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Abstract

The risk of national food supply disruptions is linked to both domestic production and food
imports. But assessments of climate change risks for food systems typically focus on the
impacts on domestic production, ignoring climate impacts in supplying regions. Here, we
use global crop modeling data in combination with current trade flows to evaluate potential
climate change impacts on national food supply, comparing impacts on domestic production
alone (domestic production impacts) to impacts considering how climate change impacts
production in all source regions (consumption impact). Under 2°C additional global mean
warming over present day, our analysis highlights that climate impacts on national supply
are aggravated for 53% high income and 56% upper medium income countries and miti-
gated for 60% low- and 71% low-medium income countries under consumption-based
impacts compared to domestic impacts alone. We find that many countries are reliant on a
few mega-exporters who mediate these climate impacts. Managing the risk of climate
change for national food security requires a global perspective, considering not only how
national production is affected, but also how climate change affects trading partners.

Introduction

Climate research in food systems has mainly focused on estimating impacts on the yields of
major staple crops [1, 2]. However, a country’s food supply is not solely dependent on its own
production. Food systems are highly interconnected and about one-fourth of calories pro-
duced are traded internationally [3]. Global agri-food trade enables low-income countries,
often with lower per capita agricultural production, meet their nutritional needs [4], and
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therefore trade is deemed important for ameliorating the effects of climate change on food
security [5]. However, trade also exposes food importing countries to cascading risks from
trade embargoes and global price volatility during natural or man-made shocks [6, 7].

Prior studies have offered valuable insights into this topic. Baker et al. (2018) used a
global agricultural economic model to explore the impact of global versus domestic climate
change on the US agricultural sector, finding increased climate impacts under a global per-
spective [8]. Chen and Villoria (2019) identified higher price stability with increased
import dependence across 27 net importing countries for maize [9]. Bren d’Amour and
Anderson (2020) found that imports contribute to food supply instability in certain Global
South countries [10]. Hedlund et al. (2022) examined the impact of climate change on food
trade networks, observing high stability for wheat and rice networks but less for maize
[11]. Jansenns et al. (2020) investigated various trade liberalization scenarios, highlighting
significant benefits in addressing undernourishment through trade adaptation [5].

Other studies have also shock-tested food trade systems by examining the influence of
removing crucial producing regions [12-16]. Despite these studies, much of the conversa-
tion on climate change and national impact assessments remains domestically focused
[17,18].

We introduce a complementary approach, tailored for national climate impacts assess-
ments, to evaluate cross-border climate risks [17]. Our approach is simple and reproducible,
and easily adapted by nations. We intentionally chose not to incorporate prospective trade
flows that necessitate projecting global economy forward in time to keep our analysis simple
and present a diagnosis based on current trade flows; other studies have used global trade eco-
nomics models to explore the impacts of shifting trade patterns [5, 19]. The use of contempo-
rary trade portfolios aligns with the recent shift in research focus (away from integrated
assessment models) from projecting mid- or end-of-century future conditions to asking, "what
would a 1/2/3°C warmer world do to current agricultural systems and food security?". This
framing reduces the levels of uncertainty, allowing us to study the impacts of climate change
without the added complexity of long-term economic projections [20]. We investigate how a
nation’s total calorie supply is affected by climate impacts on its domestic production alone
versus climate impacts over all its supplying regions (see conceptual framework in next sec-
tion). These calories include those for human consumption, livestock feed, industrial purposes,
and wasted. We do not consider nutrition, consumer acceptability, or household-level food
security. Our analysis includes the three major staple crops-wheat, maize, and rice-that
together contributed 43% of global calories produced and 87% of global cereal traded in 2010,
and largely dominate trade related supply and price concerns under food crises. To align with
policy discussions, we adopt a global mean warming approach, assessing climate impacts for
future warming of 1°C and 2°C compared to present-day, rather than a time-based approach
[21]. Our estimated crop yield impacts are influenced by changes in temperature, precipita-
tion, radiation, and also associated carbon dioxide concentration. We focus on results for 2°C
additional global mean warming in the main text (see Supplementary Information for results
with 1°C additional future warming).

