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Dependenciesin the global food production network can lead to shortages
in numerous regions, as demonstrated by the impacts of the Russia-

Ukraine conflict on global food supplies. Here we reveal the losses of 125
food products after alocalized shock to agricultural production in192

countries and territories using a multilayer network model of trade (direct)
and conversion of food products (indirect), thereby quantifying 10® shock
transmissions. We find that a complete agricultural production loss in
Ukraine has heterogeneous impacts on other countries, causing relative
losses of up to 89% in sunflower oil and 85% in maize via direct effectsand up
to 25%in poultry meat viaindirectimpacts. Whereas previous studies often
treated productsinisolation and did not account for product conversion
during production, the present model considers the global propagation of
local supply shocks along both production and trade relations, allowing for

acomparison of different response strategies.

Traderelations among countries create aglobal network'”. This trade
network facilitates the propagation of locally confined shocks in the
food systemaround the globe’ ™. Suchshocks canresult from avariety
of often overlapping causes, most notably extreme weather events
or economic and geopolitical crises'> ™, and they have been found to
become more frequent over time®. Building dynamical models of shock
propagation™ 2’ makes it possible to assess the effect of a locally con-
fined eventon the economy in distant places and to compare different
response strategies'®”. These modelling efforts have highlighted that
theset of affected countries extends beyond direct trading partners'™®
and that countries differin their ability to deal with shocks depending
on their position in the trade network™® next to their access to food
reserves'””. Previous work® has shown that food crises are not always

correlated with spiking food prices, thereby calling for methods that
complement the modelling of food prices?*.

Eventhoughithas beenrecognized that shocks co-occurin differ-
ent parts of the food system', shock propagation models have, so far,
oftentreated each commodity inisolationand neglected that products
may be converted into other products along the food production chain.
Input-output models provide a well-established formalism to account
for the conversion of products into each other?*. In the context of
food systems, this framework was successfully employed to shed light
on the use of resources in foreign countries®*”, As a demand-driven
model, theinput-output formalismis, however, less suitable to assess
the propagation of shocks caused by changes in supply rather than
demand®**.
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Here we present a multilayer network model that takes into
account both trade between countries and the production depend-
encies among products. The model parameters are calculated from
data on supply and use of individual food products in different coun-
tries?. Our model allows us to simulate shocks to the production of
individual products and to assess the resulting losses of the same and
other products in countries around the globe. We employ our model
in three different case studies that are based on the ongoing war in
Ukraine, one of the world’s largest producers of maize, wheat and
sunflower seeds”. First, we simulate ashock assuming acomplete loss
of agricultural production in Ukraine and show that the availability
of various products in different world regions is severely reduced.
Second, we study production shocks across the entire spectrum of
food productsin Ukraine and the resulting loss of different products.
Here we focus on maize and sunflower oil, which make up the largest
shares of Ukraine’s food exports. Finally, to demonstrate the versatil-
ity of our model to explore other kinds of food shocks, we consider
the availability of pork in Germany and identify critical suppliers and
productioninputs, thatis, country and product pairs that would reduce
the availability of porkin Germany if they suffer ashock. With this work
wetherefore establishatool to assess multipleimpacts emerging from
shocksontheinterconnected trade and production networks.

Results

Understanding trade and production as a multilayer network
Our model describes trade and production of different food products
in different countries as an iterated three-step process. These steps
are (1) the allocation of products to different purposes, (2) trade with
other countries and (3) food conversion and processing activities, that
is, production of products using other products as input. Figure 1 rep-
resents a simplified version of our model illustrated by means of a
multilayer network. For simplicity, itincludes only two products, maize
and pigs, and three countries, Ukraine, France and Germany. First,
country c possesses an amount x/(¢)of productiiniterationtand con-
stitutes anode in the multilayer network. In afirst step, thisamountis
allocated in fixed but country- and product-specific proportions to
different purposes, namely consumption as food, export, further pro-
cessing and other uses. This split is represented as a pie chart within
each countryinFig. 1.

