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International cooperation was key to
stabilize wheat prices after the Russian

Invasion of Ukraine
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Kilian Kuhla ® '><, Michael J. Puma ® 2® & Christian Otto ®'

The Russian invasion of Ukraine in 2022 triggered a global wheat price spike and food insecurities in
import-dependent countries. We combine an analysis of the global wheat supply network with an
agricultural commodity price model to investigate national impaired supplies and the global annual
wheat price hike, respectively, for the trade year 2022. Using a scenario analysis, we show that
international cooperation manifested in the Black Sea Grain and Solidarity Lanes initiatives and the
removal of export restrictions may have mitigated the 2022 price hike by 13 percentage points. In a
worst case scenario — characterized by multi-breadbasket harvest failures, escalating export
restrictions, and blocked Ukrainian exports — wheat price increases by 90% compared to the
2000-2020 average. Coping strategies — such as food-secure countries dispersing stocks, reducing
wheat as feed, or boosting wheat production — are effective at mitigating the price spike in simplified
scenarios. Our findings underscore the imperative of coordinated policy responses to avoid global

food supply disruptions.

The concentration of production in a few main breadbasket regions and
resulting import dependencies of many developing countries renders the
global trade network for main food crops like wheat susceptible to system
shocks disrupting global supply chains'’. Within the last 20 years, two
major world food price crises in 2007/08 and 2010/11 put tens of millions
of additional people at risk of food insecurity triggering civil unrest around
the globe’. Both crises were preceded by simultaneous harvest failures in
several main breadbasket regions and aggravated by unilateral export
restrictions by many countries, causing disproportionate spikes in food
prices*. A decade later, the COVID-19 pandemic posed a serious threat to
regional® and global food security”®. In doing so, it disproportionately
impacted low- and middle-income populations’ and societies already
grappling with environmental fragility and economic insecurity, such as
those in the Sahel region'’. Further, regional food security was jeopardized
in recent years by pests and plagues, including the locust infestation in the
Horn of Africa in 2019 and 2020", and extreme weather events like the
devastating floods and droughts experienced in Nigeria'”. Compounding
extreme weather events in different main production regions can lead to
multi-breadbasket failures and thus jeopardize food security also at the
global level"”. In the past many countries have responded to global supply
failures by unilateral, uncoordinated policy interventions: exporters raised
export restrictions and importers winded down restrictions'’. These

interventions and the resulting market uncertainties further amplified
agricultural price spikes'>'"®. The intensification of extreme weather events
under global warming may exacerbate the risk of multi-breadbasket
failures", in the absence of adequate adaptation measures'. Studies have
highlighted that disrupted supply chains"’, financial crisis’**', and changes
in population and land use*>” can put food security at risk in crisis
situations.

In early 2022 food price levels were already high due to high fertilizer
prices and pandemic-induced supply chain disturbances. The market
uncertainties triggered by the Russian invasion of Ukraine then caused
monthly prices for agricultural commodities, which Ukraine exports glob-
ally such as wheat, corn and sunflower oil, to exceed the peak levels of the
two preceding crises™*. For global food security, the impact on international
wheat markets was arguably more critical than other food commodities,
because Ukraine and Russia contribute about one-third of the world’s wheat
exports”.

Many developing countries, especially in the Middle East, North and
Sub-Saharan Africa, and Southeast Asia, heavily rely on wheat imports from
either Ukraine or Russia®. Moreover, prior to the war, the World Food
Program sourced nearly half of its global wheat supplies from Ukraine to
support its food assistance”’. Given these dependencies, the international
community feared a major food security crisis when Ukrainian exports
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through the Black Sea were blocked, wheat transport infrastructure was
destroyed, and harvesting of wheat became difficult™"".

Various short-term coping and long-term adaptation strategies were
discussed at national and international levels such as incentivizing countries
to refrain from hoarding and panic buyings®, the reduction of livestock™,
and a rapid expansion of wheat production in major producing countries
not directly affected by the war’®"*. Further, different long-term adaptation
strategies to make the food system more resilient to conflict- and weather-
induced supply failures were proposed including a reduction of feed-
demand for main food crops by the adoption of a more plant-based diet by
European consumers”, an increase of the production of 2nd to 4th gen-
eration biofuels that do not compete with food crops for arable land™, and
improving farming practices in Sub-Saharan Africa”.

Most of these strategies were not enacted as prices began normalizing
in June 2022, coinciding with the wheat harvest season in the Northern
Hemisphere. Better-than-usual wheat harvests of several main producers™
helped take pressure off international markets and two multinational
agreements dampened the decline in Ukrainian exports®™. The Black Sea
Grain Initiative, brokered by the United Nations (UN), enabled Ukraine to
resume shipments of staples from the three Black Sea ports still under their
control in July 2022*. Additionally, the European Union’s (EU’s) Solidarity
Lanes Initiative facilitated increased Ukrainian exports via rail, road, and
river routes (e.g., the Danube River) through its western borders®. Until
Russia’s withdrawal from the Black Sea Grain Initiative in July 2023, it
enabled Ukraine to export 33 million metric tons of grains and other
agricultural products in one year"'. Further, between May 2022 and January
2024, the Solidarity Lanes Initiative allowed Ukraine to export at least 2
million metric tons of grain, oilseeds, and other related products each
month, adding up to nearly 64 metric tons for this period*. These exports
have substantially mitigated the world market price hikes for wheat (and
other grains) and averted severe food insecurities, particularly for countries
in the Middle East and sub-Saharan Africa™.

While initial research has started assessing the role of these multi-
lateral agreements in mitigating current food crises and short-term coping
strategies”, further analysis is still needed. Specifically, there is a need to
thoroughly examine systemic risks capable of intensifying crises, includ-
ing risks of simultaneous breadbasket failures or uncoordinated export
restrictions. Here, we consider systemic risks that are specifically relevant
to the global wheat supply network, which includes the potential for
localized supply or demand shocks within a major exporting or importing
country to propagate through the complex trade system. This could
potentially generate cascading effects leading to global wheat shortages,
price volatility, and downstream food insecurity across multiple world
regions™*".

Building on this definition of systemic risk, we analyze the impacts of
the Russian invasion of Ukraine on the global wheat market. Specifically, we
use two modeling approaches to assess the resulting risks across the wheat
supply network and implications for global food security™: the static Food
Stock Cascades (FSC) network model” and the Trade With Storage
(TWIST) model®. The FSC model calculates each country’s annual wheat
supply by summing up national wheat production, imports, and initial
reserves, and then subtracting wheat exports. It offers a detailed assessment
of country-level supply imbalances resulting from disruptions, enhancing
our understanding of localized impacts from supply shocks. By contrast,
TWIST is a global supply-demand model that, driven by annual production
and demand, calculates year-to-year variations in the equilibrium world
market price and associated storage movements. By computing the endo-
genous responses of international prices to supply and demand shifts,
TWIST offers insights into the wider implications of such disruptions on
global food security and market stability. In our scenario analyses, we use
both models in parallel, but do not couple them. This allows leveraging their
unique strength but avoids the additional complexity and associated
uncertainties of an integrated modeling approach. However, it comes with
the drawback that the changes in national supply computed with FSC do not
feed back into the price dynamics calculated by TWIST. Detailed model

descriptions can be found in the Methods and in the model description
papers”*,

We capture two key food security metrics. First, world market price
hikes impact consumers, especially in low-income countries that have little
means to insulate their domestic market. Second, there is the concept of
‘impaired supply’. This term indicates supply challenges from production
anomalies or export restrictions that countries have to cope with by either
tapping into their reserves, filing additional demand requests to non-failing
suppliers or, as a last resort, reducing their consumption.