We use observed global bilateral trade flows of crop commodities corrected for re-exports
[22, 23], modelled estimates of climate change impacts on crop yields [24], and spatial crop
production data [25]. We also examine how key mega-exporters, those countries that three or
more countries rely on for at least 10% of their calorie supply, influence climate impacts.
Mega-exporters have a disproportionately large impact on global food supply, as demonstrated
by the food price spikes related to the ongoing Ukraine-Russia conflict [26].
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Materials and methods
Conceptual framework

Every country (y) consumes calories (C) from crop (i), which can be written as:

Cy,i = Py‘i - Ey,i + Iy‘i (1)

where P,,; are the calories produced within the country, and E and I are the sum of all exports
and imports of crop y to/from other countries.
We consider production net of exports (P, ;—E,,;) as production for domestic use P*y ;)

Cy.i = P*y,i + Iy.i (2)

The impact of climate change on a nation’s consumption (AC) is:

AC = AP* + Al (3)

Our analysis compares the three terms of Eq 3 in relative terms, i.e., we compare AC/C (con-
sumption impact), AP*/P*(domestic production impact), and AI/I (import impact), (see S1 Text
for the mathematical derivation relating these 3 terms and S2 Table for the summary of
variables).

Climate change impacts on crop productivity

We used estimates of climate impacts on global crop productivity from the latest process-
based crop model simulations conducted as part of the Agricultural Model Intercomparison
and Improvement Project’s (AgMIP) Global Gridded Crop Model Intercomparison (GGCMI)
[24]. We used crop productivity data from 12 global crop models, forced by future climate sim-
ulations from 5 global climate models from the Coupled Model Intercomparison Project phase
6, using the Shared Socioeconomic Pathways (SSP) 585 climate scenario, bias-adjusted and
downscaled by Inter-Sectoral Impact Model Intercomparison Project [27]. GGCMI provides
60 crop-climate model simulations per crop, running from pre-industrial times to 2100. For
additional details see Jigermeyr et al 2021 [24].

Global agri-food trade data

We used bilateral trade data for wheat, maize, and rice for the year 2010 from Schwarzmueller
and Kastner 2022 [23], who designed an approach to link consumption impacts to origins of
production. They used bilateral trade matrices and crop production data (from FAOSTAT)
and traced crop supply in a country to where the crops were grown, correcting for re-exports
of crop commodities. For instance, if maize is exported from France to the Netherlands where
it is partly processed into maize germ oil, which is further exported to Austria, the corrected
data will link calorie supply in Austria back to crop production in France. This data is widely
used in estimating the environmental impacts of food consumption and telecoupling research
[28-32]. We converted the bi-lateral trade data from tonnes to calories using conversation fac-
tors from GENuS [33].

Domestic production impact

We estimated the domestic production impacts on calorie supply from climate change for
each country from all 60 gridded crop-climate model simulations for the three crops. For each
simulation we first estimated 10-year mean crop yields (at pixel level) around the year when
global mean temperatures exceed 1°C, 2°C, and 3°C above pre-industrial levels in the
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respective climate model (see S1 Fig). We then assumed crop yields at 1°C global mean warm-
ing relative to pre-industrial as the reference as this roughly represents current global warming
(exceedance years for 1°C warming range between 1999 and 2021 across our suite of climate
models). Then we estimated gridded climate impacts as the percentage yield change with addi-
tional 1°C and 2°C future warming compared to our reference.

For each country y, crop i, crop-climate model CCM, and degree Celsius of additional
global warming w, we estimated domestic production impact AP* .y, /P (i com) @S PTO-
duction-weighted national average impacts denoted in percentage change terms (Eq 5; S1
Dataset):

AP, . I A,
(y.i,CCM,w) (i,n)
IO N CL connn e (5)
p*(yj'CCM‘w) n=1  (iw.CCM.n) ZA(i) )

where CI; ,,,com,n is crop-model simulated climate impact (yield changes in percentage) for
crop land pixel n and A, is the total crop production in tonnes for pixel n from Monfreda
et al. 2008 [25]. We assumed that harvested areas are not affected by climate change. We esti-
mated domestic production impact for each country, crop and crop-climate model separately.
Then we calculated country- and crop-specific ensemble median, and 20™ and 80™ percentile
estimates (confidence intervals) across the 60 crop-climate model impact estimates. Note these
are national level averages and so different impacts in different parts of the country could offset
each other.