Second, countries trade with other countries. Country cdirectsa
fraction T"'ic ofitsexports of product i towards country d. The trade of
product i corresponds to a single layer of the multilayer network and
the fractions 71"10 form a matrix describing this weighted, directed
network. The trade links within each layer are depicted as solid arrows
inFig. 1.

In a third step, countries produce new products by converting
input products to output products using different types of production
processes. The production process of type kin country c is modelled
byaproduction function f*, which maps the available amount of input
productstotheamount of output products. These functions constitute
asecondtype of node thatacts as anintermediary between replicas of
the same country on different product layers. Inthe example depicted
in Fig. 1, the process pig husbandry connects countries in the maize
layer to their replicain the pig layer, as maize can be used to feed pigs.
The simplified depiction does not show other possible fodder crops
includedinthe model nor doesit depict other processes that use maize
asaninput.

Performing each of the three steps once in every country consti-
tutes a single iteration (model time step) of the algorithm. We define
a baseline scenario that consists of ten iterations of the dynamics
described above and denote )_(C"(t) the amount of productiin country
ciniteration t. We obtain parameters and initial conditions )_(C’(t =0)
fromtrade and production data® of the year 2013 (Methods). The trade
matrices T'and production functions f* are not re-calibrated to data
during the simulation but stay fixed. The variable x/(¢) is updated
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Fig.1|Schematic representation of trade and production as a multilayer
network for three countries and two products. The allocation of products
(maize, lower layer, i; pigs, upper layer, ) to different purposes is represented as a
pie chart within each country (Ukraine, ¢; France, d; Germany, e). Trade is
described by the weighted directed links (solid arrows) within each layer. The
entry F;k describes the share of country ¢’s exports (green) of product i directed
towards country d. Production processes, modelled as a second type of node,
turn products into other products, thereby connecting different layers (dashed
arrows). Here the production function fX for the process type k, pig husbandry,
in country c turns maize into pigs. Country cis therefore anin neighbour of the
process on the maize layer and an out neighbour on the pig layer. Note that
production processes can take more than one input and supply more than one
output. Credit:icons and country outlines, the Noun Project under a Creative
Commons license CCBY 3.0.

according tothe production, trade and allocation steps and, therefore,
changes eachiteration. As we calibrate our model parametersto yearly
data, we can think of aniteration asamodel year.

Shocks propagate through different channels

We compare the baseline scenario to ashocked scenario. Inthe shocked
scenario, the produced amount of one or more products in a specific
country is removed from the model in each time step. We denote the
amount of productiin country c after a shock to product,in country
das Xfi’c(t), where tdenotes the time step. Therelative loss (RL) of prod-
uctiin country c after ashock to productjin country d

xi(6) =X, (6)

GHER @

RLY (6) =

describestherelative reduction of the amount of productiin country
cinthe shocked scenario with respect to the baseline scenario atiter-
ation t. We omit the dependence on iteration t when referring to the
relative loss in the last iteration f,q, RL),_ = RL, (fenq)-

The quantity RL captures the combined effect of several shock
propagation channels. Weillustrated the different shock propagation
channels with a toy example in Fig. 2. The direct trade relations of a
country comprise only one such channel (Fig. 2a). The propagation
of shocks on trade networks allows us to capture the effect of trade
via third-party countries (Fig. 2b) or an even higher number of inter-
mediaries. Our model accounts for two additional shock propagation
channels that result fromthe possibility to convert productsinto other
products. Losses of product i in country d can occur if country d can
nolongerimport productjthatitrelies ontolocally produce product
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Fig.2| A toy example thatillustrates different shock propagation channels
that can contribute to losses in our model. The shocks to the agricultural
production of agood (in this example, maize) in one country (here Ukraine, red)
can propagate along different channels (red arrows) that are formed by trade
relations (solid red arrows) and production relations (dashed red arrows and