Using a storyline approach*>’, we compare the actual price hike and
impaired supply from the 2022 trade year (factual scenario) to counter-
factual scenarios in which we vary key drivers. In this study, we analyze
counterfactuals based on historical events instead of speculative scenarios,
under the premise that historical experiences provide more tangible insights
for individuals®'. Our approach is best suited to assess first-order effects of
weather- and policy-induced supply disruptions on the world market price
and national supply levels. Accordingly, our scenario analysis examines the
impact of export restrictions, international agreements, and major crop
failures. We deliberately exclude higher-order effects, such as spillovers from
energy prices or other agricultural commodity prices'**>”*, from our study of
the wheat market.

We employ this modeling setup to address the question of how
international cooperation may have helped mitigate the crisis by: i) reducing
the actual wheat market price hike in the 2022 trade year and ii) preventing
impaired supplies. Furthermore, we aim to assess the potential for an even
more severe crisis to emerge under similar conditions. We achieve this by
examining the impact that historical stressors — such as the weather-induced
multi-breadbasket failures and escalating export restrictions of the 2007/08
World Food Price Crisis'* — might have had if they occurred in the trade year
of 2022. Specifically, we investigate their potential effect on the factual price
spike and impaired supplies in 2022. Finally, we evaluate various short-term
measures, both on the supply and demand sides, that could have helped
mitigate the severity of the crisis. (Here, we define short-term measures as
measures that impact annual wheat prices.)

Results

In our analysis, we consider international trade years for wheat spanning
from July 1st of one calendar year through June 30th of the following year
(e.g., 2022 refers to the international trade year July 2022-June 2023). Our
model operates on an annual timescale, which inherently smooths over daily
or weekly fluctuations.

Factual scenario: reproduction of historical annual wheat prices
For the factual scenario, we drive the TWIST model with annual production
and domestic consumption data for the period 1980-2022 from the Pro-
duction Supply and Distribution (PSD) database of the United State
Department of Agriculture (USDA)”. We further use the Food Export
Restrictions Tracker from the International Food Policy Research Institute
(IFPRI)™ to estimate relative reductions in world market supply and
demand resulting from national export restrictions during the last two
world food price crises (2006-2011) and in the current crises (2021-2022),
and account for major changes in stockholding policies (Methods and
Supplementary Table 1). We rely solely on input data from the USDA-PSD
and IFPRI, as FAO data is not available for the selected study period.
Comparing simulated prices with the reported real world market prices for
wheat shows that the model is able to reproduce price levels and year-to-year
price changes reasonably well (coefficient of determination of R* = 0.82)
(Fig. 1a). In subsequent sections, we examine 2022 price shifts compared to
the simulated 2000-2020 average (indicated by the dotted line in Fig. 1a).
In our factual scenario, the simulated wheat price for trade year 2022 is
37.0% higher than the long-term 2000-2020 average of simulated prices,
while this historical reported price increase was 31.8% higher (not directly
shown in Fig. 1a) than the average of reported prices over the same period.
Notably, this discrepancy partly arises from the fact that the reported
2000-2020 (in trade year 2022) average price was higher than the simulated
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Fig. 1 | Comparison of observed and simulated a
world market prices for wheat and simulated
national impaired supplies in 2022. a Comparison
of observed real (solid orange line) annual world
market prices for wheat to simulated prices (dashed
black line) for the international trade year for wheat
(July-June) over the period 1980-2022. The hor-
izontal dotted black line indicated the simulated
average price for the period 2000-2020. The vertical
black arrow indicates the price hike in 2022 (relative
to the reference period). b, ¢ National impaired
supplies in percent of the 2018-2021 average annual
supply (b) and in multiples of 2018-2021 average
domestic reserves (c).

World market price

b Impalred supply c

for wheat [US$/mt]

=== historical
= = simulated

2000-2020

60

1980 1985 1990 1995 2000 2005 2010 2015 2020

Time [trade year]
Factual

Impalred supply per reserve

o
LY >
. 4 < 7
& - ///// %
- /
o .
v vV
[% baselme] g [multlples of reserve] g
[ I e
20 16 -12 8 4 0 4 25 2 -15 1 050 0.5
No change No change % No reserve data

price. Despite this variation in the reference period, the simulated and
reported prices for 2022 are nearly identical (Fig. 1a).

We drive the FSC model with country-to-country trade data from the
Food and Agricultural Organization of the United Nations (FAOSTAT) [24]
and with country-level productions, domestic consumptions, and ending
stocks from the USDA-PSD database™. By accounting for export restrictions
as reported by IFPRI (Supplementary Table 1) and production anomalies in
2022 (Supplementary Table 2) from the USDA-PSD database™, we estimate
the country-level impaired supplies in 2022 compared to a 2018-2021
baseline period. In a year when no major wheat-exporting nations imposed
export restrictions and global wheat production reached an all-time high®,
the countries most substantially impacted were those relying on Ukraine for
their wheat supply. Moldova and Tunisia were the hardest hit, with declines
of 55.7% and 13.2% in their supplies, respectively (Fig. 1b). Egypt’s wheat
export restrictions helped avert higher domestic supply shortages, but
impaired supplies to Eritrea. Similarly, export restrictions from Kazakhstan
impaired supplies to downstream import-reliant countries like Turkmeni-
stan and Tajikistan (Fig. 1b and Supplementary Fig. 2). Large domestic
production losses relative to the 2018-2021 average (Supplementary
Table 2) also drove large impaired supplies relative to reserves in Argentina
and Spain (Fig. 1). Overall, most countries are able to buffer the impaired
supply of wheat by their domestic reserves (Fig. 1).