We estimated crop aggregated domestic production impact (AP* vam/ p () for each
country y, percentile g and global warming w, as the weighted mean impact of warming on
production for domestic use of the three crops (Eq 6; S1 Dataset):

AP 5 AP

5= P

)
" *p(y.i)’ (6)
(n.q:w) 1i,q,w)

where py,, ;) is production-share weights equal to the share of each crop to the total calories pro-
duced for domestic use from all three crops.

Consumption and import impact

As with domestic production impact, we estimated the consumption and import impacts on
supply for each country based on the three crops separately and for the crops aggregate. Con-

sumption impact (AC,,, . ,/C,,;,.)) and import impact (Al ., /1, ,.,) for a country are the

iqw

weighted average production impacts across all supplying countries, including production for
domestic-use for the former but excluding it for the latter (Eq 7 and Eq 8; S1 Dataset).

ACyiqm _ Zmﬂ AP (g . i )

iaw D ,

Crigm P g 20 %)

Alyigw _ 3 AP (igw) Bty (8)
i ,

Ly g P g 220

where m is the number of countries that consumer country y imports from, and m+1 includes
the supply from domestic production of the country in question. z(,,; are the calories contrib-
uted by a supplying region towards the total supply of the country in question.

Next, we computed crop-aggregated consumption (AC vam/ C (y.qw)) and import impacts

(L) 4/ T, q) for each country using a similar weighted average approach as for crop-
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aggregated domestic impacts (S1 Dataset):

AC s AC,,
(gw) (y,i,q:w)
C(y - Zi:l C. . *N(}’-i)’ and (9)
q:w) (si.q.w)
Al 3 Al .
aw) (y,i,q,w)
T =) L T O, (10)
(na.w) (y.iqw)

Where Ny, and oy, are supply-share weights equal to the share of each crop to the total
calories consumed and imported, respectively (see S2 Fig for a graphical explanation).

Climate impact on national food supply

To evaluate how trade influences the climate impact on food supply for different countries
(and populations), we compared their domestic production and consumption impact values.
All countries with consumption impact higher than domestic production impact are classified
as aggravated (i.e., climate impact on supply is heightened due to imports), and countries with
consumption impact lower than domestic production impact as attenuated (i.e., climate
impact on supply is lessened by imports). Countries are classified as having no effect when
their domestic production and consumption impacts lie within the lowest 5th percentile of the
perpendicular distance between each point and the 1:1 line of a scatter plot of the two variables
(see Fig 1 top panel).

Decomposition of cross-border effect

To better understand what drives the difference between consumption and domestic produc-
tion impact, we estimated cross-border effect (AC/C—AP*/P*), which is composed of two com-
ponents (Eq 11): 1) import dependence (I/C), and 2) difference between import impact and
domestic production impact (see S1 Text for the full derivation of Eq 11; S1 Dataset).

AC/C — AP"/P" = I/Cx(AI/T — AP"/P") (11)

Thus, cross-border effect is higher for countries with large important dependence and for
whom climate change impacts on imports exceed those on domestic production. It is impor-
tant to distinguish between cross-border and import impacts. Cross-border impact highlights
the per-calorie difference between a country’s consumption and its domestic production. In
contrast, import impact reflects the climate burden of imports based on the quantities brought
in from other countries. If a country’s consumption heavily relies on imports, the cross-border
impact might closely resemble the import impact. In such cases, the distinction between the
two may blur, leading to the perception that they are the same.