red circles) and thereby induce losses in another country (here France, purple).
a, Adirect shock affects direct neighbours in the trade network of the shocked
product. b, Shock propagation on the trade network leads to indirect shocks that
arise through trade viaintermediaries, in this example, Germany. ¢, In our model,
notonly the shocked productbut also products that rely onit asaninput to be
produced are affected. In this case, France lacks a foreign input, Ukrainian maize,
to feed pigs. d, The shocked product is also not available for productionin the
shocked country, thereby reducing the exports of those products that rely on it
asaninput. This opens up another shock propagation channel. In the example,
Ukraine produces fewer pigs as it lacks maize as fodder and therefore exports
fewer pigs to France. Credit: icons and country outlines, the Noun Project under a
Creative Commons license CC BY 3.0.

i(Fig.2c).Inaddition, suchlosses can occur if atrading partner clacks
an input to produce product i and reduces its exports of product i to
countryd (Fig. 2d).

Dynamic unfolding of different types of shock transmission
Ingeneral, ashock (d,) to productjin country d can lead to three dif-
ferent types of impact, namely on (1) different products in the same
country (local production), (2) the same product in different countries
(directorindirect trade) or (3) different products indifferent countries.
Figure 3 shows the example of shocking productj=maizein country
d=UKR (Ukraine), the time evolution of the available amountin a base-
line case without shock )_(C"(t)'_and inthe shocked scenario x/(f) next to
theresultingrelative loss RL{;C(t). First (different product, same coun-
try), thisshock can reduce the amount of another product, shown here
isi = poultry,inthesame countryd (Fig.3a).Second (same product,
different country), the shock propagates through trade relations and
reduces the availability of the same product,j=maize, in another
country, Portugal ¢ = PRT (Fig. 3b). Third and finally (different product,
different country), losses of different products, shown again for
i=poultry, canoccur in different countries, for example, c = PRT,
either throughreduced productionincorinother countries (Fig. 3c).
Note that the onset of losses is delayed if the shock propagates through
multiple production processes and trade (Fig. 3d). In this example, it
may take several years until the full production losses after a shock
havebeenrealized viaall directand indirect shock transmission chan-
nels. Further details of both scenarios are described in Methods.

We characterize the network topology of those layers of the trade
network that are most central to our analysis in the Supplementary
Information and show that Ukraine occupies a prominent position
among the exporters. Here we focus on shocks to the agricultural
production of Ukraine, but the effects of shocks to a product of
choice in other countries can be explored in our interactive online

datavisualization®.

Therole of Ukraine in the global food system

We examine the losses that occur after a simultaneous shock to the
productionofallfood products F in Ukraine, UKR. The resulting losses
RLUyK;;,C of different productsiindifferent world regions Care shownin
Fig.4.Theavailability of sunflower oil is substantially reduced in several
world regions. The two most strongly affected regions are located in
Asia, withrelative losses of 67.8% arising in southern and 48.8% in east-
ern Asia. Western Asia ranks fourth with relative losses of 27.1%. The
third most-affected region, northern Africa, suffers losses of 48.3%.
The effect on Europe is felt most intensely in the north (38.23%) and
less so in the south (12.5%), west (10.3%) and east (2.3%). In the latter
case, we exclude the losses occurring in Ukraine itself. However, in
contrast to Asian regions, Europe and Africa are also affected in their
availability of other edible oils, such as rapeseed and mustard seed oil
(up to 21.1%) or maize germ oil (up to 23.0%).

Theshockin Ukraine alsoleads to considerablelosses of maize in
many world regions. Northern and southern Europe are hit strongest
with losses of 39.1% and 30.1%, respectively, followed by western Asia
with 22.2% and northern Africawith17.1%. The latter also faces arelative
loss of 24.7% of wheat.

Substantial losses also occur for animal products such as poultry
meat. Southern Europe suffers losses of 17.2% of poultry and 12.9% of
pork.Northern Africaloses 12.4% and 6.6% of the respective products.
Losses reach8.0% (1.3%) of poultry (pig) meatin central and 6.8% (7.0%)
inwestern Asia.