How international cooperation likely averted a larger crisis

We next explore a series of counterfactual scenarios to assess to what extent
international cooperation helped mitigate the 2022 price hike (Table 1). The
first counterfactual scenario ‘No Black Sea Grain Initiative’ considers a
situation where the Black Sea Grain Initiative failed and Ukrainian exports
through the Black Sea remain blocked throughout 2022 reducing Ukrainian
exports by 60% compared to the pre-invasion 1918-2021 average™. This
situation increases the 2022 wheat price hike by +-3.0 percentage points (pp)
compared to the factual scenario (Fig. 2a). While there is a surplus of supply
to the domestic market in Ukraine because less grain can be exported
(Supplementary Fig. 3), countries depending on Ukrainian wheat exports
suffer larger impaired supplies than in the factual scenario (Fig. 2b depicts

the regions with the largest impaired supplies in the Blocked Ukraine sce-
nario due to Ukrainian supply failures; see Supplementary Tables 5 and 6 for
the impaired supplies for all countries). Tunisia is most affected (—31.7% vs.
factual —13.2%) followed by Libya (—23.1% vs. factual —0.5%) and Lebanon
(—23.1% vs. factual —0.3%).

In the second counterfactual scenario, ‘Blocked Ukraine’, the inter-
national community fails to enact both major multilateral agreements, the
Black Sea Grain and the EU Solidarity Lanes initiatives, which results in a
complete blockage of Ukrainian exports. Compared to the factual price hike,
this scenario results in an additional price increase of +8.3 pp (Fig. 2a).
Widespread supply failures strip many countries in West Asia, North Africa,
and Southeast Asia of more than one fifth of their usual annual supplies.
Especially large impaired supplies arise for Tunisia (—44.0% vs. factual
—13.2%), Lebanon (—38.3% vs. factual —0.3%), Libya (—38.3% vs. factual
—0.5%), Djibouti (—36.1% vs. factual —0.7%), Mauritania (—32.9% vs.
factual 0%), and Indonesia (—27.0% vs. factual 0%) (Fig. 2b).

In the third counterfactual scenario, ‘Ongoing export restriction’, we
assume that countries not directly involved in the conflict will maintain the
export restrictions they initially imposed during trade year 2021 throughout
the entire 2022 trade year. Since no major net exporting countries (besides
Ukraine and Russia) imposed restrictions at the start of the crisis, the 2022
price increases by +4.7 pp compared to the factual scenario. However,
several strongly import-dependent countries in the Horn of Africa such as
FEritrea (—49.1% vs. factual —13.8%) and Somalia (—12.7% vs. factual
—3.6%) suffer from supply failures mainly due to missing supplies from
Egypt (Supplementary Fig. 2).

In the fourth counterfactual scenario, which we term ‘Lacking inter-
national cooperation,” elements from the previous three scenarios are
combined. As a result, the price hike for 2022 exceeds that of the factual
scenario by +13.3 pp, leading to widespread supply failures (Fig. 2). Many
countries in Northern Africa, the Horn of Africa, and East Africa, as well as
in South-East Asia with import dependencies on Ukraine experienced larger
supply impairments than in the factual scenario. For instance, the impaired
supplies of Eritrea, Tunisia, Libya, Lebanon, Djibouti, Mauritania, and
Indonesia, increase by more than 27 pp compared to the factual scenario
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Table 1 | Brief description of the factual and counterfactual scenarios

Scenario Production anomaly Export restrictions Demand measures
Factual TWIST: No anomalies, observed Export restriction for countries® reported in IFPRI None
production data are in the world for 2021 and 2022 (Supplementary Table 1)
production baseline @ Reported ordered export restriction from India
FSC: National production anomalies from was not implemented, because there is no
USDA PSD (Supplementary Table 2) reported decline in India’s export according to
USDA data®.
Counterfactual As factual As Factual and As Factual
No Black Sea Grain > 60% export restriction of Ukrainian wheat>®
Initiative
Counterfactual As Factual As Factual and As Factual
Blocked Ukraine > 100% export restriction of Ukrainian wheat
- No Black Sea Grain
Initiative
o No EU Solidarity Lanes
Counterfactual As Factual As Factual and As Factual
Ongoing export restriction » Non-conflicting countries which have export
restriction in trade year 2021 as in factual impose
75% export restriction in trade year 2022
Counterfactual As Factual As As Factual
Lacking international » Blocked Ukraine
cooperation » Ongoing export restriction
» Blocked Ukraine
» Ongoing export
restriction
Counterfactual As Factual and As Factual As Factual
Multi-Breadbasket failures  » 2007 wheat production failures
(Supplementary Table 3)
Counterfactual As Factual As Factual and As Factual
Escalating Export = Non-conflicting countries® that imposed wheat
Restriction trade restrictions during the world food price
crisis in trade year 2007 restrict exports by 75%
in trade year 2022
® Argentina, Bolivia, China, Ethiopia, Guinea,
India, Kazakhstan, Nepal, Pakistan, Serbia,
Tanzania
Counterfactual As Multi-Breadbasket failures As Escalating export Restriction As Factual
Historical stressors
o Multi-Breadbasket
failures
- Escalating export
restriction
Counterfactual As Multi-Breadbasket failures As As Factual
Worst Case - Blocked Ukraine

- Blocked Ukraine

o Multi-Breadbasket
failures

- Escalating export

» Escalating export Restriction

restriction

Counterfactual As Factual As Factual As Factual and

-30% feed consumption 2 30% reduction feed consumption in EU

in EU leads to 1.33% reduction of world demand
for wheat including calorie conversion® for
substituted reduced meat and dietary
consumption,
© feed conversion efficiency: 24%

Counterfactual As Factual As Factual As Factual and

—30% feed consumption » 30% reduction in global feed consumption

globally leads to 4.51% reduction of world demand
for wheat including calorie conversion® for
substituted reduced meat and dietary
consumption,
¢ feed conversion efficiency: 24%°°

Counterfactual As Factual As Factual As Factual and

—1% global stocks > 1.5% reduction in the annual ending target
stock for the G7 and China leads to —1% of
global annual ending target stock.

Counterfactual As Factual As Factual As Factual and

—5% global stocks

» 7.6% reduction in the annual ending target
stock for the G7 and China leads to —5% of
global annual ending target stock.
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Table 1 (continued) | Brief description of the factual and counterfactual scenarios

Scenario Production anomaly Export restrictions Demand measures
Counterfactual Wheat production increase of 3% for As Factual As Factual
+3% production of major  China, India, USA, France, Canada,
producer Australia, Germany, and Argentina®
(565.6% of world production) leads to
1.67% world production increase.
9 based on*®
Counterfactual Wheat production increase of 3% globally ~ As Factual As Factual
+3% global production
Counterfactual As +3% production of major producer As Factual As
Moderate coping o —30% EU’s feed consumption
strategies o —1% global target reserves
o —30% EU’s feed
consumption
o —1% global target
reserves
o +3% production major
producer
Counterfactual As +3% global production As Factual As

Rigorous coping strategies
o —30% global feed
consumption

o —5% global target
reserves

o +3% global production

o —30% feed consumption globally
> —5% global target reserves

(Fig. 2b). For Lebanon, Mauritania, Libya, Indonesia, and Tunisia, they
exceed the countries’ domestic reserves by more than 170% (Fig. 3b and
Supplementary Table 7) revealing the high vulnerability of these countries to
Ukrainian supply failures. By contrast, the comparably large supply failures
of Argentina (—89%), Paraguay (—39.5%) or Spain (—28.7%) are the result
of poor domestic harvests (Fig. 3a, Supplementary Tables 2 and 5). Addi-
tionally, Central Asian nations such as Turkmenistan (—23.9% vs. factual
—17.9%) and Uzbekistan (—20.6% vs factual —3.3%) suffer impaired sup-
plies that are large compared to the factual scenario due to their import
dependencies on Kazakhstan (Supplementary Fig. 2), which imposes export
restrictions in this counterfactual scenario (Supplementary Table 1).
Notably, when the full scale Russian invasion started in February 2022,
winter wheat (the dominant wheat species) had already been sown in fall
2021 in the Northern Hemisphere, where most of the wheat is grown.
Therefore, we do not consider the effects of cropland expansion in the
counterfactual scenarios of this section and keep the global wheat produc-
tion fixed at its historical value.