Results

Current food trade aggravates climate impacts on food supply for higher-
income countries and mitigates it for lower-income countries

Under 2°C future global mean warming and 2010 trade portfolios, both domestic production
and consumption impacts (aggregated for the three crops) are negative for 56 out of 162 coun-
tries (1.85 billion people; third quadrant in Fig 1, top panel). That is, climate change will reduce
available calories for these countries irrespective of where they are sourced. These 56 countries
constitute 49% of total global exported calories for the three crops and include large producers
such as USA, Canada, and Brazil. Nevertheless, imports significantly mediate the impact of
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Fig 1. (Top panel). The climate impact on national food supply based on consumption and domestic perspective
under additional 2°C global warming. We compare the crop-aggregated domestic climate impact (sensitivity of crop

PLOS ONE | https://doi.org/10.1371/journal.pone.0314722  January 3, 2025

6/16


https://doi.org/10.1371/journal.pone.0314722

PLOS ONE

Current food trade helps mitigate future climate change impacts in lower-income nations

yields of wheat, maize, and rice to future warming) (x-axis, S4 Fig) to the consumption impact on calorie supply i.e.,
climate impacts on both domestic and overseas supplying regions (y-axis, S4 Fig). Positive impact values suggest more
calories are projected to be available because of warming and negative impact values suggest fewer calories are
projected to be available. Climate impact is aggravated when consumption impact increases the detrimental effect
(lower loss to higher loss or gain to loss) or decrease the beneficial effect of climate change (from higher gain to lower
gain) on the total calorie supply i.e., consumption impact is worse than domestic impact. Climate impact is mitigated if
the opposite is the case, i.e., consumption impact decreases the detrimental impact (higher loss to lower loss) or
increase the beneficial impact (lower gain to higher gain or loss to gain) on the total calorie supply. No effect on
climate impact is considered when domestic impact and consumption impact are close to each other, where close is
defined based on the lowest 5th percentile of the shortest distance between each point on the plot and the 1:1 line. The
color of the data points corresponds to the World Bank income classification for the corresponding year and the size of
the data points are scaled to 2010 national populations. Top panel (inset): We show the percentage of countries under
each income class for which climate impacts are aggravated, mitigated, and shows no change under consumption
impact. Bottom panel: The map shows the countries for which climate impact is mitigated (blue), aggravated (orange),
and has no effect (white) on food supply for the three crops aggregated. For countries in gray, the impact estimates are
not included. The map is generated using R version 4.2.1 and shapefiles sourced from the NaturalEarth project
(naturalearthdata.com).

https://doi.org/10.1371/journal.pone.0314722.g001

climate change for many countries—it aggravates the impact for 63 countries (1.3 billion peo-
ple), but mitigates it for 81 countries (2.8 billion people). For example, Saudi Arabia experi-
ences a —23% domestic production impact under 2°C warming, but this decreases to a
consumption impact of —-4.7%. In contrast, imports worsen climate impacts for Canada (-
5.7% domestic production impact worsens to —6.9% consumption impact). Finally, for the
most populous countries, China and India, consumption impacts are comparable to domestic
impacts owing to their low import dependence for the three crops. We find that the effect of
trade in mitigating climate impacts is muted under lower warming (S3 Fig). Under +1°C
warming, the number of countries for which trade mitigates climate impacts reduces to 66 (2.3
billion people exposed) and aggravates increases to 78 (1.5 billion people exposed).

Cross-border effects vary considerably by crop and countries

Our decomposition results show that the factors determining cross-border effects vary consid-
erably by crop and countries (Fig 2). The cross-border effect is interpreted as the impact on an
average calorie of food consumed by a certain country compared with impact on a calorie of
food produced for domestic-use by the same country. Positive values suggest impact on an
average calorie consumed is less than impact on average tonne produced. Overall, beneficial
cross-border effects are highest for wheat, both in magnitude and in terms of number of coun-
tries. Over 70% of countries have positive cross-border effects for wheat, with only a few (18
out of 161) having negative effects larger than 2%. The cross-border effects for maize are oppo-
site to wheat. Most countries (except thirty-seven) have detrimental cross-border effects with
over one third of large magnitude (greater than 2%). For rice, the cross-border effects are low
in magnitude.

We decompose the cross-border effect into import dependence and the difference between
import and production impacts (see methods section). We find the import dependence is
highest for wheat, with most African and South Asian countries highly reliant on wheat
imports. Both maize and rice have smaller import dependence compared to wheat (S2 Text).
For import dependent countries, the difference between import and domestic production
impact drives the cross-border effect (Eq 11; Fig 2).

