapter 3), inequalties will
persist (Chapters 4 and 14), pressure on land, water, and
other resources will increase (Chapters 5 and 7-10), and
extreme events will become more frequent (Chapters 6
and 15). Regional and commodity perspectives (Chapters
17-22 and 28-34) illustrate the diversity of challenges,
including continued population growth in Africa (ver-

sus slowing growth or population declines elsewhere),
projected increases in dependence on food imports in
low-income countries, and rapid growth in demand for
animal-source foods from middle-income populations.
They also illustrate commonalities, including rising health
concerns associated with overweight and obesity in

most regions.

The collection also highlights the importance of interac-
tions — including both synergies and trade-offs — across
the many dimensions of food systems, including between
drivers of change, regions, commodities, and time



periods, as well as among the many outcomes that food
systems deliver. For example, improving access to mar-
kets may reduce costs for both producers and consum-
ers, but it may also increase pressure on land and water
resources. This does not mean that one goal is necessar-
ily more important than another, just that care is needed
to understand the multiple consequences (including the
unintended ones) of different food systems pathways in
order to make better-informed decisions and minimize
their costs.

The collection also highlights opportunities to address
these challenges, including rapid growth in renewable
energy (Chapter 11); the critical importance of innova-
tion more generally (Chapter 12), along with its potential
to improve efficiency, reduce costs, and lessen trade-offs
across multiple goals and interests; and the importance
of trade (Chapter 13) and food assistance (Chapter 16)

in helping to offset local and regional impacts of con-
flict and weather shocks. Insights from various countries
(Chapters 23-27) show how foresight analysis is already
informing food systems policies and investment strate-
gies around the world. Finally, continuous improvements
are being made in the data and analytical tools needed
(Chapters 35-37) to explore alternative food systems
futures, identify challenges and solutions, weigh trade-
offs, and inform the choices we face today.
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can help policymakers anticipate employment and dietary shifts and

identify the mix of food systems investments that would maximize
theirimpact on extreme poverty.

Policies and investments designed to facilitate food systems trans-
formation may be associated with trade-offs across development
outcomes. For instance, while investments in staple crop productiv-
ity may be most effective at reducing poverty and calorie availabil-
ity, they may not contribute to improving dietary quality or health
outcomes, which are also important SDGs. Likewise, regulations that

RECENT TRENDS AND
CHALLENGES

Although poverty is a complex, multifaceted phenome-
non, it can be broadly defined as the lack of basic capacity
to maintain a minimum standard of living and participate
effectively in society. Important strides have been made in
the fight against poverty over the past 25 years. As shown
in Figure 1, the global poverty headcount rate — measured
atthe World Bank’s “extreme” poverty line of US$2.15 per

encourage the adoption of environmentally conscious food produc-
tion processes, also central to several of the SDGs, may raise the cost
of food, with negative consequences for poverty. At the same time,
inaction now to facilitate a transition toward more sustainable food
systems will contribute to conflicts, disasters, physical displacement,
and adverse health and economic outcomes in the future, the burden
of which will fall disproportionately on future generations of poor
people. Foresight analysis can help policymakers understand these
trade-offs as they consider alternative investment choices and mea-
sures to protect vulnerable populations from any adverse impacts.

day (2017 PPP prices) — fell from 30.0 percent to 8.5 percent

between 1999 and 2024, while the number of poor people
declined from 1.8 to 0.7 billion — even as the global popu-
lation grew from 6.1 to 8.1 billion (World Bank 2024a).

Figure 1 also highlights regional disparities in poverty out-
comes. South Asia, renowned for successfully transforming

FIGURE 1 Poverty rates and number of people in poverty, 1999-2024
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its agriculture sector during the “Green Revolution” in the
1960s and 1970s (Pingali 2012), saw its poverty rate decline
faster than the global average from 1999 to 2024. Poverty
in the East Asia and Pacific region was effectively elimi-
nated over the same period on the back of the “East Asian
Miracle” from 1965 to 1990, a period of rapid structural
change and growth led by manufacturing exports (Birdsall
etal. 1993). Sub-Saharan Africa experienced its own
“African Growth Miracle” in the early 2000s, with economic
growth outpacing that in the rest of the world (McMillan,
Diao, and Verduzco-Gallo 2014) and a decline in poverty
that was evidently much faster than previously thought
possible (Sala-i-Martin and Pinkovskiy 2010).

Unfortunately, by 2012, poverty reduction in sub-Saharan
Africa slowed down. Today the region is home to almost
two-thirds of the world'’s poor despite only making up

15 percent of the global population. Several other regions
also started experiencing a decline in the rate of poverty
reduction from 2020 onward as the COVID-19 pandemic
adversely impacted livelihoods (Pauw, Smart, and Thurlow
2021) and the Russia-Ukraine war contributed to rising
costs of living (Arndt et al. 2023).

LATEST FORESIGHT
RESEARCH

The World Bank (2024b) projects that poverty in sub-
Saharan Africa will decline only marginally, from 8.5 to

7.3 percent during the 2024-2030 period. Regional pov-
erty projections by Kharas and Dooley (2022) suggest that
South Asia will eradicate extreme poverty by 2030. But in
sub-Saharan Africa, with virtually no further reduction in
the poverty rate, the number of poor people will expand
by about 10 percent to reach 500 million by 2030, or
about 80 percent of the global population of poor people.
Sub-Saharan Africa should clearly be a key priority in the
global fight against poverty in the coming 5 to 10 years.

With over 80 percent of the world’s extreme poor living

in rural areas and nearly two-thirds of them engaged in
primary agriculture (UN 2023), agricultural productivity
growth has been found to be especially effective at reduc-
ing extreme poverty (Christiaensen, Demery, and Kuhl
2011). Such productivity growth might be associated with
land productivity (for example, due to improved soil qual-
ity) or labor productivity (for example, the effects of edu-
cation combined with the adoption of better technologies
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or machinery). Agricultural productivity growth has been
shown to be relatively more effective at reducing poverty
than equivalent-sized productivity gains in industry or ser-
vices (Dorosh and Thurlow 2018; Ivanic and Martin 2018),
provided product, factor, or credit market failures do not
exclude poor farmers from profitable opportunities to
grow out of poverty (Dercon 2009). Of course, the bene-
fits of agricultural productivity growth are not restricted
to farm households. Household food budget shares in
low-income South Asian and sub-Saharan African coun-
tries average around 40-50 percent (USDA 2023), with
even higher shares for poor households within those
countries. Since agricultural productivity gains help lower
farm output prices, they can contribute significantly to
poverty reduction among rural nonfarm and urban house-
holds that consume agricultural products.

Agricultural productivity growth — or agricultural transfor-
mation more broadly — provides the impetus for structural
change and rural-urban migration (Johnston and Mellor
1961; Timmer 1988), but the net impact of structural
change on growth is not always positive (McMillan, Diao,
and Verduzco-Gallo 2014), and may even result in urban
slums and rising urban poverty (see Chapter 14). Rural-
urban migration is also associated with growing demand
for processed and convenience foods from retail or food
service outlets as opposed to unprocessed farm produce
(Barret et al. 2022), such that the share of food processing,
packaging, trade, and transport costs in the overall cost
of food rises. These dynamics affect the relative effective-
ness of on-farm versus off-farm investments in reducing
poverty. In the context of Ethiopia, Dorosh et al. (2020)
show that investments in nonagriculture sectors become
more important for poverty reduction after approximately
10 years of sustained growth and structural transforma-
tion. Dorosh and Thurlow (2018), in turn, show that among
the nonagriculture sectors, investments in those sec-

tors with strong connections to the food system, such as
food processing, trade, or transport, have larger impacts
on poverty than those in nonfood manufacturing or ser-
vice sectors.

The global food system is operating beyond its plane-
tary boundaries (Steffen et al. 2015; Ruggeri et al. 2024).
The resulting degradation of environmental systems and
greenhouse gas emissions contribute to fragile settings
characterized by conflict, disaster, and physical displace-
ment and worsening food security, diet quality, and nutri-
tion outcomes. By 2030, 2.8 billion people will live in
fragile settings, up from 1.8 billion in 2020, and 80 percent



of them will be poor (GLOPAN 2020). Not only are food
systems in urgent need of transformation, but the burden
of climate inaction will also fall disproportionately on the
poor. The urgency of food systems transformation also
challenges conceptions around poverty measurement.
Poverty lines are traditionally derived from the cost of cal-
ories required to sustain human activity. However, food
systems should provide more than sufficient calories; they
should also ensure that healthy, sustainably produced
foods are affordable to poor people (Willet et al. 2019).
The global average cost of a healthy diet is estimated at
around US$3.30 per day in 2017 prices (FAO 2024), more
than 50 percent higher than the global poverty line of
US$2.15. Eradicating extreme poverty will not be enough
to ensure that all people can afford a healthy diet. More
ambitious poverty reduction targets should be adopted if
the poor are expected to contribute to more sustainable
food systems through their dietary choices.

KEY GAPS AND
OPPORTUNITIES FOR
FORESIGHT RESEARCH

Foresight analysis can inform the design of food systems
policies and investment programs aimed at facilitating
transformation and poverty reduction. Investments that
raise on-farm productivity in agriculture remain import-
ant for driving poverty reduction among the many poor
farm households around the world. However, struc-

tural change and dietary shifts mean the effectiveness of
investments in the off-farm components of the food sys-
tem, such as food processing, distribution, and food ser-
vices, will gradually become more important in reducing
poverty. Foresight analysis can help policymakers antici-
pate these changes and adjust their investment allocation
decisions across the on- and off-farm components of food
systems accordingly.

Potential trade-offs arise across development outcomes.
Poverty reduction is not the only development goal of
food systems transformation. Others include improved
availability and access to healthy foods and the transi-
tion toward environmentally sustainable food production
practices. Policies that target one development out-
come may have unintended consequences for others. For
instance, investing in staple crops might be highly effec-
tive at reducing extreme poverty but may have adverse
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implications for diet quality (for example, if it results in
overconsumption of calories and lower consumption

of healthy foods) or for the environment (for example,
because of land use change or increased use of inor-
ganic fertilizer). Likewise, regulations that encourage the
adoption of sustainable food production processes (for
example, limits on greenhouse gas emissions in food pro-
cessing or transport) could raise the cost of food, with
implications for poverty or diet quality. Foresight analysis
can help policymakers identify potential trade-offs associ-
ated with the policies they design so that they can imple-
ment measures to protect vulnerable households from
any adverse impacts.

Trade-offs — or synergies — may also exist between cur-
rent and future development outcomes. Making quality
diets more affordable for poor people today results in a
healthier, more productive workforce and higher lifetime
earnings. Better diets are also associated with improved
learning among school-aged children and better earn-
ings prospects in the future. These future benefits may
offset current costs. Conversely, delaying or slowing
down the transition toward sustainable food systems may
save financial resources today, but the burden of envi-
ronmental degradation that may follow as a result will be
shifted onto future generations of poor people. Foresight
analysis can account for future streams of benefits and
costs, which in turn can inform optimal budgetary alloca-
tions today.
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RECENT TRENDS AND
CHALLENGES

Human nutrition is the result of dietary practices as well
as individuals’ health and a combination of environmental
and societal factors, all of which interact in a dynamic pro-
cess. Nutrition is inextricably linked to diets, and factors
that affect diets influence the resulting nutritional status
of individuals, along with many others that determine bio-
availability of nutrients from foods consumed and individ-
uals’ health status. We focus on the future developments
of the diet and nutritional dimensions of this complex
topic, especially in low- and middle-income countries
(LMICs) and regions in which CGIAR works.

Diets and nutrition are evolving in dynamic ways as tech-
nological, agricultural, environmental, and cultural sys-
tems change and interact. Diets evolve in response to
changing preferences, prices, and incomes and to cultural
forces. It is well established that as incomes rise, the share
of nutrient-dense foods in the diet increases (Bennett
1941a, 1941b); with near certainty, we can expect this will
remain true in the future.

FIGURE 1 Recent nutrition trends

14

The nutrient content of food evolves due to factors such
as breeding, production practices, climate impacts, and
processing methods. Societal drivers such as education,
health, and sanitation systems also exert a huge influence
on the levels of nutrition that are possible with available
food and diets.

Malnutrition takes three forms: undernourishment
(energy deficiency, also referred to as “chronic hun-

ger”), which manifests itself in child wasting or stunt-

ing and adult underweight; micronutrient deficiencies
(also referred to as "hidden hunger”); and overweight/
obesity and diet-related noncommunicable diseases
(Figure 1). Poverty, conflict, and access issues are key driv-
ers in the stalling and reversal of positive trends in hunger
and malnutrition.

While undernourishment has decreased over the past sev-
eral decades, events in recent years have either stalled
progress or reversed trends in many regions. The global
prevalence of undernourishment dropped 2 to 6 percent-
age points, depending on the region, between 2000 and
2022. Chronic hunger hit a low point in the 2010s but has
been on the rise ever since.

= Africa = Asia Latin America and the Caribbean North America and Europe
= World
Undernourishment Micronutrient deficiencies Obesity
Prevalence of undernourishment Prevalence of anemia among Prevalence of obesity in adults
(chronic hunger) women of reproductive age (18 years and older)
(15-49 years)
50%
40% \__
30% v
20% \/
2000 2010 2020 | 2000 2010 2020 | 2000 2010 2020

Source: FAOSTAT 2025. https://www.fao.org/faostat/

Note: Chronic hunger is not tracked when itis below 5 percent, as in North America and Europe.
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Although little information is available on the preva-
lence of micronutrient deficiencies globally, anemia—a
proxy indicator of iron and potentially other micronutrient
deficiencies—has declined since 2000 around the world
(except in North America and Europe), but these trends
have either slowed or reversed course since the 2010s.
Micronutrient deficiencies are driven by a complex mix of
factors, some of them related to poverty, unaffordability
of nutritious foods, and poor health, and others related to
awareness and preferences that cut across income levels.

Overweight/obesity is widespread and increased consis-
tently over the same period in all regions, with prevalence
doubling in many regions between 2000 and 2022. Rising
incomes, urbanization, and changing food systems are
the main drivers of overweight/obesity and the double
burden of malnutrition, characterized by the coexistence
of multiple forms of malnutrition in the same coun-

tries, households, or individuals (Popkin, Corvalan, and
Grummer-Strawn. 2020).

LATEST FORESIGHT
RESEARCH

A strong literature and research base documents past
trends and current status across the various dimensions of
diets and nutrition, and many efforts to improve nutrition
in the future.

Several current research and development efforts aim-
ing to change the future of nutrition are highly focused on
specific improvements that could be achieved in the near
term, though in isolation and without consideration of
the full agrifood system. Nutritional benefits are foreseen
from these types of improvements if and when they can
be achieved and scaled up. Some of the most prominent
approaches include:

* Improvements in the plants and animals we eat, includ-
ing biofortification and other management and breed-
ing efforts (Bouis and Saltzman 2017; White and
Broadley 2009; Sands et al. 2009; Flax et al. 2023;

Boy et al. 2024), as well as improving the mix of food
items in the average food basket (Golden et al. 2021;
Herforth et al. 2019).

® Supplementation and fortification, including large-
scale fortification of staple foods or condiments (for
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example, salt, bouillon cubes) with essential micro-
nutrients, and micronutrient-fortified products for-
mulated for nutritionally vulnerable groups, such as
lipid-based nutrient supplements or micronutrient
sprinkles (Dewey et al. 2023; Osendarp et al. 2018).

e Behavior change communication strategies to educate
and shape consumer preferences and food choices,
as well as interventions to improve the healthiness of
food environments (Fretes, Marshall, and Leroy 2024;
Kim et al. 2024; Springmann et al. 2016, 2018).

Foresight research that explicitly analyzes the future of
nutrition outcomes remains relatively limited, even as
dietary projections at the aggregated commodity level
are available (Bodirsky et al. 2015; Valin et al. 2014; van
Dijk et al. 2021). Some research—such as Tigchelaar et al.
(2024) or many of the EAT-Lancet analyses for a planetary
health diet—assesses future diets in a quantitative frame-
work without an economic equilibrium. This is important
given the pace of change in factors affecting diets and
nutrition; the time lags involved in developing approaches
to address those changes; and system dynamics, with
prices, preferences, and production interacting and
changing simultaneously.

Quantitative foresight modeling looks at the complex
interplay of drivers to estimate potential trajectories for
the agrifood system. This approach provides an estimate
of both the supply of and demand for agricultural com-
modities and many other aspects of the agrifood system.
One key component of many foresight studies in the agri-
food sector is the evolution of diets in terms of a com-
plex economic equilibrium of demand and availability.
Cenacchi, Sulser, and Mishra (2025) provide one exam-
ple using the International Model for Policy Analysis of
Agricultural Commodities and Trade (IMPACT) model.
Using the same set of results, this brief highlights the
changes in food availability from different food groups
and of nutrients available in the food supply as shown in
the projections below.

Nutritional outcomes can be included as part of the pro-
jections, depending on the focus of the research. The
prevalence of undernourishment—associated with the

risk of hunger and a measure of chronic hunger—is the
most common metric used in foresight studies (Hasegawa
etal. 2019; Sulser et al. 2021b), while hidden hunger is
assessed by means of ratios of nutrient availability to rec-
ommended levels of intake (Beach et al. 2019;Nelson et al.