Counterfactuals based on historical stressors

In the following analysis, we explore how various scenarios could have
exacerbated the food security crisis in 2022: i) ‘Multi-breadbasket failures’
representing the failures that preceded the 2007/08 crisis, ii) ‘Escalating
export restrictions’ which substantially aggravated the 2007/08 crisis, iii)
‘Historical stressors’ a combination of these two key drivers, and, iv) a
worst-case scenario combining ‘Blocked Ukraine’ with ‘Historical stres-
sors’ (Table 1). In the ‘Multi-breadbasket failure’ scenario, global pro-
duction failures amount to a decrease of 4.4% (Supplementary Table 3).
These failures result in a 2022 price hike that is +-22.1 pp higher than in
the factual scenario (Fig. 4a). This increase not only exceeds the relative
price hikes in all counterfactuals from the previous section but also
surpasses the price spike of the 2007/08 crisis by 6.5% (Fig. 4a and
Supplementary Fig. 1a). In the ‘Escalating export restrictions’ counter-
factual, the 2022 price hike increases by +17.3 pp. Additionally, export
restrictions imposed by Argentina result in widespread supply failures in
Southeast Asian countries. For example, Thailand experiences an 11.8%
decrease in supply compared to a factual change of 0%, as shown in
Fig. 4b. Similarly, Uganda and Kenya experience decreases of 26.5% and
17.4% respectively, compared to factual changes of —0.2% and —2.8%
(Supplementary Table 6).

When the ‘Historical Stressors’ scenario combines both counter-
factuals, the resultant price hike is twice as large as the actual increase
observed, leading to widespread and severe supply failures. According to
Supplementary Table 6, Romania is most severely affected, with a projected
decrease of 80.4% compared to the actual increase of 0.3%. This is followed
by Tajikistan and Brazil, which see decreases of 48.4% (vs. a 10.3% factual
decrease) and 46.4% (vs. a 37.2% factual increase), respectively.

Finally, in the ‘Worst Case’ scenario, the supply available to interna-
tional markets is drastically reduced by 4% (Supplementary Table 6). This
results in a strong price increase of 4-52.5 pp compared to the factual price
spike, exceeding the factual 2007/08 price by approximately 25% or +$35
per metric ton (Supplementary Fig. 1). Over 28% of the countries face supply
shortages that exceed their domestic reserves and more than 50% of the
countries have supply losses higher than 40% of their reserves (if they have
any at all, Fig. 5b and Supplementary Table 8). The countries most reliant on
Ukrainian wheat and experiencing substantial impaired supply include
Tunisia in Northern Africa, with a —44.1% drop compared to a factual
change of —13.2%. In the Greater Horn of Africa, Djibouti shows an
impaired supply of —40.3% versus a factual reduction of —0.7%. Indonesia,
in South-East Asia, suffers from an impaired supply of —39% against a
factual change of 0%. In the Middle East, Lebanon’s impaired supply is
—38.8% compared to a factual change of —0.3%. In South Asia, Bangladesh
faces an impaired supply of —30.3% relative to a factual change of —0.5%
(Fig. 4b). The impaired supplies of Lebanon, Mauritania, Libya, and Indo-
nesia exceed twice their 2018—2021 average annual reserve (Fig. 5b and
Supplementary Table 8). Notably, the impaired supplies of many import-
dependent countries in the Sahel region and Central Africa which do not
report reserves could also exceed their domestic reserves (Fig. 5b). Further,
several countries not dependent on Ukrainian wheat exports also experience
substantially impaired supplies due to poor domestic harvests. This includes
Canada, with an impaired supply of —80.8% vs. a factual increase of
+43.0%, Romania at —80.6% compared to a factual +0.3%, and Bulgaria,
which shows an impaired supply of —62.3% against a factual increase of
+27.6%. Similarly, Brazil and Chile report impaired supplies of —46.4% and
—23.9% respectively, compared to factual increases of +37.2% and +2.0%
(Fig. 5a and Supplementary Fig. 2). The impaired supplies in Brazil and
Chile are partially due to export restrictions imposed by Argentina.

The factual 2022 crisis triggered by the Russian Invasion of
Ukraine was mitigated by a better-than-usual global harvest and the
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Fig. 2 | Counterfactual scenarios that were averted a
through international cooperation. a Changes of
the modeled world market price for wheat in the
international trade year 2022 (July 2022-June 2023)
compared to the 2000-2020 average for the factual
scenario (blue bar) and different counterfactual
scenarios that were averted by international coop-
eration (orange bars). The white number indicates
the factual price increase relative to the 2000-2022
average. Black numbers indicate the relative price
increase in percentage points (pp) of the counter-
factual 2022 prices compared to the factual price.
b National impaired supplies of selected countries
for the factual (blue dot) and the counterfactual
scenarios relative to the 2018-2021 average.
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absence of the cascading export restrictions of the previous crises.
Notably, already in the counterfactuals where only one of the main
stressors of the 2007/08 crisis (multi-breadbasket failures, escalating
export restrictions) compounds with the 2022 factual situations,
the 2022 price hikes exceed the factual price hikes. Suggesting that the
global wheat market situation in 2022 was more critical than in the
years preceding the 2007/08 crisis.

Mitigation potential of short-term coping measures

Next, we explore counterfactual scenarios to assess the potential for miti-
gation through two demand-side and one supply-side coping measures, all
of which have been actively discussed but not yet implemented in the
current crisis (Fig. 6). We deliberately study only the price impacts of the
coping measures because the FSC model does not allow for the endogenous
calculation of trade responses resulting from changes in regional supply or
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Counterfactual: Lacking international cooperation
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Fig. 3 | National impaired supplies for counterfactual ‘Lacking international cooperation’. National impaired supplies for the counterfactual ‘Lacking international
cooperation’ in percent of the 2018-2021 average annual supply (a) and in multiples of 2018-2021 average domestic reserves (b).

demand due to these measures, and we want to avoid introducing ad-hoc
rules for demand and supply redistributions (cf. Methods).