Regions differ considerably by the number of products for which
they exhibit a direct or indirect dependence on Ukraine. Southern
Europe is strongly affected, with 19 out of 125 products having losses
of morethan10%, followed by western Asia and northern Africa, where
thisis the case for 15 and 11 products, respectively. In contrast, North
America and Australia are least affected with only five and seven out
of 125 products with arelative loss that exceeds 1%.

In the following, we assess the role of production versus trade in
the shock propagation. We compare the relative loss of different prod-
uctsiafter two types of shock. Onthe one hand, we shock a fixed prod-
uctjin Ukraineand compute therelative loss, R'—{;im,c' of other products
iin different world regions C. On the other hand, we shock the same
productsiin Ukraine and monitor thelosses foriin other regions, that
is, we compute RLy, ¢ The former quantifies the losses thatarise ona
different layer and therefore involve the conversion of products into
other products, while the latter quantifies the effect within one layer,
that is, international trade. Whereas a shocked country can still
re-export products that it imported, we found that the share of
re-exports is low in the case of Ukraine and the within-layer effect
constitutes agood measure for trade-related losses, (Supplementary
Information).

Downstream impacts of ashock to Ukrainian maize production
InFigure 5a, these production- and trade-related contributions to the
relative losses are shown for a shock to Ukrainian maize production.
Coloursreflect the size of losses, and each cell describes the losses of
an affected productiin an affected region C. Cells are split into two
parts. Theleft half captures the production-related losses after a shock
to Ukrainian maize, RLyz ", and therefore quantifies an effect across
layers. The right half, on the other hand, captures the losses after a
trade-related shock in Ukraine to productiitself, RLy ¢, and therefore
quantifies the importance of Ukraine within one layer.
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Fig.3| Time evolution of the available amount in abaseline case and after
ashock next to the resulting relative loss. a-c, Available amount (a-c) and
relative losses (d) as model time passes for three different types of shock
propagation channel. Ineach panel we consider ashock toaproduct, i =maize,
ina country, Ukraine d = UKR, and the ensuing reduction of the available amount
inthe shocked scenario (solid line) with respect to the baseline scenario (dotted
line). We show results for a different product, i =poultry, in the same country
d(a), for the same product;jin another country, Portugal c = PRT (b), and for a
different productiin adifferent country c (c).

For the product maize itself, both sides are equal by definition. The
strongest effects of maize in Ukraine on maize in other countries occur
innorthern Europe with losses of 39.1%, but southern Europe (30.1%),
western Asia (22.2%) and northern Africa (17.1%) are affected as well.
Note that these losses incorporate not only the lack of maize that is
directlyimported from Ukraine but also reduced domestic production
duetolack of seedsandthetrade with third-party countries that might
alsorely onimports from Ukraine.

Inaddition, the upper part of Fig. 5 shows that the shock to Ukrain-
ianmaize influences the availability of pig and poultry meatin Europe,
northern Africa and western Asia. For poultry meat, the relative loss
afterashock to maizein Ukraine amounts to15.4%in southern Europe,
4.9% in northern Africa and 3.9% in western Asia. This contrasts the
losses after a shock to the Ukrainian poultry meat production, which
stay below 1% in these world regions. This indicates that the losses in
these world regions arise from a lack of fodder maize in the domestic
poultry meat production and not from a trade of poultry meat with
Ukraine. Asimilar pattern canbe observed in the supply of other prod-
ucts thatrely on maize as aninput to production.

The availability of sweeteners in central Asiais an exception. Here
the effect within one layer, with losses 0f28.3%, is larger than the effect
across layers, with a loss of 11.1%, after a shock to the Ukrainian maize
production. Similarly, the relative loss of alcoholic beverages in cen-
tral Asia after a shock to this product in Ukraine amounts to 1.5% and
exceeds the losses of 0.7% that occur after a shock of Ukrainian maize

production. This situation arises as both products can be made from
avariety of input products other than maize.