2018). Projections of chronic and hidden hunger can be
combined into estimates of future trends in disability-ad-
justed life years (Sulser et al. 2021a). Several quantitative
foresight analyses that focus on specific commodities

or commodity groups elevate the importance of nutri-
tion derived from particular types of foods, such as from
aquatic foods (Chan et al. 2021), livestock (Enahoro et

al. 2018), and fruits and vegetables (Mason-D'Croz et al.
2019). Modeling the future of overweight/obesity is esti-
mated by a complex combination of calculations and
assumptions (Bodirsky et al. 2020) and has been done

by few modeling groups to date. Given the connection

of modeling parameters to past trends and estimates of
the structural relationships across factors in the agrifood
system, the overall outlook is generally a continuation of
trends that see improvements in chronic and hidden hun-
ger and a steady increase in overweight/obesity. This
broad regional outlook masks details at the country and
subnational level, however, as many segments of the pop-
ulation face increasingly challenging situations.

Climate change is a topic of wide interest in relation to
diets and nutrition. As temperature and precipitation
deviate from historical trends, food production systems
must adapt and the transition to new agricultural prac-
tices often leads to increased prices and less food avail-
ability, particularly in the Global South (Kompas, Nhu Che,
and Grafton 2024; Sulser et al. 2021b). At the same time,
the nutritional quality of food is projected to change with
increasing carbon dioxide, with decreases in protein, min-
erals, and many vitamins, while enhancing energy con-
tent and a few select vitamins (Beach et al. 2019; Loladze
2014; Myers et al. 2014; Zhu et al. 2018). Extreme events
and variability lead to additional challenges for nutri-

tion that are often missing from many modeling exercises
(Hasegawa et al. 2021).

In general, future changes in population and income are
important drivers that far outweigh the climate changes
represented in most model-based analyses (Hasegawa et
al. 2015; Nelson et al. 2018; Sulser et al. 2021b). Increasing
per capita incomes make diverse diets and their nutri-
tional and health benefits more readily available, though
concurrently, many negative forces come to the fore,
including increased consumption outside the home

and preferences for convenience foods that are often
unhealthy, with an excess of saturated fats, sugar, and
salt. At the same time, increased incomes could curb the
overweight and obesity crisis if consumers adopt health-
ier, more balanced diets. Continued population growth
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and constrained incomes, on the other hand, lead to
challenges for reducing chronic and hidden hunger in
many regions. Both over- and undernutrition can occur
simultaneously at certain levels of aggregated geogra-
phies (Bodirsky et al. 2020; Hawkes et al. 2020; Popkin,
Corvalan, and Grummer-Strawn 2020).

The EAT-Lancet Commission on Food, Planet, and Health
(Willet et al. 2019) designed and advocated a planetary
health diet that attempts to achieve the goals of healthy
diets for all while keeping the agrifood system within sus-
tainable environmental bounds for the future. This effort
sparked a great deal of interest, but also skepticism
regarding adoption of very low or nonmeat diets and was
criticized for its focus on high-income countries and lim-
ited applicability elsewhere. Other concerns relate to its
nutritional inadequacy for population groups with high
nutrient requirements (for example, pregnant or lactating
women) and the potentially more costly minimum ade-
quate diet (Beal, Ortenzi, and Fanzo. 2023; Hirvonen et al.
2020). A follow-up to this work (EAT-Lancet 2.0) currently
underway aims to update, expand, and strengthen this
analysis while addressing some of these critiques (EAT-
Lancet 2.0 Commissioners et al. 2023).

Another important development is the work to estab-

lish a standard metric of the cost of a healthy diet that

ties together nationally developed food-based dietary
guidelines with consumer prices, especially in low-in-
come countries (Herforth et al. 2022). This is now incor-
porated in regular reports by the Food and Agriculture
Organization of the United Nations and the World Bank
(FAO 2024; World Bank 2024) and is the basis for work that
is developing a forward-looking perspective using model
projections (Costlow et al. 2025).

Recent projections from the IMPACT model provide a
quick look at dietary evolution and nutrition projections
(see Chapter 36 in this volume). As an extension to that
presentation, Figure 2 shows the change in per capita
calorie availability for major food types across regions.
Several takeaway messages present themselves:

e Theincrease in per capita consumption of oils and
sugar is clearly shown in East Asia and the Pacific,
South Asia, and the Middle East and North Africa, each
increasing by over 100 calories combined by 2050. The
high-income countries, however, are projected to con-
sume more than 1.5 times more calories from oils and
sugars than LMICs.
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FIGURE 2 Per capita calorie availability from major food groups in current and future diets,

2020 and 2050, by region
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Note: EAP = East Asia and Pacific; LAC = Latin America and Caribbean; MENA = Middle East and North Africa; SA = South Asia; SSA = Sub-Saharan Africa.

e The share of calories from starchy cereals and roots
and tubers is declining relative to more nutrient-dense,
animal-source foods, fruits and vegetables, and oils
and sugars. Some regions even show negative growth
trends for calories from starches.

e The increased share of animal-source foods, especially
in East Asia and the Pacific and Latin America and the
Caribbean, will require careful consideration to focus
on healthier options and avoid processed red meat,
associated with harmful health outcomes.

Based on per capita food availability, we compare nutri-
ent availability with recommended nutrient intake levels
(RNI ratios), following Beach et al. (2019) and Nelson et al.
(2018). RNl ratios close to one mean that the average con-
sumer might be able to meet recommendations while val-
ues below one indicate the opposite.

Figure 3 shows the change in regional RNI ratios for five
key vitamins and minerals for 2020 and 2050. Calcium
supplies are insufficient everywhere to meet dietary

requirements. In contrast, iron and zinc have RNI ratios

greater than one, indicating that a larger share of the pop-
ulation should have access to adequate supplies of these
nutrients though, in practice, many factors could limit
their bioavailability. Vitamin A and folate show a pattern
similar to iron and zinc in most regions, except the Middle
East and North Africa and sub-Saharan Africa, where RNI
ratios fall short and few people will be able to achieve
adequate levels for a healthy diet.

KEY GAPS AND
OPPORTUNITIES FOR
FORESIGHT RESEARCH

Looking at complex food systems and the scaling of nutri-
tion interventions and interactions in the longer term is
crucial for achieving broad-based, beneficial, and lasting
outcomes (Ruel 2024). Understanding the future of diets
and nutrition requires connecting nutrition literature and
quantitative foresight studies. In general, nutrition litera-
ture is essential to understand the many dimensions and
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FIGURE 3 Ratio of nutrient availability from projected diets to recommended nutrient
intakes (RNI ratios) for key vitamins and minerals in 2020 and 2050, by region
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connections between diets and nutrition. This literature,
however, relies on analysis of historical data and is limited
in looking explicitly at the future in a systematic way.

Meanwhile, simulation studies that look explicitly at future
diets are limited in nutritional detail. Studies linking diets,
health, and planetary environmental boundaries tend to
focus on the Global North, leaving a need and opportu-
nity to combine nutritional depth with foresight modeling
and a focus on LMICs. The most robust approach would
rely upon "multimodel” ensembles that provide transpar-
ent methodologies for their projections of dietary evolu-
tion. The range of potential outcomes will reveal either
self-reinforcing agreements among models that provide
strong evidence of findings or disagreements that flag
areas for further research.

A major question for the future of diets and nutrition is
how potential demand changes will play out in global
agrifood system dynamics. Quantitative foresight model-
ing of the agrifood sector from an economic equilibrium
perspective can help explore this. For example, if a more
environmentally conscious diet were to become more
widespread—meaning populations avoid increasing their
consumption of animal-source foods as incomes increase,
while relying more on plant-based foods—foresight mod-
eling could explicitly handle how preference shifts would
react to price changes due to changing levels of demand
for these different types of commodities, in turn affecting
the final purchase of food baskets by different consum-
ers. Joining this with detailed understanding of how food
systems work from a nutrition perspective (food environ-
ments, nutrition innovations, etc.) can help policymakers
make decisions on how to best allocate resources to sup-
port a healthy dietary evolution.
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RECENT TRENDS AND
CHALLENGES

Only marginal progress has been made in addressing
underlying gender inequalities in food systems over the
last several decades. Significant challenges remain in
closing gender gaps in agricultural productivity, liveli-
hood opportunities, access to resources and services,
and wellbeing outcomes. Because of these inequalities,
women remain marginalized in agrifood systems and lack
opportunities to participate in, benefit from, and exercise
agency over food systems transformation.

Some progress has been made in expanding access

to information and communication technology, with
potential for closing gender gaps in access to informa-
tion and financial services (Demirgi¢-Kunt et al. 2022;
GSMA 2023). Progress has also been made in collecting
sex-disaggregated data and monitoring progress toward
increasing women's empowerment over time and the
link with other development outcomes, including food
security and nutrition. Gender equality has also received
greater emphasis in key policy processes and design in
recent years at the global and national levels. However,

23

goals are often not met due to challenges during pol-
icy implementation.

The confluence of shocks and stressors over the past few
years — including COVID-19, the global food crisis exac-
erbated by the war in Ukraine, and escalating climate
change — have disproportionately affected women and
girls, amplifying gender disparities. Women and girls are
already more vulnerable to shocks and stressors like cli-
mate change, especially in areas where climate impacts
are severe and where gender inequalities are greatest
(Bryan et al. 2024; Lecoutere et al. 2023; Schipper et al.
2022). Gender gaps in food insecurity, workloads, and
specific challenges, such as gender-based violence,

are intensified during times of stress (FAO et al. 2023;
Kugler et al. 2023; Nico and Azzarri 2022). During the
COVID-19 pandemic, the gender gap in food insecu-
rity notably widened to 3.8 percentin 2021 (Figure 1).
However, the gap narrowed in 2022 as the pandemic’s
impact on women'’s food insecurity eased, both on the
global scale and in specific regions including Asia and
Latin America. The disproportionate impacts of shocks
and stressors on women and girls carry significant impli-
cations, impacting their short-term coping abilities and
long-term resilience.

FIGURE 1 Moderate or severe food insecurity (%), worldwide, by gender, 2018-2022
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LATEST FORESIGHT
RESEARCH

Lentz (2021) reviews foresight studies on the links
between agrifood systems and outcomes related to gen-
der, poverty, and nutrition and concludes that gender
equality is the outcome least covered across foresight
research. The review finds that many technology-focused
studies ignore gender-related barriers to adoption based
on differential access to resources and services, as well
as gender differences in preferences for technologies.
Foresight studies that do consider gender often point

to it as a key factor shaping successful transformation

of agrifood systems with respect to the other outcomes
(Lentz 2021).

The annual report of the World Economic Forum (WEF)
tracks and measures gender gaps across four key dimen-
sions: economic participation and opportunity; edu-
cational attainment; health and survival; and political
empowerment. The latest report shows some small
gains in closing gender gaps across these dimensions in
2023, following several years in which progress was dis-
rupted by COVID-19 and other global shocks. WEF now
estimates that it will take 131 years to reach gender par-
ity across all four dimensions, largely driven by wider
gender gaps in the economic and political dimensions
(WEF 2023).

The Food and Agriculture Organization of the United
Nations (FAO) also collects data on gender gaps in

food insecurity and reports on these in its annual report
on the State of Food and Agriculture (SOFA) and more
recently with other UN agencies in the report on the
State of Food Security and Nutrition in the World. FAO
also recently produced a report on the Status of Women
in Agrifood Systems, offering updated insights compared
to the 2011 SOFA report, which focused on women in
agriculture. The 2011 SOFA report made the case for
closing gender gaps in access to agricultural assets,
inputs, and services not only to address gender inequal-
ity but also for the benefit of the agriculture sector and
the broader economy (FAO 2011). The report estimated
that if women had the same resources as men, they could
increase yields on their farms by 20-30 percent — pro-
duction gains that would increase total agricultural out-
put in low-income countries by 2.5-4.0 percent, thereby
reducing the number of hungry people in the world by
12-17 percent.
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Moving beyond agriculture, the new Status of Women in
Agrifood Systems report emphasizes the importance of
tackling structural gender inequalities and investing in
women’s empowerment for the transition toward sustain-
able and resilient agrifood systems (FAO 2023). It esti-
mates that closing the gender gaps in farm productivity
and wages in agrifood systems would increase global
gross domestic product (GDP) by at least 1 percent (or
nearly US$1 trillion). As a result, global food insecurity
would be reduced by at least 2 percentage points, which
corresponds to 45 million people coming out of food
insecurity (FAO 2023). The report also estimates that "if
half of small-scale producers benefited from development
interventions which focused on empowering women,

it would significantly raise the incomes of an additional
58 million people and increase the resilience of an addi-
tional 235 million people.” Multiple country-level studies
by UN Women support the link between closing the gen-
der gap in agricultural productivity and welfare benefits,
including a substantial reduction in poverty — by around
80,000 people in Tanzania, 238,000 people in Malawi, and
119,000 people in Uganda per year over the last 10-year
period (UN Women 2015).

While women earn less than men in the agrifood system
and economy due to social norms, discrimination, and
limited access to resources (FAO 2023), the quantifica-
tion and implications of closing these gaps remain under-
explored. A collaboration between CGIAR's Foresight
Initiative and the World Bank’s Gender Innovation Lab
(GIL) is addressing these issues. Foresight, using IFPRI’s
RIAPA (Rural Investment and Policy Analysis) model, is
assessing the broader implications of narrowing the gen-
derincome gap in Nigeria and Ethiopia, highlighting

the potential economic gains of closing it (Thurlow and
Levy 2024). Other studies are exploring climate change
impacts on women farmers in Colombia, emphasizing
the need for gender-responsive policies (Escalante and
Pineiro 2024).

Another key publication (Njuki et al. 2022) develops a
framework illustrating the pathways through which gen-
der equality and women's empowerment can drive food
systems transformation. These include: addressing wom-
en's differing access to resources; promoting equal and
positive gender norms; facilitating women'’s empower-
ment; and promoting more equitable policies, institu-
tions, and governance. Much progress has been made
over the last 10 years with respect to measurement and

data collection on women'’s empowerment, showing



that women’s empowerment and gender equality have
not only intrinsic value but other social benefits as well,
including better agricultural, health, diet, and nutrition
outcomes (Quisumbing et al. 2023). In particular, stud-
ies show that higher levels of women’s empowerment in
agriculture are associated with better maternal nutrition
and women and children’s calorie availability and dietary
diversity (Malapit et al. 2015; Sraboni and Quisumbing
2018; Kassie et al. 2020; Bonis-Profumo, Stacey, and
Brimblecombe 2021). Projects specifically focused on
women's empowerment leading to women's greater
decision-making power provide greater benefits for both
women and men — including higher incomes, food secu-
rity, household dietary diversity, and ability to recover
from shocks — compared to standard development proj-
ects (FAO 2023; Quisumbing et al. 2023).

Scenario-guided foresight processes that engage a broad
range of stakeholders and integrate a gender and social
inclusion lens are important for informing agricultural pol-
icy processes (Marty et al. 2023). In practice, however,
many challenges remain to integrating gender and social
inclusion in scenario-guided, foresight-driven policy pro-
cesses, such as power asymmetries among stakeholders
(Marty et al. 2023). Recent multistakeholder participa-
tory foresight exercises conducted in two states of India
(Uttarakhand and Odisha) demonstrate the potential of
participatory approaches (Malhotra et al. 2025). These
exercises identified several key driving forces of gen-

der equality in agrifood systems, including the level of
cooperation within the household, education of women,
agricultural knowledge and skills, women’s agency, fam-
ily support and guidance, women'’s workloads, access to
labor-saving technology, and collective action of women.
Participants highlighted the gradual but slow shifts in
constraining norms, but also emphasized that significant
efforts are needed for more transformative change.

KEY GAPS AND
OPPORTUNITIES FOR
FORESIGHT RESEARCH

As noted by Lentz (2021), gender equality has not been
adequately explored in foresight research either as a
driver of food systems transformation or as an outcome.
When projecting outcomes of various scenarios, espe-
cially those examining technological interventions and
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management techniques, it is crucial to consider gen-
derinequalities related to resource and services access,
resilience capacities, and restrictive social norms. These
factors can significantly impact women'’s livelihood
opportunities and their roles within food systems. Several
potential data sources could be used to measure the level
of gender inequality at the national or subnational level
for foresight work, including nationally representative
Labor Force Survey data, the Organisation for Economic
Co-operation and Development’s Social Institutions

and Gender Index, the Global Data Lab’s Subnational
Gender Development Index, Demographic and Health
Surveys, and the Women's Empowerment in Agriculture
Index data.

At the same time, foresight analysis can explore driv-

ers of change for greater gender equality and women'’s
empowerment in agrifood systems. In particular, foresight
modeling and participatory foresight exercises can help
assess which food systems investments and interventions
are most effective at reducing gender inequalities and
increasing women’s empowerment — for example, closing
gender gaps in resources, such as land ownership; reach-
ing more women with extension services and finance;

or designing interventions to transform gender norms
and relations. Foresight research could also explore how
reducing gender inequalities may contribute to other pos-
itive food systems outcomes, such as greater resilience

to climate change, poverty reduction, and food security
and nutrition.