As the first demand-side measure, we analyze a reduction in livestock
in order to reduce the feed use of wheat (constituting about 20% of global
demand). In this counterfactual, we consider a reduction in wheat demand
for animal feed by 30% for one year in the EU as suggested by experts in early
calendar year 2022 when wheat prices started to hike due to the Russian
invasion of Ukraine”. This would imply a reduction in animal breeding up
to 30%, if there are no shifts in agricultural practices. Since the period
between breeding and birth of farm animals is less than a year*”, this
demand-reducing measure would be biophysically feasible. Feed use con-
stitutes 40% of the total EU wheat consumption™. Accounting for a feed-to-
food conversion ratio of 24% (conservative estimate)™, global demand for
wheat reduces by —1.3%, resulting in only a limited decrease of the 2022
price hike by —5.8 pp compared to the factual scenario (Fig. 6). Applying
this measure worldwide decreases global wheat demand by —4.5%, and the
factual 2022 price hike is more than halved (—19.3 pp). The latter scenario,
which requires high levels of global coordination, serves as an aspirational
test of the extent to which such a demand-side strategy could be effective.

As a second demand-side strategy, we discuss a reduction of (strategic)
stocks in times of crises to reduce the demand through restocking attempts
in crisis situations. This strategy is motivated by the observations that the
economically powerful G7 countries and China maintain stocks that are
much higher, relative to their consumption, than most other countries; the
G7 countries and China have a stock-to-consumption ratio of 61%, com-
pared to 21% for the rest of the world (global average 37%). It appears
unlikely that a moderate reduction in the stocks of these countries would
measurably reduce their national food security. In the third counterfactual,
we study a moderate reduction of the stocks in the G7 and China by 1.5%
corresponding to a 1% reduction in global stocks for one year. This measure
mitigates the price hike by —6.5 pp compared to the factual scenario. It thus
has a similar price effect as the 30% reduction of feed demand in the EU. A
stronger reduction of stocks in G7 countries and China by 7.6% (corre-
sponding to a reduction of global stocks by 5%), would reduce the 2022 price
spike drastically by —31.5 pp. Notably, the G7 countries and China would
still maintain a greater average stock-to-consumption ratio than the rest of
the world.

In the ongoing crisis, the idea of boosting global production has gained
wider discussion than demand-side strategies™"'**, likely because it is more
readily accepted by stakeholders and the general public. Following a recent
proposal by Lin et al.”*, we consider a 3% increase in wheat production for
major producers — China, India, USA, France, Canada, Australia, Germany,
and Argentina — which together account for 55.6% of world wheat pro-
duction. This corresponds to a 1.67% increase in global production com-
pared to the period 2018-2021 (Supplementary Table 2). The 3%

production increase from major producers reduces the 2022 wheat price
hike by —7.6 pp compared to the factual scenario. This reduction is com-
parable to what is achieved under the scenarios involving moderate feed use
and stock reduction. A 3% increase in global wheat production, attainable
either through a larger production boost from these major producers or
through an increase across all wheat-producing countries, leads to a
—13.4 pp reduction in the 2022 price spike.

Examined individually, the moderate versions of each coping strategy
discussed yield only modest price mitigation. The more rigorous variants are
more effective, but likely far more challenging to implement. We then
explore a blended approach using moderate measures and find that this
would more than halve the 2022 price spike, reducing it by —19.4 pp
compared to the factual scenario. To fully map out the risk reducing
potential of the discussed coping strategies, we also consider a counter-
factual combining the most rigor versions of each strategy. This leads to a
price drop in 2022 by —59.1 pp or -$56 per metric ton - pushing the price to
roughly 22% below the 2000-2020 average level (Fig. 6 and Supplemen-
tary Fig. 1).

Discussion
Our analysis emphasizes the vital importance of international collaboration
and multilateral agreements — such as the UN-brokered Black Sea Grain
Initiative and the EU Solidarity Lanes Initiative — in enhancing global food
security, particularly given the impact of the Russian invasion in Ukraine.
This is well in line with the literature™ showing that international agree-
ments that lower agricultural trade barriers can increase the resilience of the
global food system to climate and trade shocks. Further, our findings
indicate that maintaining Ukrainian wheat exports has not only stabilized
global wheat prices but also likely averted severe supply interruptions for
import-dependent developing countries in the Middle East, North Africa,
and Southeast Asia. Many of these countries would not have been able to
buffer such interruptions with their reserves. Our results align well with
empirical work by Bertassello et al.”’, who found a similar set of countries
(e.g., Oman, Libya and Mauritania) to be most vulnerable to Ukrainian
supply failures due to the Russian invasion. They explained the high vul-
nerability of these counties by their strong import dependencies on Ukraine,
domestic wheat reserves that are too small to buffer the resulting supply
shocks, and low per-capita income rendering it difficult for those countries
to buy additional grain at world markets. Further, in line with our findings, a
recent study of Zhang et al.*' found Lebanon, Libya, Tunisia, and Bangla-
desh to be especially vulnerable to food supply disruptions caused by the
Russo-Ukrainian war.

Our findings underscore the pivotal role of both supply and demand
strategies in mitigating risks to food security, especially when factors like
adverse weather and escalating export restrictions can exacerbate crises.
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Fig. 4 | Counterfactual scenarios based on histor-
ical stressors. Same as Fig. 2 but for counterfactual
scenarios based on historical stressors. The vertical
gray dashed line in (a) indicates the simulated price
hike in the international wheat trade year 2007 (July
2007-June 2008) relative to the 2000—2020 refer-
ence period.
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An analysis of the key short-term factors driving the 2007/08 crisis reveals
that multi-breadbasket failures, combined with uncoordinated beggar-thy-
neighbor policies from national governments aimed at insulating domestic
markets from global price volatility, could have substantially aggravated
the crisis. This finding is especially concerning in the light of ongoing
climate change, which is projected to render multi-breadbasket failures

morelikely"’. In this regard, our counterfactual analysis expands on previous
empirical and review studies on food security risks from the Russian inva-
sion of Ukraine. We offer additional insights by assessing the impact of
international cooperation and weather-induced crop failures.

Both modeling techniques used in this study, the dynamic mod-
eling of price hikes at individual agricultural markets for main food
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Fig. 5 | National impaired supplies for counterfactual ‘Worst case’. National impaired supplies for the counterfactual ‘Worst case’ in percent of the 2018-2021 average

annual supply (a) and in multiples of 2018-2021 average domestic reserves (b).