With wheat, cross-border effects are largely positive for South Asian countries (Malaysia,
Indonesia, Vietnam) due to a positive difference between import and domestic production
impacts. Whereas, some east African countries (Uganda, Tanzania, Kenya) and east Asian
countries (Japan, North and South Korea) have similar import dependence but find a negative
difference between import and domestic production impacts. In the case of maize, for which
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Fig 2. In this figure, we show the different factors influencing the consumption impact. For all the maps we
consider 2°C mean global warming relative to the level of recent warming and fixed 2010 trade-portfolios. We divide
this figure into three panels (a-c) horizontally, each panel containing three columns corresponding to the three crops-
wheat, maize, and rice (from left to right). The panel a) shows the cross-border effect (as percentage impact per unit
calorie) on total food supply of a particular country. The positive values mean that more calories will be available due
to 2°C future mean global warming and negative values mean fewer calories (in percentage) will be available. The
panel b) shows the import dependence (in percentage) of each country defined as the proportion of their crop-specific
supply being sourced from other countries. In the panel c), we show the difference in import and domestic production
impacts. For countries in gray, the estimates are not included. The inset table shows the global average (range) values
for the variable shown in the three panels by crop. The maps are generated using R version 4.2.1 and shapefiles sourced
from the NaturalEarth project (naturalearthdata.com).

https://doi.org/10.1371/journal.pone.0314722.g002

the mean impact on importing partners is more severe and in most cases detrimental, this rela-
tionship is more pronounced and almost entirely true for most countries. For example, cross-
border flows have a detrimental effect for countries with negative difference between import
and domestic production impacts, like Libya, Niger, Jordon, Peru and Japan compared to
countries with similar import dependence but with positive difference between import and
domestic production impacts like Iraq, Egypt, Spain, Columbia, among others.
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Consumption-based perspective is especially important for import-
dependent countries

We selected a few highly import-dependent countries to illustrate how climate impacts on
national calorie supply is manifested (Fig 3). While some import-dependent countries (e.g.,
Japan, Costa Rica, Sudan, and Syria) rely on a few importing partners, others depend on a
wider range of suppliers (such as Qatar, Oman, and the United Arab Emirates). For instance,
both Japan and Costa Rica rely on the USA for more than 50% of their calorie supply from the
three crops, a nation whose production is expected to be adversely affected by climate change.
Further, climate impacts in the supplying countries can be positive or negative. For instance,
Japan and Costa Rica experience negative import impacts from the USA, whereas Qatar,
Sudan, Oman, Jordan, and the United Arab Emirates source a significant portion of their food
supply from regions where climate change may increase production (such as France, Australia,
Russia, Germany, and Ukraine) (Fig 3).
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Fig 3. Visualizing how climate impacts are manifested for major import-dependent countries. The two panels
correspond to 1°C and 2°C future mean global warming conditions relative to the level of recent warming (top &
bottom). Each bar corresponds to a particular import-dependent country as labelled on the y-axis (see S1 Table for
country codes). Each bar is made up of multiple stacks of different lengths and colors. Each stack corresponds to a
particular country supplying calories to the importing country (labelled on the y-axis). The length of each stack
(measured on the x-axis) within each bar corresponds to the proportion of total calories supplied by that supplying
country to the importing country. The color of each stack represents the crop-aggregated (wheat, maize, and rice)
climate change impact on domestic production of the supplying country under different warming scenarios.

https://doi.org/10.1371/journal.pone.0314722.g003
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Mega-exporters play a significant role in transmitting impacts

We find that innumerable countries heavily rely on a handful of key mega-exporters, making
them vulnerable to the climate impacts experienced by these mega-exporters. For the three
crops aggregated, we identify nine mega-exporters: the USA, France, Germany, Russia, Austra-
lia, Brazil, Argentina, Ukraine, and Canada (Fig 4, S5 and S6 Figs). These mega-exporters con-
tribute 77% of global calorie exports from the three crops. The USA in particular, but also
Canada and Brazil are expected to face negative climate impacts. The other six mega-exporters
are expected to benefit from combined yield improvements for the three staple crops under
2°C warming (see S6 Fig). These beneficial yield impacts are driven by wheat yield gains linked
to increased carbon dioxide concentrations [24].