Lastly, while data on gender inequalities in food systems
and women's empowerment have increased over the
last 10 years, more sex-disaggregated data and impact
evaluation studies are still needed for rigorous foresight
research on gender equality in agrifood systems.
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For more information on the topic, check out these resources:

e  CGIAR GENDER Impact Platform Resource Hub

e Data2X | Partnering for Better Gender DataData2X

e Africa Gender Innovation Lab

e Launch of the FAO report of “The Status of Women in Agrifood Systems”

e World Economic Forum Gender Gap Report
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Key messages

The environment's proper functioning is essential for a better life on
Earth, including maintaining, enhancing, and restoring biodiversity
and ecosystem services. While the environment is driven by external

factors and shocks as well as interventions within the global food sys-

tem, it simultaneously drives the overall health and stability of the
planet. This relationship involves complex interactions and tipping
points, which foresight research needs to capture in analyzing alter-
native future pathways for food system transformation.

A sustainable and resilient environment requires holistic approaches,
strategies, and policies to address environmental stresses and pro-
mote conservation, regeneration, and coexistence with nature.
These include practices that respect ecological boundaries, reduce
resource consumption and conflict, foster biodiversity, and enhance
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ecosystem recovery and adaptability. Foresight research is essen-
tial to help decision-makers understand synergies and trade-offs
between long-term public goods benefits and short-term private
costs from resource use and management.

Addressing food systems challenges - including root causes of envi-
ronmental degradation and biodiversity loss - requires sustainable
land and soil management, conservation efforts, and food produc-
tion practices, in addition to economic viability and social inclusion.
Foresight analysis can help policymakers, communities, and indus-
tries make informed decisions and prioritize and deploy effective and
holistic strategies at the biodiversity-climate-society nexus.


https://hdl.handle.net/10568/175019

RECENT TRENDS AND
CHALLENGES

Responsible natural resource management is urgently
needed. The global food system is currently responsi-
ble for 21-37 percent of total net greenhouse gas emis-
sions (Olivier et al. 2018), contributing to global warming
exceeding 1°C. Projections suggest that by 2050, agri-
cultural land will expand by 400 million hectares,
reducing forested and natural land. This loss threatens
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biodiversity and essential ecosystem services like car-
bon storage and water regulation provided by forests
(IPCC 2021; FAO 2022; FOLU 2019). Figure 1 shows cur-
rent environmental degradation trends that require
action to transition to biodiversity and ecosystem func-

tion gains.

Over the past 50 years, population growth — coupled
with a 15 percent per-person increase in material con-
sumption since 1980 — has driven alarming surges in bio-

mass extraction, fossil fuel consumption, and mineral and

FIGURE 1 Current environmental degradation trends
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Global environmental degradation:

A figure showing trends in environmental degradation, from a
once-robust environment to the current scenario - terrestrial
(75%), marine (40%), and freshwater (50%) environments
affected by severe degradation - and possible actions to
assist, protect, and conserve natural ecosystems and prevent
the loss of our planet’s endangered biodiversity wildlife in the
face of continued climate change (IPCC-IPBES 2021).
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Pollution and resource depletion:

An illustration of the annual dumping of 300-400 million tons
of pollutants (heavy metals, toxic sludge, etc.) into waters
and soils, and the depletion of 30% of the world's largest
groundwater systems (UN Water 2021; UNEP 2022).

LAND USE CHANGES BY 2050

A projected

Global mean
temperature rises
from 1.5°C to 3°C

Global multi-sector risks:

A representation of the increase in
multi-sector risks as global mean
temperature rises from 1.5°C to 3°C,
with a breakdown of impacts by
region, especially focusing on Africa
and Asia (Byers et al. 2018).

Projected 13% to
22.5% increase in soil
erosion in the EU and
UK by 2050

Soil erosion projections:

A representation of the projected 13%
to 22.5% increase in soil erosion in the
EU and UK by 2050, with emphasis on

rainfall erosivity (Panagos et al. 2021).

Source: CGIAR Environmental Health and Biodiversity Impact Area Platform (EHBIAP).
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Land use changes by 2050:

A projected expansion of agricultural
land by 400 million hectares and its
effects on forests and biodiversity
(FAO 2022; IPCC-IPBES 2021).
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metal exploitation (IPCC-IPBES 2021). Depletion of the
world’s largest groundwater systems has reached about
30 percent, and over 80 percent of global wastewater is
discharged untreated, exacerbating environmental pol-
lution. Simultaneously, massive amounts of heavy metals,
solvents, toxic sludge, and other pollutants — 300 million
to 400 million tons annually — are dumped into the
world’s waters and soils. Coastal ecosystems suffer from
extremely low oxygen levels, causing severe ecological
degradation in terrestrial and marine environments (UN
Water 2021; UNEP 2022).

These environmental impacts are widespread (Figure 1),
with 75 percent of the terrestrial environment, 40 percent
of the marine environment, and 50 percent of streams
experiencing severe degradation, resulting in significant
losses of wild animal biomass and plant life (IPCC-IPBES
2021; Tudge et al. 2021). Preserving genetic diversity
within crops, animals, and fisheries is crucial for resilient
food systems, particularly in terms of pest and disease
resistance (FAO 2010, 2020). Alarmingly, global pollinator
declines threaten the reliability of pollinator-dependent
crop yields, making them less dependable than pollina-
tor-independent crops (Smith et al. 2022). Similar chal-
lenges are reported in fisheries, such as the loss of fish
diversity in Lake Victoria as a consequence of the intro-
duction of the invasive Nile perch, as well as expansion of
invasive plants in terrestrial ecosystems.

LATEST FORESIGHT
RESEARCH

Projections for 2050 indicate a high confidence in
increased population and income, changes in consump-
tion patterns, and heightened demand for food, feed, and
water (van Dijk et al. 2021; IPCC 2019). Demographic and
economic factors, dietary shifts (for example, to plant-
based diets in affluent countries), innovation, trade, and
governance will be key drivers of these changes. While
the global goal is to achieve a more sustainable and resil-
ient environment, the diversity in environmental charac-
teristics, motivations, interests, preferences, and values
across different regions necessitates localized solu-

tions (Townsend et al. 2020). Therefore, transitioning to a
multi-actor and multiscale governance model is deemed
vital for creating a sustainable future that addresses the
unique challenges and opportunities in different local
contexts (Wynberg et al. 2023).
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Recent foresight research has highlighted critical chal-
lenges, offering insights into water scarcity, "hotspots”
across sectors, the delicate balance between popula-
tion and agricultural productivity, and the environmental
impacts of agricultural practices.

Water scarcity, identified as a major concern for spe-
cific regions in the future, presents a complex problem
with large uncertainties. In their study, Greve et al. (2018)
find that median water scarcity and the associated range
of uncertainty are generally on the increase worldwide,
including for many major river basins. They propose a
decision-making framework that identifies four repre-
sentative clusters of specific water policy challenges and
needs. Huang et al. (2021) propose a potential solution
through adaptive inner-basin water allocation measures,
demonstrating that such interventions could lead to a

12 percent decrease in the global population exposed to
water scarcity by 2050. However, they note that adaptive
measures may intensify agricultural water scarcity in the
upstream area of the basins.

Byers et al. (2018) broaden this perspective, assessing
the interactions between climate change risks and socio-
economic development by calculating 14 impact indica-
tors across water, energy, and land sectors. Their study
finds that global exposure to multisector risks doubles
when the global mean temperature (GMT) increases from
1.5°C to 2°C, doubles again with a 3°C GMT increase, and
is approximately six times higher in scenarios character-
ized by high poverty and inequality. While 85-95 percent
of global exposure to multisector risks is concentrated

in Asian and African regions, these regions also account
for 91-98 percent of the exposed and vulnerable popula-
tion (depending on the SSP (shared socioeconomic path-
way)/GMT combination), with approximately one-half of
this population located in South Asia. In higher warming
scenarios, a growing proportion of the exposed and vul-
nerable population is found in African regions. This pro-
portion ranges from 7-17 percent at 1.5°C, doubles to
14-30 percent at 2°C, and doubles again to 27-51 percent
at 3°C. Therefore, focusing on reducing poverty, miti-
gating emissions, promoting adaptation, and achieving
targets in the water, energy, and land sectors have the
potential to significantly reduce multisector climate risks
for vulnerable populations.

A critical aspect addressed by a recent multimodel anal-
ysis emphasizes that the balance between changes in
population and agricultural productivity is pivotal in



determining the pressure for future expansion of crop-
and pastureland (Stehfest et al. 2019). However, the
authors highlight that land use regulations are under-
represented in models and should receive more atten-
tion in future assessments, while modeling is critical to
inform effective land use policies and planning. Similarly,
Springmann et al. (2018) explore the environmen-

tal impacts of increases in agricultural yields and how
changes in food management, technology, and transition
to healthy diets may help mitigate these impacts. They
estimate that implementing these measures — especially
those targeting food loss and waste — can reduce environ-
mental pressures on the food system by 25-45 percent
compared to the 2050 baseline projection in medium-am-
bition scenarios, and by 30-60 percent in high-ambi-

tion scenarios.

Bergstrom et al. (2021) contribute valuable insights by
examining the current state and trajectories of 19 eco-
systems across diverse latitudes and environments. Their
“3As" framework — awareness, anticipation, and action —
guides decision-making in the face of chronic “presses”
and acute “pulses” affecting terrestrial and marine ecosys-
tems collapse (for example, loss of services and species).
Key recommended policy actions include aligning global
climate policies with Paris Agreement targets, enhancing
protected area management, incentivizing sustainable
land use, adopting adaptive management, integrating
Indigenous knowledge, boosting research funding, and
fostering international collaboration.

Finally, Panagos et al. (2021) shift the focus to soil ero-
sion by water within the agricultural areas of the European
Union and the United Kingdom, projecting a significant
increase of 13.0-22.5 percent by 2050 due to a combi-
nation of climate change and land use patterns. While a
shift to more pastureland could potentially reduce erosion
by 3 percent, the projected increases in rainfall erosivity
are expected to counteract this effect, leading to overall
increases in soil erosion. The study suggests that the most
effective strategy is to tie the EU Common Agricultural
Policy incentives to environmental performance in a tar-
geted manner. For optimal results, soil conservation mea-
sures, such as cover crops and reduced tillage, should be
applied to at least 50 percent of erosion hotspots to miti-
gate both water and wind erosion.

Collectively, these studies paint a comprehensive picture
of the challenges we face, but they also offer promising
solutions. Proactive policy and investment decisions today

31

can play a crucial role in mitigating resource depletion’s
impacts and contributing to a more resilient environ-
ment. The importance of adaptive and forward-looking
strategies in resource management emerges as a recur-
ring theme, underscoring the need for a holistic and pro-
active approach to address these complex environmental
issues on a global scale. In the current climate crisis, mod-
els to help decision-makers optimize the synergies among
the environmental, agricultural, economic, and social
inclusion dimensions of food systems are required more
than ever.

KEY GAPS AND
OPPORTUNITIES FOR
FORESIGHT RESEARCH

Despite significant advances in foresight research on
environmental sustainability, several key gaps and ques-
tions remain.

First, foresight analysis is needed to identify sustainable
practices for land, soil, and water management, espe-
cially in developing countries and regions where resource
pressures are substantial. However, these practices also
remain critical in selected food production systems of
developed countries.

Second, both understanding the link between ecosystem
functions and services and optimizing trade-offs across
sociocultural systems, food systems, and land and water
systems are crucial for building resilience (Karki et al.
2018; Panyadee et al. 2018; Rahman et al. 2011; Sharma
etal. 2018). In the past, society focused more on provi-
sioning services (that is, increasing agricultural produc-
tion) at the expense of regulating cultural and supporting
services. In the future, there is a need for understand-
ing ecosystem linkages (Walker et al. 2010) and for opti-
mization across the nexus between sociocultural factors,
pressures for economic growth, and food, land, soil, and

water systems.

Third, future research should focus on enhancing pro-
ductivity to meet the needs of the growing global pop-
ulation while effectively managing competition for land
and water. The impact of both short- and long-term sys-
tem shocks on the ability to adapt to environmental

changes also requires thorough investigation (Benton



etal. 2018). The development of early warning systems
and recovery measures is essential for effective adaptive
strategies (Kramer et al. 2019; Nkiaka et al. 2019; Street et
al. 2019).

Finally, understanding the local nuances and factors that
influence sustainable practices is critical, necessitating a
transition to a contextualized multi-actor and multiscale
governance model (Wynberg et al. 2023). Holistically
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addressing these gaps and questions will contribute to

a more comprehensive understanding of the challenges
and opportunities for achieving a sustainable and resilient

environment and food system.
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RECENT TRENDS AND
CHALLENGES

Climate change is resulting in costlier shocks from
extreme events. In 2022 alone, climate change wreaked
havoc on agriculture when devastating floods occurred
in Pakistan (Otto et al. 2023); the worst heatwave in India
took a huge toll on the wheat harvest (Zachariah et al.
2023); the worst drought in 40 years in the Horn of Africa
exacerbated food insecurity and caused famine in some
places (Kimutai et al. 2025); devastating tropical cyclones
destroyed infrastructure and property in places such

as Florida (United States) and the Philippines; and land-
slides from flooding caused destruction and loss of lives
in Latin America. Add to this ongoing sea level rise lead-
ing to frequent inundation of crops and salinization in the
past decades in major river deltas in Bangladesh and Viet
Nam, and it is clear how climate change is affecting the
entire food system.

Governments worldwide are acknowledging the losses
and damages caused by greenhouse gas (GHG)-

induced climate change, creating a fund during the

27th Conference of the Parties to the United Nations
Framework Convention on Climate Change (COP27) for
assistance or reparations, depending on the perspec-
tive one takes. Seneviratne et al. (2021) describe in more
detail the mechanisms through which devastating climate
events are occurring more frequently.

LATEST FORESIGHT
RESEARCH

The primary reference for understanding the latest in cli-
mate change research is the Sixth Assessment Report
(ARb) of the Intergovernmental Panel on Climate Change
(IPCQ). Itis published in three large volumes. The first
focuses on the latest research on the physical science
related to climate and climate changes (IPCC 2021). The
second focuses on the impact of climate change on the
systems that people rely on for their well-being (IPCC
2022a). Chapter 5 (Bezner et al. 2022) focuses on agri-
culture. The third volume of the AR6 focuses on climate
change mitigation (IPCC 2022b), with an important chap-
ter on Agriculture, Forestry and Other Land Uses (AFOLU;
Nabuurs et al. 2022). Other sources concerning GHG
emissions mitigation from the AFOLU sector are Mukherji
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et al. (2023, 2024). Summaries of the latest research on
climate and food can be found in the CGIAR Climate
Insights (2025). For a summary of the latest IMPACT
foresight model results, see Rosegrant et al. (2024) or

Rosegrant et al. (forthcoming).

Foresight models generally project modest global
average impacts of climate change on agricultural
productivity. Several studies of the long-term impact of
climate change find modest impacts on aggregate agri-
cultural productivity at the global level (Jagermeyr et

al. 2021; Rosegrant et al. 2024), reflecting that losses in
some locations and crops are offset by gains in others. For
example, Jagermeyr et al. (2021) estimate yield changes
from climate change between 1983-2013 and 2069-2099
for the world's four largest crops (using five climate mod-
els and 12 crop models, allowing for CO, fertilization,

and focusing on the low- and high-emissions scenar-

ios, SSP126 and SSP585, but not accounting for changes
in technology or markets). Under these scenarios, they
project global average yield losses of 6.4-24.1 percent
for maize, yield changes of =2.0 to +2.1 percent for soy-
beans, and yield gains of 1.7-3.4 percent for rice and
8.8-17.5 percent for wheat. Global economic models proj-
ect that changes in technology and markets will moderate
these global average impacts, at least until mid-century
(Rosegrant et al. 2024).

Digging deeper reveals important differences in
impacts. Global averages conceal important differences
between regions, countries, and even locations within a
given country. In the process of spatially differentiating
climate impact, it is possible to identify “hotspots” — loca-
tions where climate change will force major changes in the
production systems currently used (Heikonen et al. 2025).
More work can be done on this.

In addition to hotspots, a perhaps more significant impact
hidden in the global averages is how interannual vari-
ability of climate can lead to considerable variability in
yields. Extremely low or high rainfall or temperature in a
given year can result in very low yields. Global averages
offset low-yield years with normal- and high-yield years.
Yet because of the devastating effect for farmers and for
low-income consumers, years with climate shocks take on

great importance.

Foresight analysis thus gives us two complementary mes-
sages. First, at the global level, production is projected to
roughly keep pace with demand for food, livestock feed,
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FIGURE 1 Frequency of 1-in-20-year low maize yield events in southern Africa: Comparing
frequency in the 2020s to the 2060s under various emissions scenarios
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Source: Thomas et al. (2022b).



and stock for biofuels. And second, in certain locations or
in certain years, production shocks will result in hardship,
but foresight modeling can help identify risks in advance

so that policy interventions can aid in adapting before the
shocks are fully realized.