Fig. 6 | How short-term coping strategies could
have mitigated the conflict induced wheat

price hike. Relative changes in the world market
price for wheat in the international trade year 2022
(July 2022-June 2023) compared to the 2000—2020
average for the factual scenario (blue bar) and under
different counterfactual short-term coping strate-
gies (orange bars). The white number indicates the
factual price increase relative to the 2000-2022
average. Black numbers indicate the relative price
reduction in percentage points (pp) of the counter-
factual 2022 prices compared to the factual price.
The counterfactual scenarios include one or several
of the following measures: reduction in feed con-
sumption by —30% in the EU and globally, reduc-
tion in wheat stockpiles in G7 countries and China
corresponding to —1% and —5% reductions in glo-
bal stocks, and increasing wheat production by the
major producers China, India, USA, France,
Canada, Australia, Germany, and Argentina by 3%
and 3% globally compared to the 2018-2021 aver-
age. The moderate (rigorous) coping strategy
counterfactual combines the strategies ‘—30% feed
consumption in EU” (‘—30% feed consumption
globally’), ‘—1% global stocks’ (‘5% global stocks’),
and ‘+3% production of major producers’ (‘+3%
global production’).
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staples***** and network analysis to assess the vulnerability of coun-

tries to supply failures'***"**** have been used extensively in the
literature to assess food security risks in crisis situations. Here, we
combine both methods in a harmonized scenario setup that was pre-
viously employed by Falkendal et al.*. Thereby, we intentionally avoid
the direct coupling of the global market model TWIST with the static
network FSC due to the inherent risks and complexities associated with
such integration. Instead, we use these models as complementary
analytical tools within our scenario analyses: TWIST simulates the
broader global market dynamics, focusing on the endogenous
responses of international prices to supply and demand shifts. By
contrast, the FSC model allows assessing country-level supply and
demand imbalances. This analysis pinpoints the extent of impaired
supply and the necessity for compensatory supply following disrup-
tions. Its country-specific focus is essential for understanding the
localized impacts of supply shocks.

Our approach has the advantage of being comparably simple and
transparent, but also introduces limitations (cf. Methods). Importantly, the
analysis omits the higher-order effects through which the multi-crisis of
2022 impacted prices and impaired supplies. This omission may lead to
either an overestimation or an underestimation of the associated risks to
food security.

First, by modeling solely the wheat market, we do not account for
spillover effects of price levels and price volatility from other commodity
markets, e.g., the energy sector. There is an important body of empirical
studies”***”” showing that spillover effects between energy and agricultural
markets (as well as other commodity markets) can drive price levels and
volatility in crisis situations, especially on daily to monthly timescales®. By
neglecting spillover effects, we may underestimate the impact of the crises on
prices. Since spillover effects are larger in times of crises””’, the under-
estimation of the price hike may be strongest in those counterfactual sce-
narios, where the crisis is assumed to be worse than in the factual scenario.
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Second, our single market approach does not allow accounting for
cross-commodity substitution, which may lead to an overestimation of the
price hike. However, we would expect this overestimation to be moderate
because during the 2022 crises also the prices for other staple crops hiked
simultaneously with the wheat price”". This may have limited the potential to
reduce costs through cross-commodity substitution, which may have
therefore played only a minor role in wheat price formation.

Third, we cannot model the endogenous demand-side responses of
countries to impaired supplies, such as redistributing demand to unaffected
suppliers, broadening the supplier base”*”*, or behaviors like panic buying
and restocking attempts™. Whereas the former two responses would likely
temper the price hike, panic buying and restocking attempts have shown to
be price drivers'*. Thus, the neglect of these demand side responses may lead
to an over- or also underestimation of the price hike, depending upon which
of these mechanisms is dominant. In addition to these limitations, our
modeling approach has several more technical limitations (Methods).

To accommodate these limitations, we kept our counterfactual sce-
narios deliberately simple, focussing on potential main price amplifying and
mitigation factors. We thereby focus on historical stressors, such as the
production failures of the 2007/08 crisis, to avoid speculative scenarios
beyond the capability of our models. We assess the impacts of multinational
trade agreements and multilateral coping strategies on global food security.
However, this does not mean that local measures are less effective in pro-
tecting consumers’”. It has been shown that social networks and regional
actors can enhance the resilience of local food systems’”. Further, it has
been shown that policies fostering national self-sufficiency can enhance
food security domestically’, but not all countries have the necessary
environmental capacity to achieve self-sufficiency’””. However, if many
countries strive for self-sufficiency this could undermine international trade
and thereby the ability of the world food system to buffer local production
failures, which may become more frequent under global warming”'.

In our analysis, we focus on the international wheat trade year 2022
that concluded in June 2023. Since June 2023, there have been two con-
cerning developments related to major international initiatives. First, Russia
has terminated the implementation of the Black Sea Grain Initiative*” and
attacked alternative Ukrainian export terminals, such as the Danube port
Izmail”. Second, multiple Eastern European countries have restricted
imports of Ukrainian wheat to shield local farmers, and the resolution of this
contlict at the EU level remains uncertain®. These recent developments put
short-term coping strategies as those discussed in this paper back in the
spotlight of political debate. Our analysis indicates that when implemented
by a coalition of wealthy exporting countries, a coordinated approach to
these short-term strategies could considerably mitigate, or even entirely
prevent, damaging price spikes. While it is unlikely that the measures could
jeopardize food security in the implementing countries, each measure does
come with its own set of challenges. These include additional costs and
potential resistance from both producers and consumers, factors that could
complicate implementation.

Planting more wheat seems to be one of the most intuitive solutions in
the face of a wheat crisis. However, rapidly scaling up production can be
challenging — a cropping response may be delayed until the next growing
season if a crisis emerges post-sowing. For instance, when the full-scale
Russian invasion of Ukraine started in February 2022, winter wheat had
already been sown in the Northern Hemisphere where most major wheat
producers are located. This complicates our counterfactual scenario, in
which the eight most important producers increase their production by 3%
in the trade year 2022. Except for Argentina, these are all Northern
Hemisphere countries. They would have to plant spring wheat in addition to
the already planted (and more common) winter wheat. Further, while
expanding wheat cropping area can aid food security in the short term, it
could also substantially increase agriculture’s carbon footprint® and
potentially heighten disease risks” ™ if not managed carefully. Countries
must weigh these environmental concerns against food availability. Addi-
tionally, quick intensification of production may conflict with longer-term
environmental and biodiversity protection plans®, degrade soil health*™

and strain water resources in some regions’"”” if sustainable practices are not

prioritized. However, targeted and strategic expansion of wheat planting
informed by ecological constraints could aid food security during crises in
many contexts.

Wheat demand can be temporarily reduced by lowering stockpiles in
affluent countries. However, while such a move may not directly threaten
food security, clear and transparent communication is essential with utmost
care when decreasing strategic reserves during a crisis. Failing to do so might
not garner the support of decision-makers and the general public, which
could lead to panic buying or even public unrest, both of which are common
during food crises™.