To comprehend the transmission of climate impacts, we compare the domestic impact of
the mega-exporters with those of their importing partners (see Fig 4, S5 and S6 Figs). We find
that the USA, Russia, Brazil, and Ukraine aggravate the supply impacts for more countries
than they mitigate, while France, Germany, Brazil, Argentina, Australia, and Canada play a
mitigating role for more countries than they aggravate. Additionally, the USA, which is

Russia

. Mitigate

. Aggravate
‘ . Mega-exporter
- (w
,7 By
y . )
% ‘\} ~ .g‘; 3
‘ j \ i .IY ‘ﬁ ‘
Y
t Argentina France

Fig 4. This figure shows for which countries mega-exporters aggravate (orange) or mitigate (blue) the climate impacts. The central
map shows the various mega-exporters identified through our analysis. Each panel on the four corners shows a particular mega-
exporter (panel label) and the role it plays in mediating the climate impacts for countries that source calories from it. For readability, we
only show four of the nine mega-exporters and the importing partners that rely on a particular mega-exporter for at least 10% of their
calorie supply from wheat, maize, and rice aggregated. The figure shows that 37 countries rely on the USA, 22 on France, 11 on
Germany, and 11 on Russia for at least 10% of their total calorie supply. The maps are generated using R version 4.2.1 and shapefiles
sourced from the NaturalEarth project (naturalearthdata.com).

https://doi.org/10.1371/journal.pone.0314722.9004
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expected to experience yield losses, has a strong aggravating impact on Japan, Central Ameri-
can countries, and a few Caribbean islands. These regions rely on the USA for over 50% of
their calorie supply (indicated by the size of the bubbles in S6 Fig). In contrast, Argentina, Aus-
tralia, and Canada mitigate impacts for most of the countries that depend on them (except for
Malaysia and Peru in the case of Argentina, and Ecuador in the case of Canada). We also find
certain countries are heavily dependent on multiple mega-exporters for a substantial portion
of their calorie supply, which can either significantly aggravate or mitigate climate impacts (S7
Fig and S3 Text). Additionally, we examine the role of mega-exporters separately for wheat,
maize, and rice, finding that their impact transmission varies across these three crops (S4 Text;
S8-510 Figs).

Discussion

Transforming food systems to be resilient to supply disruptions from climate change requires
resilience-building at multiple scales—at the farm scale by employing climate-resilient agricul-
ture practices [34-36], but also at the national scale by managing reserves and trade portfolios
[12]. In this paper, we examined how imports mediate the climate impacts on national food
supply. We found that under 2°C future warming, imports largely mitigate impacts on food
supply for low- and low medium income countries. For example, the climate impact on food
supply is mitigated for Sudan when imports are incorporated into impact assessment. This is
due to its high import dependence on Australia and Germany (mega-exporters), both of which
have projected increases in wheat production under future climate change. On the contrary,
imports aggravate climate impacts for Japan as a result of its high dependence on the USA, a
mega-exporter expected to face negative climate impacts.

Our findings are consistent with an alternative definition of national consumption which
does not exclude exports as it is considered to be within a nation’s control, for example,
through an export embargo (S5 Text; S11 Fig). While our results consist of multiple sources of
uncertainties, we evaluated one source of uncertainty based on the variation in impact esti-
mates (20™ and 80" percentile) across the sixty climate-crop model impact estimates. We find
a larger variation in our climate impact estimates across these confidence intervals for a given
degree of warming, compared to variation across the degrees of warming for a particular confi-
dence interval (53 Fig); these results reflect the findings of other studies that variation in yields
simulated by different crop and climate models (which define our confidence intervals) for
any given level of warming are greater than variation due to levels of warming [24, 37].