The frequency and impact of extreme events will
increase. Thomas et al. (2022a, 2022b) modeled the
impact of climate change on climate shocks — 1-in-20-
year low-rainfall, high-temperature, or low-yield events in
10 countries of southern Africa — using a distribution of
over 500,000 simulated climates (see Figure 1 for impact
on low-yield events for maize). The authors noted a large
increase in the frequency of low-yield events in most parts
of the region (though in relatively small areas, low-yield
events actually decreased). Another way of understanding
their results is to say that 1-in-20-year low-yield events will
have lower yields than before climate change. Other stud-
ies that have looked at the interannual variability of yields
include Ostberg et al. (2018); Liu, Ye, and Shi (2021); Chen,
Zhang, and Tao (2018); Stuch, Alcamo, and Schaldach
(2020); Torriani et al. (2007); and Thornton et al. (2009).

Heat stress is projected to adversely affect labor pro-
ductivity. Nelson et al. (2024) examine the impact of heat
stress on manual work in the agriculture sector. They find
that under the highest emissions scenario, the productiv-
ity of labor will drop from the current level of 86 percent
to 70 percent by the end of the century. They also dis-
cover that certain regions will experience a much higher
effect, and they investigate how much machinery will be
required to replace human labor. Heat stress on human
labor is currently not accounted for in most foresight
modeling and suggests an important cause of produc-
tivity declines that should be incorporated in future sce-
narios (see also Parsons et al. 2021 and Dasgupta and
Robinson 2023).

There is little agreement regarding climate’s impact on
overall productivity growth. Many studies have tried to
estimate the impact of climate change on overall agricul-
tural productivity (beyond what process-based models
can estimate) and on the economy in general. Dell, Jones,
and Olken (2012) suggest that in addition to the direct
impact of temperature and precipitation on the level of
production, itis theoretically possible that climate might
impact the rate of growth of production. However, little
agreement exists between studies that have endeavored
to investigated this issue: some find very large impacts
on agriculture and on the whole economy, while other
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studies find modest impacts (Dell, Jones, and Olken
2012; Burke, Hsiang, and Miguel 2015; Burke, Davis, and
Diffenbaugh 2018; Diffenbaugh and Burke 2019; Casey,
Fried, and Goode 2022, 2023; Barrage 2020; Hassler et

al. 2019; Golosov et al. 2014; Nordhaus and Boyer 2003;
Donadelli et al. 2017; Letta and Tol 2019; Zhang et al.
2018; Chancellor et al. 2021; Ortiz-Bobea et al. 2021; Liang
etal. 2017; Xiang et al. 2022; Kotz, Levermann, and Wenz
2024). Studies that impose a growth effect on their analy-
sis (while excluding the level effect) find very large costs
due to climate change (Burke, Davis, and Diffenbaugh
2018; Ortiz-Bobea et al. 2021). Despite disagreement con-
cerning the magnitude of the impact of climate change on
GDP, it is generally agreed that there is a negative impact
of climate change on GDP not accounted for in most if not
all foresight modeling scenarios. While the impact on the
level effect of agricultural total factor productivity (TFP) is
modeled by use of bioeconomic models, if climate exerts
a growth effect on agricultural TFP as some research sug-
gests, this is not accounted for in foresight modeling sce-
narios and could create a much more adverse projection
for future agricultural productivity.

CO, fertilization reduces nutrients in crops. Finally,
despite CO, fertilization tending to increase yields (espe-
cially of crops other than maize, sorghum, millet, sugar-
cane, and teff), it also has the effect of reducing protein,
vitamin, and mineral content by harvested weight (Myers,
Zanobetti, Kloog et al. 2014), and foresight models are
able to project the impact on nutrition. Refer to the chap-
ter on diets and nutrition by Sulser et al. in this volume to
learn more. Furthermore, some disagreement arises in the
scientific literature about the size of the CO, fertilization
effect (Toreti et al. 2020; Li et al. 2017; Allen et al. 2020;
Zhu et al. 2023; Yuan et al. 2019).

Emissions from the food system are large and need to
be reduced. Crippa et al. (2021) calculate that 34 percent
of the world's GHG emissions are from the food sys-

tem, including production of fertilizer, land use and land
use change, non-CO, emissions from enteric fermenta-
tion and wet soils, transportation, processing, and retail.
Important avenues for getting the global food system to
net zero emissions are through afforestation and refor-
estation, particularly on low-productivity agricultural
lands. This often comes with a reduction in livestock pro-
duction, particularly cattle, which are seen as drivers of
deforestation for more pasture and are themselves large
methane emitters (a powerful GHG), primarily through
enteric fermentation.



Reducing emissions will also require changes in eat-

ing habits. Springmann et al. (2018) analyze options for
making the global food system both more nutritious

and sustainable while staying within planetary bound-
aries (Rockstrom et al. 2009a, 2009b), one of which is
GHG emissions, but other agriculture-related boundar-
ies include use of nitrogen and phosphorous fertilizers,
deforestation, freshwater availability, and biodiversity
loss. Springmann et al. (2018) argue that it would be diffi-
cult to stay within these boundaries and provide sufficient
nutrition to people without major changes to consumer
demand for food, including reducing consumption of pro-
teins from livestock. The pushback on this research has
primarily dealt with the difficulty of changing consumer
behavior and the infeasibility for many people in devel-
oping countries of affording the suggested alternative
diet, suggesting limits to how much diets will be able to
change (Hirvonen et al. 2020).

KEY GAPS AND
OPPORTUNITIES FOR
FURTHER RESEARCH

The preceding section highlighted some of the latest find-
ings, but also pointed to how those findings could be
expanded or included in foresight modeling scenarios,
such as including climate impact on GDP or agricultural
TFP growth and including the effects of heat stress on
labor productivity effects of climate change.

While studies like Thomas et al. (2022a, 2022b) show the
impact of climate uncertainty and interannual variabil-

ity on the frequency of production shocks for southern
Africa, more work could be done globally, potentially
leading to solutions that mitigate increases in food inse-
curity and climate shocks that result from climate change.
Furthermore, their work examines only the impact of cli-
mate uncertainty, but does not examine the impact of
increasing climate variability, which could be included in
future foresight modeling.
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Other climate-related gaps in many foresight
models include:

The impact of climate change on livestock productivity.

e Estimating and accounting for losses from flooding,
waterlogging, sea-level rise, storm surge, submersion,
and salinization on yields and availability of agricul-
tural land.

e Accounting for the impact of loss of glaciers and
reduction in glacier melt for irrigation water.

e Accounting for other large losses of harvests that are
increasing under climate change, including wildfires
and landslides.

¢ The effect of climate change on pests and
diseases, and how these changes impact crop and
livestock productivity.

e Careful analysis of climate change impact by growing
season in countries with multiple seasons.
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RECENT TRENDS AND
CHALLENGES

Itis well established that protecting and investing in
greater agrobiodiversity is needed to achieve multiple
Sustainable Development Goals (Fowler and Hodgkin
2004; Hajjar, Jarvis, and Gemmill-Herren 2008; Wood et
al. 2018; Waha et al. 2022), and that this diversity is threat-
ened by many factors, including climate change, socio-
economic trends, and management decisions that have
led to a global homogenization and degradation of both
farmland and its genetic resources (IPBES 2019; Purvis et
al. 2019; Landis 2017). For example, it is estimated that up
to 22 percent of wild crop species may go extinct by 2055
(Brauman et al. 2019; Jarvis, Lane, and Hijmans 2008), and
that over 9 percent of domesticated mammal breeds had
already become extinct by 2016 (IPBES 2019).

The magnitude of such threats is undermining the future
sustainability of agricultural production and the food secu-
rity and livelihoods of countless producers and consum-
ers: for example, the loss of pollinators has reduced the
value of annual global crop production by an estimated
US$235 to $577 billion (IPBES 2019; Potts et al. 2016).

The large uncertainty inherent in the evolution of global
and local drivers of change, and the ensuing challenges,
require tools in support of urgent and informed decisions.
However, few studies have applied foresight tools to ana-
lyze the medium- to long-term effects that investing in
agrobiodiversity may have on socioeconomic and ecolog-
ical outcomes, as well as for adaptation to and mitigation
of climate change. Such studies may also be useful to high-
light the trade-offs between immediate human needs and
the benefits that agrobiodiversity may provide in the long
term through the provision of multiple ecosystem services.

LATEST FORESIGHT
RESEARCH

A mature literature exists on the farm-level benefits,
impact pathways, and nonmarket valuation of agrobio-
diversity (Di Falco 2012; Kontoleon, Pascual, and Smale
2009). Linking modeling insights developed at the farm
scale with mechanisms and drivers at the ecosystem,
national, and global scale remains a challenge, however.
Arich literature also addresses the effects that alterna-

tive policies or management practices may have on levels

42

of agrobiodiversity (Petsakos et al. 2023). However, to our
knowledge, such studies generally lack a time dimension
and consideration of other important drivers of change in
food systems over the medium to longer term.

Few studies based on scenario analysis have used inte-
grated models to explore the effects of increased agro-
biodiversity on farm productivity, incomes, diets, and
ecosystem services (Enahoro et al. 2019, 2023; Kozicka et
al. 2020, 2022). These studies commonly link a global par-
tial equilibrium model of the agriculture sector to farm
models, environmental simulation tools, and models that
analyze changes in ecosystem services.

When agrobiodiversity is studied as a driver of change,
itis often represented through proxy indicators. For
instance, scenario analysis has been used to explore how
agroforestry compares to monocropping vis-a-vis the
expansion of agricultural land to accommodate grow-

ing demand for animal-source foods in Tanzania (Enahoro
et al. 2019; Kozicka et al. 2022). In these studies, the two
management systems are mainly distinguished in terms
of the biomass they are able to produce to meet livestock
production needs (for example, yields of maize in mono-
cropping are double the yields of agroforestry), or char-
acterized through parameters relevant to the delivery

of specific ecosystem services (for example, above- and
below-ground carbon pools).

Foresight work looking at changes in the level of agrobio-
diversity is also uncommon. In one example, the Shannon
Index was used as a measure of change in agrobiodiver-
sity following three possible scenarios of impacts on farm-
ing systems in Uganda (Kozicka et al. 2020).

Study results in Tanzania show that, compared to mono-
cropping, agroforestry-based interventions hold promise
for mitigating losses to key ecosystem services; in particu-
lar, erosion was halved while increasing production of ani-
mal-source foods. However, because more agrobiodiverse
systems generate lower yields and greater conversion to
cropland, some trade-offs may arise between meeting the
demand for animal-source foods and maintaining ecosys-
tem services (Enahoro et al. 2019; Kozicka et al. 2022).

The Uganda case study shows that increasing on-farm crop
diversity can improve soil and human health and lead to
greater socioeconomic system resilience against both cli-
mate shocks and damages from pests and diseases (Kozicka
et al. 2020; Kozicka, Groot, and Gotor 2019). However,



trade-offs do exist. While greater diversity can boost rev-
enues and could restore dietary vitamin A to close to pre-
shock levels, it may also lead to more volatility in revenues.

Similarly, other studies summarize the multiple ave-

nues through which agroforestry interacts with planetary
health, note the need for highly context-specific assess-
ments (Rosenstock et al. 2019), and highlight the benefits
of agroforestry for household asset accumulation, while
also pointing out the difficulties in achieving broad adop-
tion (Hughes et al. 2020).

Crop diversity was the focus of a recent study on durum
wheat in Ethiopia, where a GTAP (Global Trade Analysis
Project)-derived' model was used to test adoption of tradi-
tional wheat varieties (TV; those adapted to more extreme
agroecological conditions in low-input systems) versus
modern high-yielding varieties (MV; those more adapted
to high-input monocropping systems) under climate
change (Gotor et al. 2024). This study showed that an inte-
grated approach based on the geographically targeted
adoption of TV and MV can lead to better adaptation to cli-
mate change and boost agricultural production as a result.

KEY GAPS AND
OPPORTUNITIES FOR
FORESIGHT RESEARCH

There seems to be a lack of research and application of
foresight analysis to either the measurement of agrobio-
diversity or its role as a driver of ecosystem services and a
key determinant of food security and resilient livelihood:s.
Factors that may contribute to this situation include

(1) confusion around the definition of agrobiodiversity;
and (2) the difficulty of capturing in foresight models the
causal relationships between socioeconomic factors and
their impacts on agrobiodiversity. While these difficul-
ties are not trivial, we see three possible ways of including
agrobiodiversity in foresight-type scenario analysis.

First, long-run scenario analysis could be used to estimate
across geographies and farming systems how agrobio-
diversity may be changing as a result of specific poli-

cies and management decisions. The recently published

1 https://www.gtap.agecon.purdue.edu

43

Agrobiodiversity Index (ABDI) (Jones et al. 2021) provides
an opportunity for foresight models to systematically
measure a broad range of aspects related to agrobiodi-
versity across both producer and consumer sides of the
food system.

Second, agrobiodiversity can be analyzed in terms of the
future effects it may have on outcomes, from the provi-
sion of ecosystem services to agricultural productivity,
incomes and livelihoods, and food security. This area of
foresight research is still in its infancy. An additional path
may be through development of a feedback loop between
a land use change model and an integrated model such
as IMPACT (International Model for Policy Analysis of
Agricultural Commodities and Trade) (Robinson et al.
2015), with possible links to biodiversity models.

And third, foresight tools and methods can be used to
explore how major global drivers of change — as well as
different policies, technologies, and trends — may affect
biodiversity in general. These types of analyses are fairly
well established from a methodological standpoint, but
the emphasis is typically given to extinction risk, abun-
dance, habitat loss and degradation, and changes in
species distributions, especially for vascular plants and
vertebrates (Flachsbarth et al. 2015; Leclere et al. 2020).
But some such studies and methodologies may offer
additional insights into impacts on agrobiodiversity.
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Key messages

e Crop pests and diseases (P&D) can cause substantial yield losses and * Global assessment of model-based historical and future P&D impacts
pose a threat to global food security. Losses at a regional level can on food systems remains constrained by the small number of avail-
even exceed 40 percent for crops like maize and rice. able models that can estimate yield losses under contrasting climate

and agroecological conditions.
e Most studies show that a warmer climate creates a conducive, albeit

spatially variable, environment for P&D spread. However, existing o Efforts are needed to improve data accessibility, model versatility,
foresight research is largely biophysical in nature and focuses on and simulation platforms and to establish international observation
individual pathosystems, examined mostly at the national level. As and modeling networks. Artificial intelligence (Al) and related meth-
such, projections of the magnitude of economic impacts of changing ods can assist in the development of robust and adaptable models to
patterns of P&D are missing. capture the impacts of P&D on food systems.
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RECENT TRENDS AND
CHALLENGES

Pests and diseases (P&D) present a major threat to
global food security and have led to several famine
events in human history, like the infamous Irish potato
famine in the mid-19th century. Latest estimates sug-
gest that current average losses to P&D for wheat,
maize, rice, potatoes, and soybeans are in the range of
17-30 percent globally (Figure 1). Losses for maize and
rice in the Indo-Gangetic Plains in India even exceed
40 percent (Savary et al. 2019). Without use of pest and
disease control, these losses could double (OECD/
FAO 2012).

Recent P&D outbreaks and emergencies have put the
spotlight on P&D, leading the United Nations to declare
2020 the International Year of Plant Health. Examples
of such incidents are abundant: the “Panama” disease,
which almost caused a collapse of banana trade in the
mid-1900s, is once again threatening banana produc-
tion worldwide, leading Colombia to declare a national
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emergency in 2019 and prompting concern about

the possible “near-death” of banana cultivation. The
recent desert locust outbreak in the Horn of Africa trig-
gered international concerns about food security in the
region. Similar concerns are even shared by developed
countries that have witnessed a reemergence of the
wheat stem rust disease after almost 60 years (Lewis et
al. 2018).

Climate is one of the most important factors mediating
the impact of P&D on food systems. Climate change is
thus expected to affect existing pathosystems, leading
to epidemiological and distributional changes in existing
P&D (Bebber, Castillo, and Gurr 2016; Garrett et al. 2006).
It can also facilitate the establishment of new pathogens,
especially when combined with increased trade between
countries, as happened recently in the case of the wheat
blast disease, introduced to Bangladesh in 2016 via inter-
national wheat trade. The disease is now threatening
wheat production in South Asia, especially those regions
where climate conditions are most suitable for its devel-
opment (Montes, Hussain, and Krupnik 2022; Pequeno et
al. 2024).

FIGURE 1 Estimated global yield losses to pests and diseases based on expert opinion,

average over 2010-2014
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LATEST FORESIGHT
RESEARCH

Many studies have assessed the potential impacts of cli-
mate change on future threats associated with P&D, often
examining one pathosystem at a time and at varying spa-
tial scales. Juroszek et al. (2022) reviewed 143 studies per-
forming model-based projections of potential disease
infection risks for 30 different crops. The review reveals
that more than 60 percent of them project an increase

of infection risks in the future, but results are associ-

ated with high uncertainty and exhibit considerable spa-
tial variability.