The reduction of livestock to curtail the feed use of wheat would
necessitate public subsidies for animal farmers and related industries
(e.g., abattoirs) to shield them from financial insolvency. The absence of
such compensatory measures could lead i) unemployment, ii) economic
downturns in regions heavily reliant on livestock farming, and iii) the
relocation of livestock production to nations that do not implement
measures to reduce wheat demand for animal feed. Furthermore, live-
stock reduction policies can typically only be implemented for short
periods of 1 or 2 years before risking the relocation of livestock pro-
duction abroad. Avoiding this outcome would require rapid changes in
consumer behavior to accept less animal-sourced heavy diets or
implementing protective import taxes, both of which seem unlikely.
Consequently, consumer prices for dairy products and meat are likely to
surge in both the implementing and import-dependent countries. This
price hike, especially in times of high food price inflation, may severely
limit the social acceptance of this measure, even in wealthier nations.
Despite a reduction of EU livestock, which could potentially decrease
EU’s animal protein supply, each EU citizen’s protein intake would still
surpass the global average, with the option to substitute animal protein
with plant-based sources’. Additionally, priority in EU meat exports
should be given to low-income, meat import-dependent countries like
Cape Verde to safeguard their nutritional needs’*. Finally, even if the
short-term reduction of livestock would be possible due to sub-annual
breeding cycling, it would have required coordinated and decisive action
by many political and societal actors.

By evaluating the effectiveness of the international agreements as well
as potential demand- and supply-side measures, our study contributes to the
ongoing discourse on collaborative policy responses to crisis situations”.
Our analysis further reveals the need to develop more elaborate rapid
assessment tools for assessing the short-term risks to food security resulting
from weather- and conflict-induced supply failures. These tools should fully
account for the complexity of food trade networks (e.g., regional food
budgets) and be able to resolve short-term (e.g., weekly to monthly), out-of-
equilibrium market dynamics. Such a tool would allow for rapid and sys-
tematic assessments of i) short-term systemic risks and ii) the effectiveness
but also the limitations and adverse side effects of a broad range of coping
strategies. They could thus complement established agricultural integrated
assessment models like GTAP-AGR”, GLOBIOM”, and MAgPIE' pri-
marily designed to assess long-term risks to global food security from cli-
mate change and socioeconomic factors. Combining short- and long-term
risk assessment tools would allow providing critical information and deci-
sion support for decision-makers in politics and international organizations
during developing food security crises.

Methods

Agricultural commodity price model - TWIST

We use the global Trade WIth STorage (TWIST) model, which is a dynamic
supply-demand model including producer and consumer storage. The
model calculates year-to-year variations in prices and stocks at individual
global grain markets, driven by annual changes in supply and demand. We
assume that all produced grains are traded at a single common global
market, and we model the annual world market price of wheat. Here, we
concentrate on the main modeling principles, while a detailed model
description was published by Schewe et al.**.
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The supply curve (Q) is a function of the equilibrium world market
price (P)

P(t)

Qs(t) = Ip(t) (Strade <P—> ) (1

max,p

where I, is the producer storage, dy,qe is the share of the world market
supply unavailable for trade due to export restrictions, P, , is the max-
imum producer price, and e is the price elasticities of supply. Contrary to
the standard supply-demand model, TWIST account in its supply curve not
only for the current production but also for the carry-over of grain in the

producer storage

Ip(t) = Ip(t —1) + H(t) — QX(t — 1), (2)

where Q, is the quantity sold to the consumer and H is the global pro-
duction (harvest).
Similar to the supply side, the demand curve (Qy)

Qd(t) = (6demand ’Imax,c(t) - Ic(t)) ' (1 - <Ppﬂ> )7 (3)

max,C

is a function of the equilibrium world market price P and the consumer
storage I.. Further, 0ggmang is the change in consumer stock-to-use (as a
proxy for changes in consumer demand, e.g. stock-up-attempts in order to
build up grain reserves), I, . is the maximum size of consumer storage,
P« ¢ is the maximum consumer price, and eq denote the price elasticities of
demand. Accounting for the carry-over of consumer side stocks to the next
time step, the update equation for the consumer storage reads

I(t) = Io(t — 1)+ Q,(1) — Qou(h), 4)

where Q,; denotes the final consumption. The maximum storage level
I nax ¢ controls the upper end of the short-term demand curve such that at a
price of zero the consumer refills its storage completely. Thus, I, ; controls
the storage level which the consumer considers to be the optimal tradeoff
between food security in times of crisis and storage costs in normal times.

As a model for global market dynamics, TWIST focuses on analyzing
the annual price fluctuations and stock movements of a single commodity.
The model uses the historical consumption pattern to drive the demand for
wheat. TWIST assumes that changes in the world market price and stock
levels reflect a simplified interaction of supply, demand, and stocks, dis-
regarding country-level markets dynamics (e.g., domestic wheat subsidies),
sub-annual price driver (e.g, speculation on future market), cross-
commodity substitutions (e.g., endogenous dietary shifts), and spill-over
effects from other sectors (e.g., high crude oil price affects wheat price). This
approach is designed for the evaluation of broad market trends without
considering the nuanced effects of short-term market forces or regional
market peculiarities.

In the factual scenario, the free parameters of the model are calibrated
to reproduce the observed world market price for wheat for the years
1980-2022 (Fig. 1a). The model parameters are listed in the appendix under
Supplementary Table 4. They partially differ from the parameter choice in
the original publication*® because the model’s calibration was amended. We
augmented the consumer stock-to-use ratio for the trade year 2021 and 2022
to encapsulate the escalated wheat procurement by nations as a strategic
response to the Russian incursion into Ukraine, and the ensuing appre-
hensions regarding domestic food security.

In the counterfactual scenarios, we consider four different categories of
impacts: First, we model national production anomalies for the trade year
2022 by reducing the projected baseline world production (i) by the
affected countries’ shares of world production (as determined from the
period 2019-2021) but keeping consumptions fixed to their projected

baseline values. Second, we model export restrictions by assuming that when
a country restricts exports by a certain share, this share of the national
production is retained from the world market (8y4,) and available for
domestic consumption. To this end, we reduce global demand (8yemang) by
the minimum of the country’s multi-annual average consumption and the
retained grain. Third, we model changes in wheat by reducing demand
global demand (8gemang) by the assumed factor. Fourth, we model changes
in the storage target level by changing the maximum size of consumer
storage (I,,,,, .)- The maximum size of consumer storage is calibrated on
political domestic food security decisions and to fit the global wheat price
(Fig. 1a). Which impact channels are used to what extent in the factual and
counterfactual scenarios is shown in Table 1.

Static grain supply network model - FSC mode/

We supplement the global supply-demand analysis by examining country-
level supply balances for the export-restriction and production-decline
scenarios using the Food Shock Cascades (FSC) model. We calculate each
country €’s annual food balance in kilocalories as

Se=Hc+1.—E. + R (5)

where S is domestic supply, H,; is national wheat production, I, is imports,
E, is exports, and R, represents reserves of country C. In case of production
changes, supplies are directly impacted through the mass-balance Eq. (5).
For a country imposing export restrictions by x%, we reduce all values in the
corresponding row in the export matrix by x%, leading to losses of imports
for partner countries. For scenarios with production declines and export

restrictions, we estimate the relative ‘impaired supply”: y = SEOSO, which s the
resulting annual national supply S relative to the baseline supply of

2018-2021 (S,).