Our analysis examined climate impacts on calorie availability. But economic considerations
may add further complexity to this picture. The economic status of countries, geographic dis-
tribution of climate impacts on crop yields, and the geographic structure of the global trade
network determines winners and losers from increased global prices caused by natural or
human-made production shocks [19]. High-income countries are generally better positioned
to withstand price shocks from supply disruptions. More importantly, a rise in global prices
benefits exporters of that commodity and hurt importers through changing “terms of trade”
[19]. For example, supply disruptions from the ongoing Ukraine-Russia war, along with vari-
ous compounding challenges, benefited other exporters (for example, wheat farmers of the
USA) while import dependent (especially low and lower middle-income) countries battled
high food prices to procure sufficient food [38]. Thus, it is critical to consider risks from both
the availability and accessibility of food to design effective policies against food supply disrup-
tions. This emphasizes the need for import-dependent countries to find a good balance
between improving domestic food production capacity and diversifying their import portfolios
to become more resilient to climate change. However, the capacities of countries to do so
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would vary substantially by income. Considering the ecological crises spurred by existing spe-
cialized and concentrated food production systems, diversification strategies may be beneficial
for multiple objectives [34].

Our study contributes to the large body of literature on drivers of resilience in agri-food sys-
tems. While highly connected and diversified agri-food systems may be more resilient due to
the pooling of risk [39-41], such systems can also be more vulnerable due to cascading or cor-
related crop failures in major food baskets [13, 42, 43]. Previous work [42] has emphasized two
resilience principles—maintaining diversity and redundancy, and managing connectivity [44,
45]. Diversity in systems comprise not only variety but also balance in terms of the strength of
different elements and disparity across these elements [45]. Our crop-aggregated consumption
impact estimate incorporates diversity as a function of both calorie source diversity (across the
three crops and their derived commodities) and import partner diversity (spatial diversity),
and disparity as differences in climate impacts across crops and trading partners. Further, we
measure connectivity by identifying the key actors, their exposure and sensitivity to climate
change, and their interactions with other countries. We find that under the current food
regime, mega-exporters play a large role in mediating climate risk. The network of such mega-
exporters represents overly connected systems (which threaten resilience [45]) that have a
large structure (many countries depend on them) and considerable strength (many countries
relying on mega-exporters for a large share of food supply). We recommend that countries
should take a systemic risk perspective [46] that considers the complex intertwined nature of
the food systems.

There are several caveats to our analysis that should be noted. First, our analysis is limited
to three crops because of the lack of robust estimates of crop-specific climate impacts and their
economic ramifications for a larger variety of food items. Second, our analysis does not iden-
tify trade-offs between efficiency and resilience to supply disruptions as done by others [47]
and this warrants future work. Third, our study does not allow for market or management
related adaptation, either in the form of changing trade networks and demand due to rapid
population growth or cropland allocation. Other economic [5, 19] and modelling [48-50]
studies have shown the climate adaptation potential of these strategies. Our work could be
expanded to examine the potential of shifting future trade networks on food supply risks, but
incorporating future demand changes, especially in regions experiencing rapid population
growth would be a necessary first step for effective future planning and policy design. Fourth,
the climate impacts used in our analysis, despite being the latest efforts in the field, have large
uncertainty [24]. Lastly, our global mean temperature framing of climate impact does not
account for the differences in carbon dioxide concentration at these warming levels across the
climate models. These variations can be large across climate models and strongly influence
yield projections [51].

Conclusion

The significance of cross-border climate impacts in food systems has grown with the increas-
ing complexity and concentration of our global food systems. However, assessment of cross-
border impacts has received limited attention in national climate assessments. Here we devel-
oped a simple analytical method to assess how climate impact on calorie supply of countries is
attenuated or amplified by imports. We find that climate impacts are attenuated for a lot more
low-income countries than high-income countries when food trade is incorporated in climate
impact assessments. We show how mega-exporters play a disproportionately large role in
mediating climate impacts. Our methodological approach is simple, adaptable, and easily
reproducible to allow nations to evaluate cross-border climate impacts in food systems.
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Despite many limitations described above, our framework can assist policymakers in apprais-
ing current and future trade agreements and prioritizing strategies to enhance the resilience of
food systems to future disruptions. Some such strategies include incentivizing sustainable and
resilient farming practices, diversifying the domestic production of macro and micronutrients,
managing food reserves and building redundancy, diversifying trade portfolios, and funding
adaptation programs for trading partners.
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