Chaloner, Gurr, and Bebber (2021) found that projections
(to the late 21st century) of climate-induced yield changes
for 12 crops exhibited positive spatial correlations with
infection risks from 80 crop pathogens. These results
suggest that while climate may become more suitable

for crop growth over some areas in the future, it will also
be conducive to pathogen development. Their analysis
reveals that the number of pathogens developing under
suitable climate conditions (pathogen richness) will likely
increase in higher latitudes for most crops except rice, for
which an increase in pathogens is projected across all lati-
tudes. For instance, Europe, China, and Peru are expected
to face the greatest overall pressure from P&D in the
future because of increased pathogen richness and large
changes in the composition of pathogen assemblages.

Deutsch et al. (2018) studied the global impact of increas-
ing temperatures on grain losses from insect pests by
2050. Their analysis shows that a warmer climate can

lead to up to 25 percent higher yield losses globally per
degree of temperature increase. The United States, China,
and Europe are likely to face the largest increase in yield
losses for wheat (>60 percent) and maize (>40 percent),
whereas China and South Asia are expected to register up
to almost 30 percent higher losses for rice.

Several authors (Liu and Van der Fels-Klerx 2021; Moretti,
Pascale, and Logrieco 2019) highlight the increased risks
of aflatoxin contamination with climate change and the
expansion of current risk areas (mainly in tropical and sub-
tropical zones) to Europe, the United States, and southern
latitude countries like Argentina and Australia. Increased
CO,, elevated temperatures, drought, and the combina-
tion of these factors are expected to increase crops’ sus-
ceptibility to pathogens. Among the major staples, maize
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has been found to be more susceptible to infection, with
aflatoxin-producing pathogens leading to high aflatoxin
levels when grown under very dry and warm conditions in
combination with drought. These climate conditions are
expected to be more frequent in the future. Forecasting
models have been developed in combination with crop
phenology models to calculate the aflatoxin risk index
(ARI) under current and future conditions to determine
critical levels of infection (Alvito and Assuncgdo 2021).
Given the increasing high risk of aflatoxin contamina-
tion for humans and livestock, especially in tropical areas,
more forward-looking analyses are required to inform
policy decisions and assess the economic viability of
potential long-term agroecological solutions for aflatoxin
biocontrol, such as Aflasafe (Atehnkeng et al. 2022).

KEY GAPS AND
OPPORTUNITIES FOR
FORESIGHT RESEARCH

Quantifying the future pressure of P&D on food sys-
tems remains a challenge. The difficulty in modeling P&D
stems from the complexity of simulating the various pro-
cesses related to P&D dynamics, which is exacerbated

by the existence of multiple pathosystems, the uncer-
tainty related to model parameterization, and the lim-
ited availability of the data needed for model validation

and calibration.

Among existing P&D models, only a few have been imple-
mented at the regional or global scale, considering long-
term climate trends (Juroszek et al. 2022). The number

of models that quantify the impact of P&D on yields is
equally small, and mostly focused on the main grain crops
such as wheat, maize, and rice (for example, Batchelor et
al. 2020; Willocquet et al. 2002, 2022).

The difficulty in quantifying losses to P&D and in account-
ing for socioeconomic conditions currently presents a
major obstacle in linking P&D models with existing inte-
grated foresight modeling frameworks to assess poten-
tial P&D pressures on food production systems and food
security in the future. As such, current foresight work
largely focuses on how climate change affects biophysi-
cal processes for specific P&D, and future changes in risk
of infection. However, the link to crop yield responses and
to food security is missing. Attempts to combine P&D with



economic models to address food security issues are still
at an embryonic stage, with current research limited to
"what if" analyses of the economic impacts from poten-
tial epidemics of specific crop diseases (Godfray, Mason-
D'Croz, and Robinson 2016; Petsakos et al. 2023).

The need to link epidemiological and crop simulation
models to quantify the impacts of P&D on crop devel-
opment and yield has long been considered one of the
priorities for P&D modeling, but also an important chal-
lenge (Cunniffe et al. 2015; Donatelli et al. 2017). Recent
research on coupling crop modeling with generic P&D
modeling (Batchelor et al. 2020; Pequeno et al. 2024),
along with the expressed need to create multidisciplinary
communities of practice, reveals opportunities for improv-
ing existing tools and enhancing our understanding of the
future impacts of P&D on food systems.

Given the complexity of agronomic system interactions,
Al techniques offer a promising alternative and comple-
ment to traditional crop and P&D modeling approaches.
Al-driven methods, particularly machine learning and
deep learning algorithms, excel at identifying nonlinear
patterns and relationships that may elude conventional
modeling techniques. Al has the potential to overcome
existing modeling limitations by integrating cause-and-
effect relationships from diverse and complex data
sources, including satellite imagery, sensor data, and his-
torical records. This integration could not only improve
model accuracy but also expand applicability across var-
ious agricultural scenarios. By leveraging these capabili-
ties, researchers can develop more robust and adaptable
models that capture the intricate dynamics of P&D
impacts on crops and can be easily used to inform inte-
grated foresight modeling frameworks.
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RECENT TRENDS AND
CHALLENGES

Land continues to be transformed by human activities.
With the growing human population and higher incomes,
demand for land has risen, driven by the need for housing,
crop cultivation, livestock rearing, and timber production.
Within the global trend, local dynamics can feature diverse
patterns of land use change that partially cancel each other
out when looking at worldwide figures (Winkler et al. 2021).

Cropland is the major human-managed land cover, cov-
ering an estimated 12 percent of the global ice-free land
surface (Shukla et al. 2019). Despite the increasing accu-
racy of Earth observation systems, estimates of the precise
2020 cropland area, and 2000-2020 expansion rates, are
still uncertain, largely due to differing land use definitions
across maps (Tubiello et al. 2023). The FAOSTAT data-
base continues to be the primary starting point for under-
standing global trends in cropland (Tubiello et al. 2023).
The country-level values reported in the database are for
harvested areas of crops during the reported year in each
country, which can then be aggregated to the entire world.
The corresponding actual space taken up on the ground
(the physical area) will be smaller because some locations
support multiple harvests in a single year, whether of the
same crop or different crops using the same fields.

Reported harvested areas have consistently trended
upward. Currently, about 290 million hectares (Mha) of
land area are harvested. Since 2002, harvested area has
increased at a rate of approximately 14.5 Mha/year, while
prior to 2002 this rate was much lower, at about 5.4 Mha/
year (FAOSTAT). The main crops associated with the post-
2002 acceleration are maize and soybeans, but these
only account for 40 percent of the acceleration (Cassman
and Grassini 2020). Oil palm, sesame seed, cassava, and
rape/colza seed have also made important contributions,
showing high area growth compared to their 2002 levels.
Geographically, major cropland expansion has occurred
in South America and Africa.

The trends in reported pasture areas are the opposite of
those in cropland, declining over the last two decades
(Ritchie 2022). The shift arises from the interplay among
changes in demand for animal products, intensification of
animal production (which decreases the need for pasture
by shifting to other sources of feed/fodder instead of pas-
ture-based forage, which in turn requires more cropland),

and the challenges within the reporting process. The
aggregate numbers show a global decline of about 4.5
Mha/year of pasture recently.

The total extent of cropland and pastures together has lev-
eled off or is possibly decreasing when considering both
the intensification of livestock production and the different
regional dynamics of cropland extensification and intensi-
fication to produce the additional feed (Ritchie 2022).

Forests are the most visible of the natural ecosystems.
Much like with cropland and pastures, forest gains have
occurred in some regions (primarily the temperate zones)
and losses in others (largely in the tropics). The bulk of for-
est losses are associated with agricultural expansion (with
cropland consistently expanding and pasture moving

or expanding in forest regions, despite pasture’s overall
downward trend; Pendrill et al. 2022). Overall forest area
appears to be declining at a rate of about 4.75 Mha/year.

LATEST FORESIGHT
RESEARCH

Although a wealth of research is available on land use
change, crop distribution, and natural ecosystems, glob-
al-scale analyses in these areas are relatively infrequent.
Integrated assessment models that address these issues
often bring together climate, hydrology, natural ecosys-
tems, agriculture, and socioeconomic drivers. Typically,
the economics and agriculture components determine
the amount of cropland, which then interacts with the nat-
ural ecosystem component to predict where and how
much of the different types of land will prevail. The effects
of climate change and water availability exert their influ-
ence throughout the process.

Schmitz et al. (2014) brought together the results from

11 economic models of global agriculture to compare
projections to 2050 using a particular shared socio-
economic pathway (SSP2, as defined for climate change
studies). Without climate change, they found a median
increase (from 2005 to 2050) of around 193 Mha of crop-
land (although ranging from =100 to +420 Mha), implying
an overall annual average increase of about 4.3 Mha/year.
When applying climate change, this increased to 317 Mha
(or 7 Mha/year), meaning climate change increased the
amount of cropland needed by 125 Mha (an additional 2.7
Mha/year above the no climate change case).
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Similarly, Popp et al. (2017) brought five integrated assess-
ment models together to evaluate the effects of climate
change along with all five of the SSPs from 2005 to 2100. In
addition to cropland, they reported projections for all land
types, including pasture, forests, and other natural land. For
the unmitigated climate change baseline case with SSP2,
the median of the cropland projections showed an increase
of about 150 Mha by 2050 and 231 Mha by 2100 (about 3.3
Mha/year before 2050 and 1.6 Mha/year after 2050). Pasture
is projected to be fairly stable. For the baseline case, for-
est coverage continues to decline by about 83 Mha in 2050
(averaging 1.8 Mha/year), but then stabilizes and somewhat
recovers by 2100. Of course, a great diversity of outcomes
arise depending on the SSP and climate change assump-
tions, some of which result in much greater cropland expan-
sion and forest losses and others that show the opposite.

Stehfest et al. (2019) similarly assessed six models, focus-
ing on cropland, pasture, and the aspects of the modeling
process that have the greatest influence on various out-
comes. Their models showed an increase in cropland area
under SSP2 of about 200 Mha by 2050 (about 5 Mha/year
between 2010 and 2050) but much less agreement con-
cerning pasture, with estimates ranging from decreases
of roughly 200 Mha to increases of 200 Mha (in contrast to
the fairly clear decline seen in the recent past).

The role of land in the food system is entangled in varying
degrees with climate, the water cycle, biodiversity, technol-
ogy developments, consumer preferences, and energy pol-
icy. In 2021, the UN Climate Change Conference in Glasgow
(COP26) declaration to end deforestation by 2030 was one
of the highlights. Land use modeling results show that if this
declaration is fully implemented globally, about 167 Mha of
deforestation could be avoided by 2050. However, avoided
deforestation and associated emissions could come at the
cost of strongly increased conversion of unprotected non-
forested land to agricultural land (Mishra et al. 2024).

Integrated assessment models (which include land use
components) have been used in combination with sectoral
models to explore (1) how carbon taxes on emissions from
land use change may increase food prices and negatively
impact food security (Hasegawa et al. 2018); (2) the crucial
effect of alternative land use policies on future biodiversity
extinction risk and other indicators (Leclere et al. 2020); and
(3) the effects that changes in livestock species may have
on emissions (Cheng et al. 2022). Developing these links

is an important activity in foresight research and requires
refining the techniques employed in land use research.
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KEY GAPS AND
OPPORTUNITIES FOR
FORESIGHT RESEARCH

Several key opportunities exist for refining foresight
research on how cropland, pasture, and natural ecosys-
tems will interact in the future. First, the underlying data
on land cover need to be improved. In fact, disparities per-
sist between the reported cropland/pasture/natural areas
from administrative sources and those derived from satellite
images. Both sources present challenges. Foresight mod-
eling would benefit from better data to provide more accu-
rate initial conditions for simulations. A recent exploration of
these challenges can be found in Potapov et al. (2022, 2023).

Second, it is essential to establish connections across scales
to enable global models to benefit from local information
and local models to benefit from the global context, thus
more effectively informing policymakers. Responding to
the need for more granular information, Cengié et al. (2023)
developed a methodology based on artificial neural net-
works that could be used to downscale the projections of
global land change models and obtain more fine-grained
maps of potential agricultural expansion.

The third opportunity involves the representation of natu-
ral ecosystems. Most integrated assessment models cur-
rently show that changes in forest area (and to a lesser
extent, other natural ecosystems) closely mirror changes

in cropland area. Similarly, strong relationships exist
between nonforest ecosystems and assumptions about
bioenergy crops, where appropriate. However, it is likely
that the dynamics among land types in existing studies pri-
marily occur through conversion to or from human-man-
aged land, with limited interconversion between natural
land types. But in the face of climate change-induced tem-
perature variations and altered precipitation patterns,

the stability of natural land appears uncertain (for exam-
ple, concerning boreal forests, refer to Reich et al. 2022).
Consequently, understanding the evolution of natural veg-
etation patterns becomes crucial for assessing habitat loss,
degradation, and ultimately the challenges and oppor-
tunities for future biodiversity (Robertson, De Pinto, and
Cenacchi 2023). This area thus warrants more research.

Last, progress on the aforementioned points must be con-
tinually integrated to better capture the links between
biophysical conditions and economic mechanisms.
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e With water a connector across sectors, new approaches to man-
agement are critical: With rising water scarcity, decisions in areas
such as climate, nutrition, energy, and trade policy will increas-
ingly shape the future of water in food systems. To improve water
management in food systems, a more integrated, forward-looking

RECENT TRENDS AND
CHALLENGES

Water is essential for human life and ecosystems. People

use water in multiple ways: for food production, process-
ing, preparation, and consumption; for other domestic
uses, such as bathing, cleaning, and sanitation; for energy
production; and for industrial processes (Figure 1).
Estimates suggest that water withdrawals by humans
increased nearly eightfold between 1900 and 2010,

from around 500 cubic kilometers (km?) to 4,000 km?.
Currently, more than 3 billion people live in areas with
high or very high levels of water stress (FAO 2020).

While freshwater ecosystems cover less than 1 percent

of the Earth's surface area, they provide vital habitat for

10 percent of all species and one-third of all vertebrate
species (Strayer and Dudgeon 2010). The widespread
degradation of wetlands, rivers, lakes, and aquifers has led
to significant biodiversity loss and negatively impacted
water resources that are critical for a wide range of anthro-
pogenic uses, including food systems. Since 1700, an
estimated 21 percent of wetlands have been lost (Fluet-
Choinard et al. 2023), and freshwater vertebrate species
populations have declined by an alarming 85 percent
since 1970 (WWF 2024). Environmental degradation is
one of the major causes of reduced water storage across
landscapes. The cumulative reduction in global terrestrial
water storage from 1971 to 2020 is estimated to be on the
order of 27,000 km?, far more than the annual total global
freshwater use by humans (McCartney et al. 2022).

Around 70 percent of water withdrawn by humans is used
to irrigate food crops, in particular rice and wheat, as
well as nonfood crops such as cotton. While the global
share of water withdrawals used for agriculture slowly
declined over the last three decades — because of the
faster growth in withdrawals for domestic and industrial
uses — absolute withdrawals for agrifood systems con-
tinue to increase. A recent study calculated that the area

approach is needed that considers the broader implications of
policies and investments across multiple sectors. In addition,
strengthening governance and institutions and empowering farm-
ers, as key stewards of water resources, are essential for sustain-
able outcomes.

equipped for irrigation increased by 11 percent between
2000 and 2015 to 330 million hectares, and that slightly
more than one-half of the increase occurred in areas that
were already water-stressed (Mehta et al. 2024).

Climate change — characterized by higher temperatures;
unpredictable precipitation; shorter, more intense rains;
and prolonged dry seasons — is severely straining water
resources in a rising number of regions. This is intensi-
fying competition for water across sectors, especially
between agrifood systems and other uses. Fundamental
changes are occurring in freshwater systems worldwide,
as a result of which many river systems are experiencing
longer periods of below-normal flow (WMO 2024). These
disruptions have large negative impacts on aquatic eco-
systems and human livelihoods. At the same time, gla-
cier melt has accelerated, particularly in North America
and Europe. Peak glacier melt — the maximum melt rate
of retreating glaciers — has occurred in these regions,
reducing water storage and availability in the long term
(WMO 2024).

Growing climate variability is driving increased demand
forirrigation. Without it, crop and livestock production
are becoming riskier and less profitable in more and
more places. Much of the rise in irrigation water demand
is being met with groundwater, which has become more
accessible due to advances in well-drilling and pump
technologies, as well as the availability of free or heav-

ily subsidized electricity in some places. Groundwater
now accounts for approximately 40 percent of irrigation
globally (Siebert et al. 2010). The greater availability of
low-cost solar-powered irrigation pumps that remove the
need for electricity or diesel to extract water might accel-
erate groundwater depletion — the extraction of ground-
water beyond the level of recharge (Balasubramanya et al.
2024; Perez et al. 2024).
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Water pollution from industrial, domestic, and agricul-
tural sources is also harming water systems, particularly as
their capacity to dilute contaminants is diminishing due to
growing water shortages. Water pollution poses a signif-
icant threat to human and aquatic life. Poor water quality
is estimated to cause more than 1 million human deaths
annually, although exact figures are not available (Fuller et
al. 2022; Schwarzenbach et al. 2010).