The FSC model for wheat is designed to analyze scenarios for global
trade and production. Utilizing data from 2018 to 2021, it establishes a
baseline for trade networks, assessing deviations in national production for
the trade year 2022. These deviations are pivotal in understanding supply
anomalies driven by shifts in national production and the impact of export
restrictions.

The model assumes immediate and direct impacts from export
restrictions and production shocks, simplifying the complexities of global
wheat supply dynamics. This approach enables the analysis of immediate
effects on global supply chains without accounting for potential mitigating
factors such as informal trading or delayed market responses.

‘Impaired supply’ within the model is directly correlated with these
disruptions, not taking into account gradual market adjustments or com-
pensatory mechanisms that may occur. Additionally, the model evaluates
the capacity of countries to manage these disruptions with their domestic
wheat reserves, assuming full accessibility and immediate mobilization. This
does not consider potential logistical, legal, or economic barriers that could
affect the use of reserves.

Compared to Falkendal et al.*, we update the trade network with the
latest data from FAOSTAT and USDA-PSD (cf. Data section in Methods).
For the scenarios, we i) reduce the national wheat production baseline
(2018-2021) by the country’s production anomaly of 2022 or ii) reduce the
national wheat export by the assumed restricted share of national exports
(cf. Table 1).

Analysis setup

Both models, the TWIST and the FSC model, are complementary analytical
tools within our scenario analyses, which do not (directly or indirectly)
interact or exchange data. On the one hand, the FSC model is used to assess
country-level supply balances, specifically identifying the ‘impaired supply’
- the quantity of supply lost that needs to be compensated for in the wake of
disruptions. This analysis is crucial for understanding the extent and impact
of supply shortages on a country-by-country basis. On the other hand, the
TWIST model, which is not influenced by FSC’s results, computes the
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endogenous responses of international wheat prices to supply and demand
shocks, e.g., arising from geopolitical events, and thus focusing on global
market dynamics. By capturing the global interplay of supply, demand, and
storage, the TWIST model offers broader insights on global food security
and market stability, rather than specific country-level supply imbalances
calculated by the FSC model. Using these independent applications within a
coherent analytical framework provides a comprehensive understanding of
both country-specific and global market impacts of agricultural commodity
disruptions.

We use a set of transparent counterfactual scenarios to gain a deep
understanding of the price responses to a large range of supply and demand
shocks. At the same time, this scenario analysis serves as a sensitivity analysis
ensuring the reliability and robustness of our findings.

Limitations

The TWIST model, while effective in calculating the dynamic development
of price and storage on a global scale, has its own set of limitations. One of
the main challenges is that it can be difficult to estimate national food
security risk using a model that operates on a global scale. Furthermore, the
TWIST model intentionally neglects certain mechanisms, such as interac-
tions between the wheat market and other markets. It’s also worth noting
that while speculation may not seem to play a major role in annual prices, it
could have a larger effect on monthly or shorter timescales. For TWIST, we
exclusively rely on input data from USDA-PSD and IFPRI (see Data section
below) due to the unavailability of FAO data for the chosen study period.

The FSC model, while robust in its design, does have certain limitations
that should be acknowledged. As a static network model, it does not account
for dynamic trade flow adjustments and storage carry-over effects. This
means that the model may not fully capture the complexities of real-world
trade dynamics and the impact of storage on supply and demand. Addi-
tionally, the FSC model primarily focuses on the forward propagation of
failures, without considering demand-side responses such as the redis-
tribution of demand to unaffected suppliers in the event of supply
failures. Despite these limitations, the FSC model provides a valuable tool for
analyzing the potential impacts of disruptions in the global food
supply chain.

Notably, these economic models are not designed to explore political
dynamics or practical challenges of achieving international cooperation
among nations with diverse interests, but rather focus on the food security
impacts of international agreements and weather-induced crop failures.

Data

For TWIST, we use annual world wheat production, domestic consumption
as well as ending stock data from the United States Department of Agri-
culture (USDA) Foreign Agricultural Service’s Production, Supply and
Distribution (PSD) database™ over the time period 1975-2022. In order to
obtain these values for the international wheat trade year (July - June), we
rebalance the national market year data from PSD accordingly. The national
weather-induced production anomalies of the trade year 2007 are computed
as deviations from the 9-year moving average.

Additionally, we utilize national export restrictions data provided by
IFPRI* to calculate the national restricted exports and the consequent global
supply and demand reductions for the trade years 2006-2011 and
2021-2022. We operate under the assumption that if a country imposes a
wheat trade ban for x% of the days of a trade year, then the annual wheat
supply to the world market (export) is reduced by x%. The global supply is
then adjusted in accordance with the nation’s share of the global supply.
Next to this, we also account for a reduction in global demand, because it is
assumed that the withheld wheat is exclusively used for the domestic market,
which does not require additional wheat once the national demand is met.
Therefore, if 100% of the domestic wheat demand is satisfied by the non-
exported wheat, then the global wheat demand is reduced by the nation’s
share of the global demand. If less domestic demand is fulfilled, the
reduction in global demand is proportionately less. It is important to note
that when a nation imposes export restrictions, the reductions in global

supply and global demand do not necessarily have to match. We compute
annual world market wheat price by taken the annual nominal world market
price for US hard red winter wheat from the Commodity Markets online
database pink sheet of the World Bank™ and deflating it with the US All
Urban Consumers price index (1982-1984 =100) provided by the US
Bureau of Labor Statistics'”".

For the static network analysis, we use country-to-country trade data
from the Food and Agricultural Organization of the United Nations
(FAOSTAT)* and country level production, consumption, and ending
stocks (reserve) of the USDA-PSD database”. Based on the data of
2018-2021, we compute the average baseline trade network. The national
production anomalies in trade year 2022 are computed as deviations from
the average 2018-2021 average. Supply anomalies due to national pro-
duction anomalies and export restrictions are calculated relative to these
baseline values.

Scenario summary
See Table 1.

Data availability

The input data that support the findings of this study are publicly available
from the USDA PSD database (https://apps.fas.usda.gov/psdonline/), the
FAO FAOSTAT database (http://www.fao.org/faostat/), the World Bank
commodity markets database (https://www.worldbank.org/en/research/
commodity-markets) and the US Bureau of Labor Statistics (https://www.
bls.gov). The input and output data that support the findings of this study
are openly available under https://doi.org/10.5281/zenodo.10401277.

Code availability

The global supply-demand model TWIST used to compute the wheat prices
is available as open source at https://gitlab.pik-potsdam.de/twist/twist-
global-model/-/tree/ukraine. The grain network model FSC used to com-
pute the national impaired supply is available as open source at https://
github.com/mjpuma/FSC-WorldModelers/tree/ukraine.
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