LATEST FORESIGHT
RESEARCH

Initial water simulations and foresight studies focused on
better understanding future availability of surface water
resources and the global water cycle at a coarse resolu-
tion (Arnell 1999; Vorosmarty et al. 2000). The granular-
ity of global hydrological models has since improved (for
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example, Sutanudjaja et al. 2018). Attention is growing

on improving the representation of groundwater in fore-
sight studies (de Graaf et al. 2015; Wada et al. 2010; Perez
et al. 2024) and on modeling water pollution at different
scales (Xie and Ringler 2017). Some studies have explored
the potential for unconventional water resources, such

as saline and (recycled) wastewater, to meet increasing
human needs (Thebo et al. 2017). The untapped poten-
tial for wastewater reuse — particularly in irrigation, where
nutrients can be recycled — is around 320 km? per year;
this resource is 10 times the level of the current global
desalination capacity (UNEP 2023).

Over time, attention has shifted from only understand-
ing water supply to examining future water demand

and the critical interlinkages between future supply

and demand. Good examples of this include Cai and
Rosegrant (2002), Alcamo et al. (2003), Shen et al. (2008),
and Wada et al. (2016). Agricultural water demand



remains a central focus, as it represents the largest
share of human water withdrawals and is easier to esti-
mate and model than either industrial or environmental

water use.

Water-food simulations typically differentiate between
rainfed and irrigated systems and incorporate data on
seasonal, monthly, or even daily availability of rainfall and
other water for crops and production systems. Although
the quantity and quality of data on agricultural produc-
tion systems has improved over the last few decades,

no consensus exists on likely future changes in irrigated
area and irrigation water demand. Projections suggest
both declines and increases depending on underlying
assumptions in population and economic growth, climate
change, diets, and cropping patterns. Discrepancies

also arise in how crop water use is modeled, such as in
the representation of deficit irrigation, the effects of ris-
ing atmospheric carbon dioxide on crop water use, the
modeling of paddy irrigation, and the incorporation

of climate extremes. Nevertheless, a larger number of
studies suggest that irrigated area and irrigation water
use will continue to increase over the coming decades
(Cai and Rosegrant 2002; Nechifor and Winning 2017;
Perez et al. 2024). Perez et al. (2024) project freshwa-

ter consumption will increase by close to 400 km?, or

17 percent, between 2020 and 2050. Irrigation is pro-
jected to remain the largest consumptive use of with-
drawn freshwater, but its share is expected to decline
from 85 percent to 81 percent. Almost all of the projected
increase is concentrated in the group of low- and middle-
income countries.

As a result of limited supplies and growing demands for
water resources, an increasing number of studies have
found challenges to meeting future food demand with
traditional water management practices. The expansion
of freshwater supplies is limited, and the combined pres-
sures of climate change and growing demand will require
innovative solutions (Cai and Rosegrant 2002; Hanjra and
Qureshi 2010; Rockstrom et al. 2009; UNEP 2023). As an
example, foresight studies indicate that a growing num-
ber of locations will experience seasonal or annual water
shortages, driven in part by climate change, which ampli-
fies the evaporative demand of irrigation water. In the
Himalayas, peak glacier meltis expected to reduce water
supply in the Brahmaputra, Ganges, Indus, and Yangtze
Rivers, threatening the functioning of some of the world's
largest irrigation systems (Immerzeel, van Beek, and
Bierkens 2010).
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KEY GAPS AND
OPPORTUNITIES FOR
FORESIGHT RESEARCH

To better understand how rapidly worsening water avail-
ability and quality is affecting food systems, more atten-
tion is needed on modeling the interactions between
climate and water, with a particular focus on simulat-

ing the impacts of climate extremes. This is particularly
important because rainfed and irrigation systems respond
differently and complement each other differently under
varying climatic conditions. Additionally, different irriga-
tion technologies, systems, and management practices
have varying degrees of resilience to different types of
climate extremes; these must be better reflected in fore-
sight studies.

A more comprehensive representation of the interactions
between water and food systems is also needed, given
the multiple feedback loops that exist between the two
systems. For example, while increased irrigation devel-
opment can boost food production and improve nutri-
tion by expanding the availability of fruits and vegetables,
it can also negatively affect water availability and quality
for domestic uses, including drinking water. This, in turn,
can lead to poorer nutrition and health outcomes, even
as food diversity improves. Similarly, water pollution from
food processing can kill aquatic life, reducing access to
fish and other aquatic resources by poor people depen-
dent on common-pool water systems. Expanding irriga-
tion in areas previously reliant on rainfed agriculture can
shrink grazing areas for pastoralists, reducing access to
milk and livestock products. At the same time, irrigation
systems in some places can serve as sources of aquacul-
ture production and of energy production using the flow
of water in canals, and they are a key source of domestic
water for many rural households.

Existing economic models often fail to account for
feedback loops between land use change — includ-

ing irrigation, wetland degradation, and deforesta-
tion — and climate change. The lack of integration of
water pollution and groundwater systems in many fore-
sight analyses also limits the accuracy and usefulness
of projections. In addition, more research is needed to
assess the water needs of ecosystems and the implica-
tions of the degradation of freshwater ecosystems for

food systems.



Foresight analyses should, moreover, broaden the scope
of policy interventions for improving water management
in agriculture. Rather than focusing solely on advanced
irrigation systems, there is a need to consider institutional
changes that can improve water governance. In addition,
the distributional impacts of alternative interventions in
water-food systems should be considered. For exam-

ple, while water pricing can improve water use efficiency,
it may disproportionately affect poorer farmers, making

it harder for them to continue to farm. Similarly, subsi-
dies for advanced irrigation technologies may not reach
poorer farmers, who need them most. On the other hand,
paying farmers to adopt water-saving practices, such as
shifting cropping patterns in water-scarce areas, could
incentivize more sustainable water use, including for
poorer farmers. Given that farmers are responsible for the
majority of global water withdrawals, supporting them to
manage water more efficiently is crucial for ensuring the
long-term sustainability of food systems and ultimately
benefits everyone.
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RECENT TRENDS AND
CHALLENGES

A large-scale global energy transition is underway. In
2023, global investment in solar power alone exceeded
investment in all other forms of electricity generation
combined (IEA 2024a). Currently, investment in renew-
able energy is approximately twice that of investment
in fossil fuels (IEA 2024a). This transition is extending
rapidly into transport. In 2023, 18 percent of all new
light vehicles sold worldwide were electric (EVs), up
from about 2 percent in 2018 and 4 percentin 2020
(IEA 2024b).

A key point is that the sectors leading this energy tran-
sition are no longer small. From 2017 to 2022, the share
of power generated by solar and wind doubled, from
about 6 percentto 12 percent. From these larger bases,
the next doubling brings the share of solar and wind to
about 24 percent of generation and the share of EVs in
light vehicle sales to about 36 percent. These larger abso-
lute values imply a greater and more noticeable force

of change, with concomitantly larger direct and indirect
implications, including for agrifood systems.

LATEST FORESIGHT
RESEARCH

Let us begin with fuel. As a result of the abovementioned
structural factors, the International Energy Agency's

(IEA) most recent forecasts predict a decline in global oil
demand in 2030 (IEA 2024c). Figure 1 shows the forecast
for oil demand to 2030 and relates oil demand to gross
domestic product (GDP) growth. Prior to the COVID-19
pandemic, simple regression analysis illustrates a stan-
dard trend (shown in the dashed line) whereby oil demand
increases with GDP. However, this relationship has weak-
ened over time, and the IEA now expects it to break down
altogether in the latter half of this decade. This occurs
because “substitution away from oil in transport and
power generation pushes oil demand growth towards
zero, and eventually into decline” (IEA 2024c, 13).

As these structural factors are expected to persist,

an unprecedented long-run decline in oil demand

is expected to commence from a peak in 2029. Even
though other forecasters, such as the Organization of
Petroleum Exporting Countries (OPEC 2024), expect peak
oil demand to occur much farther into the future, the

FIGURE 1 Growth in global oil demand and GDP, 2011-2030
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IEA forecast merits attention for two principal reasons.
First, oil has traditionally been viewed as a nonrenewable
resource whose supply would eventually be exhausted.
In this view, accessible oil in the ground is an asset whose
value is likely to grow with time. However, a world with
declining oil demand opens the possibility that much

of the oil currently in the ground will stay there and may
eventually become worthless. This creates incentives to
extract sooner. Second, incentives to extract sooner not-
withstanding, a long-run decline in oil demand must be

accompanied by a long-run compression of supply.

Because a sustained decline in global oil demand has never
occurred in the industrial era, how exactly the combination
of increasing incentives to extract sooner and a necessary
compression in supply will unfold is unknown. Nevertheless,
itis clear that as demand declines, low-cost producers have
incentives to force high-cost producers out of the market
by allowing oil prices to drop low enough for long enough
to induce a sufficient volume of permanent shutdown. This
puts high-cost oil producers at risk. At the same time, these
periods of low prices will generate significant terms-of-
trade gains for netimporters of fuels (Arndt et al. 2019).

Turning to electricity generation, for almost anywhere
sunny, solar power is likely to be the least-cost generation
option at the margin. This is most likely to hold for grids
with relatively low penetration rates of variable renewable
energy (because other generating units can accommo-
date the variability) and in (sunny) locations where ser-
vice from the grid is poor or nonexistent. Nevertheless,
to date, solar investment has been concentrated in the
developed world plus China. However, given the cost
advantages that solar generation now possesses, it is rea-
sonable to expect rapidly growing investment in solar
generation in the developing world, both at grid scale
and for bespoke uses in locations that are off grid or have

unreliable grid service.

KEY GAPS AND
OPPORTUNITIES FOR
FORESIGHT RESEARCH

The implications of these trends are vast. The potential
implications of the predicted structural decline in demand
for oil and of ongoing technical advance in generation
technologies, notably solar, are described briefly below.
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Oil and derived products represent a significant share of
global trade, and the share of oil and derived products in
total trade tends to be higher in lower-income settings.
For example, for sub-Saharan Africa (SSA), oil and derived
products represented about 25 percent of total exports
and imports in 2022 (WITS 2024). While nearly all coun-
tries in SSA tend to import large volumes of fuel, exports
of petroleum products tend to be concentrated among a

few producers.

For major net exporters, particularly those with relatively
high extraction costs, the implications of declining global
oil demand are potentially profound. Consider Nigeria,
which is both the largest economy in SSA and the most
populous nation on the continent. Despite decades of
rhetoric about diversification of the Nigerian economy,
Nigeria still counts on oil and derived products for more
than 80 percent of export revenue (Pauw, Randiamamonjy,
and Thurlow 2024). And while exact figures are not known,
Nigeria is widely viewed as a relatively high-cost oil pro-
ducer and is not known as an easy place to do business
(Economist 2024; ITA 2023). Hence, Nigeria could confront,
in the not-too-distant future, a period of low oil prices that
is designed specifically to force higher-cost producers per-
manently out of the market. If Nigerian petroleum-related
export revenues decline due to a combination of lower
prices and volumes, this would oblige Nigeria to enter

an intense period of structural adjustment to raise nonoil
export revenues. More generally, to meet foreign currency
needs, higher-cost oil-exporting countries facing both

lower prices and volumes must stage a nonoil export push.

Even for low-cost net exporters of fuels, the incen-

tives to diversify exports have likely never been greater.
Unfortunately, especially for low- and middle-income
countries (LMICs), breaking into new export markets is
distressingly difficult (Forge, Garred, and Kwon 2024). For
countries with little experience exporting anything other
than oil for a generation or more, the difficulties are likely
to be pronounced. While it is not easy to break into global
food markets, agrifood products seem very likely to fig-
ure prominently in an export diversification push in many
country cases (Nigeria not least). Achieving much greater
export diversification through very rapid expansion of
exports in agrifood and other products, notably for high-
cost oil producers, is a very important topic for research.

Net importers of fuels are in a much more favorable posi-
tion. Periods of low prices represent a substantial terms-
of-trade gain. For net fuel importers, lower fuel prices



combined with ongoing electrification of transport (result-
ing in lower fuel import volumes) typically drive a real
exchange rate appreciation (an increase in the price of
nontradable goods relative to tradable goods), signal-

ing a reduced need to export and/or an expanded scope
to import products other than fuel. Because agrifood
products are often traded globally and because LMICs
frequently export and import substantial volumes of agri-
food commodities, declining oil demand will very likely
influence agrifood production and trade patterns, per-
haps significantly. An intriguing possibility is that lower
fuel prices facilitate a shift toward healthier diets because
the components of a healthy diet (fresh foods) are typi-
cally less tradable. More generally, for netimporters of
fossil fuels, tracking the likely benefits of reduced depen-
dence on volatile fossil fuel markets should inform pol-
icies related to the pace of electrification of transport

and industrial processes and the accompanying policies/
investments that build upon this structural transformation.

Turning to electricity generation, the massive declines in the
cost of solar generation combined with ongoing declines

in battery prices create large opportunities for develop-

ing countries, many of which are well-endowed with sun,

to generate electricity at scale, almost anywhere, and at

low cost. Agrifood systems will be crucial to realizing the
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considerable upside that the ongoing energy transition
offers to LMICs; however, realizing the gains and avoiding
pitfalls will not be easy. Increased attention to energy in
foresight research on agrifood systems is needed to ensure
a reasonably smooth and fair transition that benefits mar-
ginalized populations, including those with limited access to
modern energy. Research into the policies and institutions
necessary to avoid pitfalls — such as excessive water with-
drawals due to very low marginal costs of pumping from
solar-powered systems — is also important.
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RECENT TRENDS AND
CHALLENGES

Innovations have been critical to shaping the food sys-
tems we know today, contributing to many historical
food system transitions as new technologies, practices,
and food products have redefined humanity’s connec-
tion to food and food production (Herrero et al. 2020,
2021; Loboguerrero et al. 2020). Food systems innova-
tion, industrialization, and infrastructure have been inter-
twined and self-reinforcing, with increasing agricultural
productivity acting as an important driver of past trans-
formational sociopolitical and economic change (Gollin,
Parente, and Rogerson 2002).

Agricultural productivity growth has been critical to allow
food systems to respond to the growing global popula-
tion while increasing food availability and affordability, as
the risk of hunger has been falling for decades, despite
recent increases (Barrett et al. 2020, 2022). Nevertheless,
sustained productivity growth is being challenged, with
evidence suggesting that agricultural productivity growth
is slowing (Fuglie 2018a) and that it is getting harder to
develop groundbreaking innovations (Bloom et al. 2020;
Chu and Evans 2021; Park, Leahey, and Funk 2023), while
climate change is eroding past gains (Mbow, Rosenzweig,
etal. 2019).

All innovations, revolutionary or incremental, come with
unintended consequences (Merton 1936; Baert 1991),
which can be both positive and negative. The industrial-
ization of food systems has been accompanied by many
undesired consequences, including unbalanced and
unhealthy diets and unsustainable environmental prac-
tices (IPBES 2019; IPCC 2019; Swinburn et al. 2019; Willett
etal. 2019).

Innovations are needed to help respond to these unde-
sired outcomes, including development of more cli-
mate-resilient agriculture, as well as a shift toward more
holistic approaches to food systems that consider the
social, environmental, and health consequences of inno-
vation. The call for a “Great Food System Transformation”
(Vermeulen et al. 2020; Béné 2022) highlights the need for
more responsible or mission-oriented innovation in food
systems, to more systematically consider power dynam-
ics and potential unintended consequences to better
assess potential winners and losers. Reviews of historical
food system innovations have highlighted that successful
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adoption of innovations requires a range of social pro-
cesses, such as establishing permission, developing a
fostering enabling environment, and enacting active and
adaptive policies in the face of unintended consequences
(Thornton et al. 2024). This suggests that future innovation
will need to more intentionally embed social processes

in the technological development process to contribute
to more sustainable food systems (Barrett et al. 2022).
Figure 1 highlights a framework for accelerating more
responsible innovation that identified 10 accelerators and
enablers for food systems innovation.

Recent policy shifts toward more activist industrial policy
(Aiginger and Rodrik 2020) offer new potential opportu-
nities for more mission-oriented research and develop-
ment (R&D). However, without an intentional approach

to innovation policy and a rebalancing of the food sys-
tem to align incentives with desired environmental, social,
and health outcomes — for example, True Costing of
Food (Baker et al. 2020; FAO 2023; Kennedy et al. 2023) —
increased public sector involvement in the innovation pro-
cess will not ensure that future innovation contributes to
healthier and more sustainable food systems.

LATEST FORESIGHT
RESEARCH

Food systems innovation is a complex sociotechnical pro-
cess. Foresight research focusing on food systems inno-
vation seeks to better understand how these processes
function and could be improved, as well as how their out-
comes can contribute to positive and/or negative change.
Much of the research assessing the potential of food sys-
tems innovation focuses on assessing specific technologies
(or combinations of technologies) or the consequences of
novel policies. Additionally, a growing body of literature
considers how sociocultural changes can alter consumer
preferences as well as paradigms of what is valued by soci-
ety. Figure 2 summarizes some of the broad areas of fore-
sight research focused on food systems innovation.

The spatial scale of foresight analysis can range from the
individual/firm level to the global level. More microanal-
ysis has tended to focus primarily on private benefits and
costs and the adoption process, exploring questions of
how and why individuals and firms choose to adopt new
technologies and practices. Various methods are applied
in this area including agent-based (for example, Bell 2017;
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Giabbanelli and Crutzen 2017; Kaaronen and Strelkovskii
2020; Marvuglia et al. 2022) and system dynamic mod-
els (for example, Dizyee, Baker, and Rich 2017; Varia et

al. 2017; Dizyee et al. 2021). More macro studies tend to
explore somewhat different questions, focusing on ques-
tions of R&D investment (for example, Mason-D'Croz et

al. 2019) or policies to encourage more innovation (for
example, Sodano 2019; Moberg et al. 2021). Some studies
explore the role of various actors in the innovation eco-
system (for example, NARS vs CGIAR), often with a goal of
better understanding the process of technology diffusion

(for example, Aghion and Jaravel 2015; Fuglie 2018b).
This work often implicitly frames technology in terms of
Pareto efficiency (that is, adopted innovations move the
technological frontier out, or help to move us closer to the
frontier), and that knowledge generation occurs in core
countries nearest the technological frontier, with catchup
and diffusion assumed for peripheral countries farther
from this frontier. National and global studies also assess
potential unintended consequences of adoption at scale,
particularly with respect to negative environmental or
social consequences (for example, UNEP 2023).



FIGURE 2 Examples of food systems innovation foresight research
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Selection of sources:
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. Nordmann 2014; Hall and Dijkman 2019; Conti et al. 2024.

2
3
4. Gerhardt et al. 2020; Humpendder, et al. 2022b; Mason-D'Croz et al. 2022; Kozicka et al. 2023; UNEP 2023.

5. Sulser etal. 2010; Rosegrant et al. 2014; Ignaciuk, Mason-D'Croz, and Islam 2015; Robinson et al. 2015; Islam et al. 2016.
6

7
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. Havlik et al. 2014; Frank et al. 2017, 2018.
. Parodietal. 2018; van Selm et al. 2022.

. Springmann et al. 2017; Springmann, et al. 2018a; Laborde et al. 2021; Springmann and Freund 2022.

9. Siriwardana, Meng, and McNeill 2017; Bellora and Fontagné 2020; Janssens et al. 2022.

10. Cohn etal. 2014; Dixon et al. 2016; Tabeau et al. 2017; Henderson et al. 2018; Roe et al. 2021; Humpenéder, et al. 2022a.

11. Laborde etal. 2016; Chichaibelu et al. 2021.

12. Stehfest et al. 2009; Springmann et al. 2016; Searchinger et al. 2018; Springmann, et al. 2018b; Eker, Reese, and Obersteiner 2019; Willett et al. 2019; Humpendder et al. 2024.

13. Bodirsky etal. 2022; Li et al. 2023.

The scope of innovation foresight research can be sec-
tor-specific or economywide. Economywide analy-

sis allows for assessing potential spillover effects from
one sector to another, spurring economic growth more
broadly, but the wider scope of analysis tends to come
with more stylized representation of innovations.

KEY GAPS AND
OPPORTUNITIES FOR
FORESIGHT RESEARCH

Predicting future groundbreaking innovations is impos-
sible (King and Baatartogtokh 2015; Fink et al. 2017; Hall
and Dijkman 2019; FAO 2022; Thornton et al. 2024), but
growing calls for a food system transformation (Webb

etal. 2020) and the need for responsible (Nordmann
2014; Brier et al. 2020) and mission-oriented innovation
(Klerkx and Begemann 2020) highlight a critical role for
foresight research. Such research will be fundamental to
helping better orient the application of science to solv-
ing critical environmental, economic, and human wellbe-
ing challenges, while emphasizing the potential undesired
consequences of transformation.

While improvements in modeling capability and data
collection on innovation (including how to apply artifi-
cial intelligence approaches) are critical to improve our
understanding of the process of innovation as well as its
consequences, we focus our key gaps on research and
scenario design. To date, much of foresight analysis on
food systems innovation has focused on “What If” ques-
tions to consider the impacts of the wide-scale adoption
of an innovation, for example: What if alternative proteins



displaced conventional meat?; What if investments in
R&D increased?; or What if a paradigm shift led to healthy
diets? This valuable first step helps to highlight potential
innovations worthy of consideration and investment but
leaves several key questions unanswered, as follows.

1. How do innovations compete with and comple-
ment each other? The innovation ecosystem is
highly dynamic and volatile. Yet most foresight stud-
ies explore individual innovations as one-offs or, ifin a
bundle, in a very stylized way. Relatively limited explo-
ration exists of how innovations coevolve, and what
these implications might mean for designing bundles
of innovations and appropriate policies.

2. What is the theory of change? Relatively few fore-
sight studies have explored in detail innovation and
transition roadmaps, instead focusing more on the
ends than the means. However, historical experience
reveals that the impacts of innovations are path-de-
pendent, and the sociotechnical interface of adop-
tion and obsolescence largely determines the winners
and losers of innovation. Exploring such roadmaps will
require greater engagement with multiscale and multi-
disciplinary research to better understand how inno-
vation processes scale and diffuse. It also will require
developing or adapting new modelling tools to simu-
lating plausible pathways across relevant time and spa-
tial scales.

3. What role can low- and middle-income countries
(LMICs) play in spurring innovation? Technology
development and diffusion is represented too simplis-
tically (that is, core-periphery and Pareto efficiency),
with novel technologies developed predominantly
in advanced economies and then spread to the rest
of the world. Foresight research needs to consider
more pluralistic futures (Mangnus et al. 2019), reex-
amining what is meant by progress in varying regional
and cultural contexts (Ritzer 2003; Pereira et al. 2021).
It should explore how innovation processes can be
started in LMICs and potentially spread to high-
income countries (for example, frugal innovation)
(Hossain, Simula, and Halme 2016).

Can we build consensus on desirable futures? Food
systems are complex and fractal. Micro and macro
analyses highlight the fundamental complexity and
unknowability of the whole system. Nevertheless,
foresight approaches can help to highlight different
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stakeholder perspectives and facilitate dialogue
across alternative and potentially competing visions of
the future (for example, group-based model building
[Gerritsen et al. 2020; Anastasiou et al. 2023] or partici-
patory scenarios [Chaudhury et al. 2013; Mason-D'Croz
etal. 2016; Aguiar et al. 2020]), a critical first step for
collective action.

Answering these questions requires developing more
nuanced scenarios that simulate the innovation process
in a less linear fashion. Greater application of foresight
methods such as backcasting (Holmberg and Robert
2000; Robinson 2003) and three horizons (Sharpe et

al. 2016) could help enrich scenario development that
feeds into quantitative analyses of food systems innova-
tion. This will provide not just a quantification of an end-
point but of the pathway between the present and an
alternative future. It should also incorporate growing lit-
erature on innovation readiness and scaling (Herrero
etal. 2020; Sartas et al. 2020; List 2022; Woltering et al.
2024). Achieving this will require broader and larger sce-
nario sets and a wider range of foresight models to bet-
ter capture key relationships and feedbacks, learning
and expanding on previous multimodel efforts not only
to understand model uncertainty (Nelson et al. 2014) but
also to allow representation of a wider range of behav-
iors described in these more pluralistic scenarios. Failing
to do this will reduce the applicability of future foresight
research to inform strategic decision-making, such as in
the design of innovation bundles (that is, prioritization

and investment).
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RECENT TRENDS AND
CHALLENGES

Global trade in food products exceeded a record US$2
trillion in 2022 (WTO 2024). Over the past 20 years,
global food trade more than tripled in nominal value and,
accounting for inflation, more than doubled in real terms
(Figure 1).

Developing countries are now playing a far larger role
in global trade than they did 25 years ago (Figure 2). In
1995, developing countries accounted for only about
25 percent of global food imports and 30 percent

of global food exports; by 2023, developing coun-
tries accounted for about 42 percent of global food
trade. Productivity gains and technological innova-
tions like double cropping in Brazil have helped devel-
oping countries increase export shares. Income and
population growth have also spurred changes in diets,
resulting in increased consumption of meat and dairy
and processed food products. For some developing
countries (for example, China), this has meant greater
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FIGURE 1 Value of world food trade, 1980-2022

dependence on imports for feedstuffs and other agricul-
tural products.

Another consequence of the growth of production in
developing countries and in regions like the Black Sea
following the breakup of the former Soviet Union is the
growing diversification away from traditional suppliers
like the United States, the European Union (EU), Canada,
and Australia (Figure 3). Market concentration has
declined for most cereals and oilseeds as global export-
ers including Brazil (soybeans, maize, animal products),
Russia (wheat), Ukraine (wheat, maize, and sunflower oil),
and Malaysia and Indonesia (palm oil) have grown in rel-
ative importance. With much of that growth occurring

in the Southern Hemisphere, global production is more
resilient to regional weather shocks. Moreover, diversi-
fied production means that producers in one hemisphere
can often react within months of a production shortfall

in another region, effectively reducing the global cycle
to six months. Exceptions exist. Rice exports remain rel-
atively concentrated in the exporting countries of South
and Southeast Asia. Most palm oil production comes from
Indonesia and Malaysia (though this is mitigated by its
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Note: Trade value deflated by U.S. Consumer Price Index (1982-1984 = 100).
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FIGURE 2 Developing countries' share of agricultural trade, 1995-2023
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FIGURE 3 Concentration of global grain and oilseed exports, 1980/1981-2024/2025
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FIGURE 4 Imports as a share of total domestic use, 1960/1961-2024/2025
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relative substitutability with other vegetable oils that are
more regionally diversified).

On the import side, increased demand means that many
countries are increasingly dependent on foreign sup-
plies. Import penetration rates at the global level have
increased for wheat, rice, feed grains (barley, maize, oats,
and sorghum), and vegetable oils (Figure 4). Not all of
those imports go toward food consumption. Feed grains
are primarily used as animal feed or in industrial uses such
as biofuel production (though white maize is primarily
consumed as food). Of the cereals, rice remains relatively
thinly traded — imports account for only about 10 percent
of global consumption. However, for many countries in
sub-Saharan Africa such as Senegal or Benin, rice imports
play a significant role in overall diets, particularly in

urban areas.

Regionally, imports are important for much of Central
America and non-MERCOSUR countries of South America,
sub-Saharan Africa, and parts of Southeast Asia (Figure 5).
The wheat-consuming countries of North Africa, the
Middle East, and Central Asia are particularly depen-
dent on imports, with import dependency rates in excess

1990/1991 2000/2001 2010/2011 2020/2021

of 75 percent in countries such as Algeria, Libya, Saudi
Arabia, and Yemen. The disruption in wheat trade follow-
ing Russia’s full-scale invasion of Ukraine in February 2022
demonstrated how vulnerable importing countries can

be when supplies are adversely affected. Fortunately, the
global trading system proved resilient, and countries were
able to source food supplies (albeit at higher prices).

LATEST FORESIGHT
RESEARCH

Near-term forecasts by the Organisation for Economic
Co-operation and Development and the Food and
Agriculture Organization of the United Nations (OECD/
FAO 2024) and the U.S. Department of Agriculture (USDA/
ERS 2024) estimate that imports as a share of global con-
sumption will continue to grow for most cereals and oil
crops over the next 10 years. The forecasts reflect continu-
ing production growth in major exporting regions such

as South America and the Black Sea region to meet grow-
ing demand in net food-importing regions like the Middle
East and North Africa, China, and sub-Saharan Africa.
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In addition, projections from IFPRI's IMPACT' model sug-
gest that global food trade will continue to expand over
the longer term (Cenacchi et al. 2025 [Chapter 36 in this
publication]; Robinson et al. 2024). Net exports of rice and
wheat are projected to increase by more than 90 percent
between 2020 and 2050, as rice production in India grows
rapidly and as wheat production in Russia and Ukraine
expands. Net exports of maize are projected to rise by

70 percent over the same period, driven by higher pro-
duction in Brazil and Ukraine.

The United States is the world’s largest net exporter

of maize. Projections suggest, however, that growing
domestic demand for bioethanol could significantly erode
exportable supplies to the global market. This decrease is
projected to be more than offset by rising maize exports
from Latin America and Eastern Europe. By 2050, almost
90 percent of net maize exports are projected to come
from seven countries.

1 International Model for Policy Analysis of Agricultural Commodities and Trade.

Over the same period, climate change is expected to
weigh on maize yields in several countries in which it

is a key staple. For example, in Malawi, where maize
accounts for one-half of daily per capita calories, rain-

fed yields are projected to be around 15 percent lower

in 2050 than 2020. With little change in cultivated area
expected, domestic maize production is also expected to
fall by 15 percent over the period. This comes alongside
an anticipated increase of 17 million in Malawi's popula-
tion. As projected production and food demand for maize
move in different directions, the country is likely to require
significant imports to cover maize shortfalls. IMPACT pro-
jections suggest that net imports of maize could near

80 percent of Malawi's food demand by 2050, a signifi-
cant increase over current levels. With few expected net
exporters of maize in the region — South Africa’s capacity
to export maize is expected to decline significantly over
the projection period — Malawi may be pushed to import
from the major exporters noted above. The distance from
these markets implies that trade costs will also exert pres-
sure on the cost of staple foods.



TABLE 1 Maize net imports as a share of maize food demand in selected countries in East and

Southern Africa

Maize contribution to
average daily calorie

Maize net imports as a share of maize food demand

availability (2020) 2020 2050
Malawi 50% 2.5% 78.8%
Zambia 40% Net exporter 40.7%
Kenya 26% 25.9% 57.9%
Tanzania 25% Net exporter 63.3%
Mozambique 22% 25.8% 80.1%

Source: IFPRI, IMPACT projections.

Several countries in East and Southern Africa are simi-
larly vulnerable to this risk, which can materially affect
food security and foreign exchange reserves. Table 1
identifies countries in the region where import depen-
dency on maize is expected to rise sharply between 2020
and 2050.

This trend is not unique to maize in East and Southern
Africa. Rice is an important staple in several countries

in Asia, West Africa, and Latin America. Table 2 shows a
selection of countries by region where rice import depen-
dency is projected to increase significantly between 2020

and 2050. In the West and Central African countries iden-
tified, the import share of rice is already high, but these
are expected to increase even more. Countries that have
been close to self-sufficiency, such as Bangladesh, are
expected to import as much as one-quarter of rice food
demand by 2050.

Rice trade dependency is expected to be significant. Rice
net exports are projected to be highly concentrated, with
India’s share of global net exports predicted to double to
70 percent between 2020 and 2050. This follows signifi-

cant growth in rice production in India, while that of other

TABLE 2 Rice net imports as a share of rice food demand in selected countries

Rice contribution to
average daily calorie
availability (2020)

Rice net imports as a share of rice food demand

2020 2050

West and Central Africa

Guinea 37% 54% >100%
Guinea-Bissau 51% 42% 57%
Cote d'lvoire 24% 66% 84%
Sierra Leone 43% 40% 78%
Latin America and the Caribbean

Costa Rica 15% 63% 78%
Ecuador 15% 26% 65%
Panama 24% 24% 61%
Peru 18% 13% 60%
South Asia and Southeast Asia

Bangladesh 70% 2% 24%
Indonesia 43% Net exporter 12%

Source: IFPRI, IMPACT projections.




TABLE 3 Wheat net imports as a share of wheat food demand in selected countries in Central

Asia, West Asia, and North Africa

Wheat contribution to
average daily calorie

Wheat net imports as a share of wheat food demand

availability (2020) 2020 2050
Afghanistan 60% 49% 83%
Turkmenistan 51% 12% 49%
Syria 49% 66% >100%
Uzbekistan 42% 44% 85%
Pakistan 37% Net exporter 53%

Source: IFPRI, IMPACT projections.

major exporters, such as Thailand and Viet Nam, slows

over the projection period.

Wheat markets are less concentrated than rice and maize.
IMPACT projections suggest that wheat net exports could
grow by more than 90 percent between 2020 and 2050,
with much of this growth driven by increased production in
Russia and Ukraine. Wheat products are an important sta-
ple in most countries, and an especially important part of
the food culture in Central and West Asia and North Africa.
Table 3 shows countries in these regions where wheat
import dependency is expected to increase significantly.

KEY GAPS AND
OPPORTUNITIES FOR
FORESIGHT RESEARCH

Food and agricultural trade grew substantially over the
past 25 years, in part because of a more liberal trad-

ing regime under the World Trade Organization, but the
global trading system faces challenges. Over the past

10 years, multiple trade disruptions occurred, including:
conflicts such as Russia’s invasion of Ukraine, which threat-
ened global cereal and oilseed markets (Glauber and
Laborde 2023); trade disputes, such as the recent trade
war between the United States and China; export restric-
tions such as India’s restrictions on rice exports, affect-
ing almost 40 percent of global rice exports (Glauber and
Mamun 2024); logistical disruptions affecting key choke-
points such as the Red Sea and the Panama Canal; and
supply disruptions due to lockdowns and other responses
to the COVID-19 pandemic.

Threats of increased protectionism under the new US
administration and elevated trade tensions between
China and other trading partners such as Canada and the
EU could derail progress at a time when trade is becom-
ing increasingly important.

Climate change will mean an increasing dependency on
trade to meet global food needs. The disruptions to trade
flows caused by weather extremes and subsequent recon-
struction can undermine global supply chains (Verschuur,
Koks, and Hall 2023).

Trade barriers and other distortions can thwart the move-
ment of food and agricultural products, exacerbating
food shortages when production shocks reduce global
supplies. Itis thus critical that the global trading system
continue to facilitate trade by: reducing border mea-
sures and other trade-distorting measures; improving
foresight and market analysis, such as through the G20
Agricultural Market Information System (AMIS), to bet-
ter inform policy and investment choices; and promot-
ing trade facilitation for lesser developed countries and
developing countries highly dependent on imports to
meet food needs.
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RECENT TRENDS AND
CHALLENGES

Although annual global population growth slowed from
2.1 percentin 1970 to 1.2 percent in 2022, the total world
population continues to rise, increasing by 27.3 percent
between 2000 and 2020, from 6.14 to 7.82 billion. The
world's rural population remained nearly constant,
increasing by just 0.2 percent over the same timeframe.
As a result, by 2020, 56.0 percent of the world's popula-
tion lived in urban areas, up from 46.6 percentin 2000.

In many countries, increased urbanization has coincided
with and contributed to rapid economic growth. This is
partly due to structural transformation of the economy,
where the share of nonagriculture sectors (that is, indus-
try and services) in GDP and employment rises. Labor pro-
ductivity in industry and services is typically higher than in
agriculture, so shifting resources to these sectors boosts
overall productivity and income levels. Moreover, the con-
centration of economic activity that accompanies urban-
ization can lead to further productivity gains through
positive agglomeration effects due to economies of

scale in infrastructure (for example, electricity and water
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supply), lower transport costs within cities, and improved
information flows (Fujita, Krugman, and Venables 1999;
Henderson and Wang 2005; World Bank 2009).

Both the urban population share and GDP per capita rose
sharply in East Asia and the Pacific (EAP) between 1990
and 2020 (Figure 1). South Asia is on a similar trajectory,
with its urban population share and real GDP per capita
in 2015 and 2020 projected to be comparable to those of
EAP. In Latin America, urban population shares have aver-
aged nearly 30 percentage points higher than those in
EAP. However, due to rapid economic growth, EAP now
has a higher per capita income. Sub-Saharan Africa, which
had urbanization and per capita income levels similar to
those in South Asia in 1990, saw urbanization rise sharply
from 27 percent to 38 percent, while its per capita GDP
increased by only 25 percent.

LATEST FORESIGHT
RESEARCH

Reardon and Timmer (2014) describe five interlinked
aspects of the agrifood system that “are occurring rapidly

FIGURE 1 Economic growth and urbanization by region, 2000-2010
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in Asia, and are well along in Latin America, and emerg-
ing in Africa”: urbanization, diet change, agrifood system
transformation, rural factor market transformation, and
intensification of farm technology. Dietary changes — such
as increasing diversity and rising consumption of non-
grain foods, processed products, and prepared foods —
typically accompany urbanization. As urban markets
expand, food supply chains and markets are also trans-
formed as, for example, in the case of teff in Ethiopia
(Minten et al. 2016). In the later stages of this transforma-
tion, large-scale retail and secondary processing sec-
tors emerge, frequently supported by substantial foreign
direct investment. Rural factor markets, especially non-
farm labor markets, develop along with input markets

to enable intensification of agricultural production and
increases in productivity.

In most of Africa, where urbanization rates remain low,
structural transformation has been limited. Investments in
infrastructure, such as transport and Internet connectiv-
ity, are needed to help small towns expand downstream
processing and marketing services. However, excessively
rapid urbanization can lead to the growth of urban slums
and increased poverty, particularly when underinvest-
ment in agriculture and the rural economy drives rural-
to-urban migration at a pace that exceeds investments in
the urban infrastructure necessary to support rapid eco-
nomic growth in the urban economy (Dorosh and Thurlow
2014, 2018).

Diet quality may decline with increased urbanization due
to lower availability of fruits and vegetables in urban cen-
ters. Improving sanitation and food safety is another
major challenge, requiring the development of effective
governance mechanisms to implement and enforce regu-
lations and standards to limit the spread of noncommuni-
cable diseases (Resnick and Swinnen 2023).

Several recent studies have used detailed spatial data to
analyze the biophysical and socioeconomic outcomes of
food systems. Liu and colleagues (2023) examine varia-
tions in dietary water footprints (DWF) from household
consumption patterns in China, finding that while plant-
based foods dominate consumption, animal-based foods
have higher DWF and contribute to regional inequalities.
De Vos and colleagues (2024) combine spatial projec-
tions of urban expansion in Africa with a partial equilib-
rium economic model to estimate the future increases

in rice production, consumption, and agricultural meth-
ane emissions. Model simulations by Dizon, Sherwani,
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and Su (2023) show that Africa will experience the great-
est overlap between food-producing areas and urban
expansion, particularly under a scenario of significant
challenges to climate change adaptation. Using a very dif-
ferent approach, Rusca and colleagues (2022) construct

a socioenvironmental scenario of the possible impacts of
an unprecedented drought in Maputo, Mozambique, and
argue that “future droughts in Southern Africa will proba-
bly polarize urban inequalities, generate localized public
health crises and regress progress in water access.”

KEY GAPS AND
OPPORTUNITIES FOR
FORESIGHT RESEARCH

More research is needed to explore the impacts of evolv-
ing market structures that accompany urbanization in
most developing countries, particularly in promoting
competition and preventing excessive concentration of
market power for perishable commodities. Work on pol-
icies and investments aimed at improving urban diets
and food safety — especially regarding fruits, vegetables,
and meat products — could have major positive impacts
on nutrition for urban households. Spatial analysis and
policies to promote economic growth in small towns are
essential for preventing excessive rural-to-urban migra-
tion. Finally, potential exists for new uses of artificial
intelligence to deepen our understanding of changes in
employment, food markets, and consumption patterns
linked to ongoing urbanization.
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What do we know about

THE FUTURE OF

This chapter was originally published as an online brief in June 2023;

it has been lightly edited and a brief postscript has been added,

but otherwise it appears in its original form.

Key messages

As of June 2023, the U.S. National Oceanic and Atmospheric
Administration (NOAA) declared that El Nifio conditions were present
and consensus existed among climate prediction centers that El Nifio
would likely persist from November 2023 to February 2024.

El Nifio is typically associated with seasonal climate anomalies and
extreme weather events throughout the developing world, especially
across sub-Saharan Africa, but the economic impacts caused by these
events are difficult to disentangle from those of other climate shocks,
natural disasters, and economic cycles. Additionally, the strength and
consistency of El Nifio's agroclimatic impacts vary by region.
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El Nifio's unique slow onset, periodic pattern, and lead times of pre-
diction (from a few months to a year) make it possible to design antic-
ipatory policies and prepare emergency responses in advance.

Policymakers should closely monitor the evolution of El Nifio-
Southern Oscillation (ENSO) phases and the potential impacts of El
Nifio and be prepared to coordinate policy responses quickly as the
situation unfolds.

As global warming continues and climate extremes occur more fre-
quently, actions to foster climate-resilient agrifood systems should
be broadly prioritized.
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RECENT TRENDS AND
CHALLENGES

As of June 2023, consensus existed among the climate
science community and prediction centers that the El
Nifo-Southern Oscillation (ENSO) of the boreal win-

ter season (November 2023-February 2024) would tran-
sition to an El Niflo event, ending the recent three-year
La Nifia (FAO 2023). El Nifio naturally reoccurs every 2
to 7 years, and its cycle typically lasts 9 to 12 months,
starting with a slow onset during the boreal (Northern
Hemisphere) spring season (March-June), peak intensity
during the late fall or winter (November-February), fol-
lowed by weakening during the spring or early summer
(March-June). Its unique slow onset, periodic pattern,
and lead times of prediction (from a few months to a year)
make it possible to design anticipatory policies and pre-

pare emergency responses a few months in advance.

Evidence shows El Nifio is associated with seasonal cli-
mate anomalies and a higher occurrence of extreme
weather events throughout the developing world, espe-
cially across sub-Saharan Africa, but the economic
impacts caused by these events are difficult to disentan-
gle from those of other climate shocks, natural disasters,

and economic cycles.

Although an expanding literature examines how natu-

ral disasters are managed in the global South, quantita-
tive evaluation of the policies and investments that could
help avoid at least some of the damage caused by El Nifio
events is limited. Many technical and scientific challenges
still arise to predicting ENSO with the desired level of con-
fidence due to the complexity of the oceanic and atmo-
spheric processes involved. For example, ENSO forecasts
are notoriously difficult to make during the months of
February, March, and April — a time often referred to as
the "spring predictability barrier” — but become progres-
sively more feasible over the course of May, June, and July
for lead times up to the next boreal spring (Barnston et al.
2019). These factors complicate the design of policies and
timely response mechanisms that could help mitigate eco-
nomic damage and welfare losses. Thus, it is important for
countries to closely monitor the development of El Nifo/
La Nifia events and be prepared to make nimble adjust-

ments to their risk management measures.

The strength and consistency of El Nifio’s agroclimatic
impacts vary by region. Even when an El Nifo develops,

86

the expected impacts are robust and consistent in some
regions but difficult to predict in others. This is partly
due to the complexity of the El Nifio phenomenon and
its interaction with other modes of climate variabil-

ity that influence the agroclimate in any given location,
such as the Indian Ocean Dipole (IOD) and its impacts

in Asia and Africa. While El Nifio events are all associ-
ated with substantial warming of the central and eastern
part of the tropical Pacific Ocean, which in turn affects
climate extremes globally, no two El Nifio events are
quite the same. For example, the 2015/16 El Nifio devel-
oped strength similar to the 1997/98 El Nifio, but their
localized climate impacts were very different (Xue and
Kumar 2017). Nevertheless, some regions demonstrate a
stronger link to El Nifio than others. El Nifio consistently
brings drought and poor maize yields to South Africa,
Zimbabwe, and southern Mozambique, while impacts far-
ther north in Malawi, Zambia, and northern Mozambique
are possible but less consistent. Therefore, maintaining
high alerts on early warning systems is critical during El
Nifio events.

LATEST FORESIGHT
RESEARCH

At the time of writing, all international climate science
agencies — including the World Meteorological
Organization (WMO), the International Research Institute
for Climate and Society (IRI), and the U.S. National
Oceanic and Atmospheric Administration (NOAA) — pre-
dicted a very high probability of a moderate-to-strong El
Nifio eventin 2023/24 (WMO 2023; Johnson 2023; IRI
2023). The Agricultural Market Information System (AMIS)
estimated that drier than average conditions would be
likely in Central America, the Caribbean, northern South
America, parts of western and northern East Africa, south-
ern Africa, India, and northern China, while positive IOD
conditions during June to October could ease the drying
conditions in East Africa during the short rain season in
November-December (FAO 2023).

The El Nifio forecast did not warrant implementation

of domestic market-protective policy measures. Even
with the hypothetical worst-case scenario, where a his-
torically strong El Nifio affects maize and wheat yields

in many regions simultaneously (Anderson et al. 2019,
2023), the total number of catastrophic and simultane-
ous breadbasket shocks globally in a given year is unlikely
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FIGURE 1 Integrated analytical framework used in the foresight analysis of economywide

impacts of ENSO events

Crop yield impacts
p Spatial crop models (DSSAT)

. I
Weather and climate data
Rainfall, temperature (maximum, minimum)
Crop management options —
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crop calendar

Crop and livestock data
Herd size by type of livestock

Social accounting matrix
Producers, households, government

Market policy options
Foreign trade taxes and subsidies,
social safety nets

Source: Koo etal. 2019.

to increase because an ENSO event increases the prob-
ability of yield shocks in some regions but decreases

in others (Anderson et al. 2023). Additionally, preemp-
tively implemented policies with uncertain forecasts can
cause unintended economic impacts. For example, an
integrated modeling analysis using subnational house-
hold data and crop models suggested that the Zambian
government'’s maize export ban during the early-season
droughtin the 2015/16 El Nifo event blocked producers’
access to regional food markets, reduced income, and
exacerbated rural households’ poverty (Koo, Mamun, and
Martin 2021).

——)  Statistical trends analysis

Yield outcomes
Yields by crop and region under alternative
technologies and practices

Production impacts

Supply outcomes
Quantities by crop, livestock
type, and region

===p Economywide impacts

Dynamic spatial CGE and microsimulation model

Economic outcomes
National and agricultural GDF, rural and
urban poverty, and so on

A series of foresight analyses of economywide impacts of
ENSO using an integrated analytical framework (Figure 1)
identified a range of effective climate shock-mitigating
interventions, including on-farm investments in technol-
ogy and irrigation infrastructure, investments in roads
and grain storage facilities to stabilize food markets, and
social transfers to provide households with a cushion
againstimmediate income and asset losses (Sutton et al.
2019a, 2019b, 2019¢ 2019d, 2019e; Koo et al. 2019). For
Ethiopia specifically, IFPRI used the Rural Investment and
Policy Analysis (RIAPA) model to analyze El Nifio's impacts
and the country’s policy responses and estimated that the



combined interventions of food import subsidies, distri-
bution of stored grains, and cash transfers could effec-
tively reduce El Nifio’s adverse impacts on the national
poverty rate and the number of poor people (Koo et

al. 2019).

It is worth noting that great uncertainty remains about
how climate change will affect sea surface temperatures,
ENSO, and teleconnections between regions. Analysis of
historical ENSO events for the past 11,700 years indicates
that any recorded changes in El Nifio patterns are well
within the range of natural variability. Similarly, climate
model simulations without greenhouse gas emissions still
produce large variations in ENSO due to the nature of the
climate system (Di Liberto 2021).

KEY GAPS AND
OPPORTUNITIES FOR
FORESIGHT RESEARCH

Enhanced weather and climate forecasting skills will

allow early detection and timely warning of floods and
droughts. A well-maintained network of automated
weather stations can improve the accuracy of El Nifio
impacts at the local level. Between 2000 and 2017, for
example, advances in flood early-warning systems were
estimated to have helped to reduce global flood-related
human casualties by 45 percent and the number of peo-
ple affected by floods by 24 percent (Perera et al. 2019).
Conservative estimates based on a meta-analysis of
global studies suggest that the benefit-cost ratio for reli-
able climate information services is about 10 to 1, with
potential global benefits as high as US$30 billion per year
in increased agricultural productivity and US$2 billion per
year in reduced asset losses (WMO 2019). With timely and
reliable early warning information, policymakers can pre-
pare for disasters and reduce damage by declaring emer-
gencies early and getting resources where they are likely
to be needed in advance.

Recognizing both the strengths and the uncertainties

in current ENSO forecasts, policymakers should closely
monitor the development of El Nifio impacts and be pre-
pared to coordinate policy responses in an agile way

as the situation unfolds. In the Philippines, for exam-

ple, in preparation for the 2015/16 El Nifio, the Roadmap
to Address the Impact of El Nifio (RAIN) initiative was
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launched as a pan-government strategic action plan. The
RAIN initiative enabled multiple government agencies
to coordinate and respond to the challenges associated
with climate variability on food security, energy secu-
rity, health, and safety. In 2016, the government of the
Philippines found that RAIN was successful in mitigating
the impact of El Nifio, particularly in ensuring sufficiency
in supply of food and keeping food prices stable, but
that coordination with local government units should be
strengthened to ensure that the distribution of food and
other resources is timely (Philippines, NEDA 2016).

Itis essential for governments, particularly in drought-
and flood-prone regions, to proactively implement a
range of risk-mitigating measures as the probability of
future El Nifio events increases. Promoting climate-re-
silient agrifood systems, strengthening climate forecast
and early warning capacities, and implementing agile risk
management policies are critical to mitigating the adverse
effects of climate variability. By fostering collaboration
among various institutions and actors, policymakers can
plan to develop “no-regret” interventions — including cli-
mate information services, climate-smart agriculture
practices, access to finance, and social safety nets — and
implement country-specific comprehensive strategies
that safeguard communities from the likely impacts of

El Nifio. Recognizing the inherent uncertainties in ENSO
forecasts, governments should closely monitor the devel-
opment of El Niflo impacts and be prepared to adapt
their policies and response mechanisms as the situation
evolves. Investing in these anticipatory policies and emer-
gency responses will not only help minimize the economic
damage and welfare losses during El Nifio events but also
contribute to building more climate-resilient agrifood sys-
tems in the long run.

POSTSCRIPT

As a result of the strong El Nifio event that did indeed
develop, southern Africa experienced a record-breaking
droughtin January and February 2024 that caused wide-
spread crop failures, including reductions in maize pro-
duction exceeding 50 percent in Zimbabwe, 30 percentin
Zambia and Malawi, and 10 percent in South Africa (FEWS
NET 2024).
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