Ukraineis a critical supplier of sunflower oil

Figure 5b shows results for a shock to the sunflower seed production
of Ukraine. In contrast to the maize shock in Fig. 5a, the losses induced
across layers (left half) and within the same layer (right half) are of simi-
lar size.Insouthernand eastern Asia, relative losses of 67.7% and 48.7%
of sunflower oil are observed for a shock to the Ukrainian sunflower seed
production. A shock to Ukrainian sunflower oil leads to equal losses
inthese world regions. Losses of similar size occur in northern Africa,
which loses 48.2% due to a shock to sunflower seeds and 48.1% after a
shock to sunflower oil, and northern Europe with losses of 38.2% and
38.1%, respectively. The difference between the two types of shock is
largestin western Asiawhere losses of 27.0% of sunflower oil arise after
ashock to Ukrainian sunflower seeds and 24.8% after ashock to Ukrain-
ian sunflower oil. As a shock to Ukrainian sunflower seeds also causes
losses of 5.2% of sunflower seeds in this region, the additional losses
are probably due to areduced local production of oil as aresult of the
reduced availability of sunflower seeds. Most world regions also suffer
losses of sunflower cake, a residue from oil seed crushing that can be
used asfodder. The largest losses occur in western Africa42.9%, north-
ern Europe 39.1% and western Europe 28.1% for a shock to Ukrainian
sunflower seeds. For ashock to Ukrainian sunflower cakeitself, losses
aresslightly lower or equal, amounting to 42.4%, 39.1% and 28.1% in the
respective world regions. The relative losses of sunflower seeds in all
world regions are much weaker than the losses of sunflower oil. Our
multilayer modelling framework can readily be applied to other types of
shock, which we demonstrate in the Supplementary Information within
acase study to identify dependencies of German pork production.

Discussion
We propose amultilayer network model that accounts for production
dependencies among 125 food and agricultural products, allowing us
to assess the losses of food products around the globe after alocalized
shock. The modeltakesinto accounttrade dependencies and the con-
version of productsinto other products along the global supply chain.
We use dataon productionand trade of food and agricultural products
to determine the parameters of the model. We introduce the relative
loss, RL, that describes the multidimensional dependencies of the avail-
ability of various food productsin each country with respect to shocks
to food products in any other country in an easily interpretable way.
First, we show that a complete shock to Ukrainian production
leads to stark losses to grains and dietary oils in parts of Europe,
western Asia and northern Africa. It seems plausible to assume that
high-income countries will be able to mitigate the losses by tapping
into reserves or switching suppliers in spite of possible higher costs,
while middle- and low-income countries are probably unable to miti-
gatethelosses. Innorthern Africaand western Asia, food security was
already critical before the onset of the war due to factors that vary on
acountry-by-country basis butinclude the aftermath of supply-chain
disruption due to the COVID-19 pandemic, extreme weather events
and local conflict. Our results corroborate the increased risk of afood
crisis in these regions®-*. Large losses in grain supply are likely to
have direct adverse effects on food security given the large shares of
grains in the diets of countries in these regions, for example, wheat
makes up about 35.3% of the caloricintakein Egypt and 39.6%in Syria™®
and is also an important protein source*. Even in countries in which
food security is not directly threatened, supply disruptions can make
healthy and nutritious food less affordable, thereby forcing low-income
households to switch to less nutritious food options®. Overall, these
findings highlight the importance of Ukraine as a critical supplier
of agricultural products and serve as an example for the fragility of
global supply chains with respect to the failure of key producers due
to geopolitical instability.
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Fig. 4| A simultaneous shock to the production of all food products in
Ukraine affects different world regions and products. The relative loss of
agiven affected productinanaffected region is colour-coded. The largest
losses occur for sunflower oil in southern Asia, amounting to 67.8% of the total
production without shock. Parts of Europe, North Africa and western Asia suffer
lossesin adiverse range of products including grains, edible oils, animal and
luxury products, while the Americas and Australia are affected to asomewhat
weaker degree. Sunflower oil stands out as the product most severely affected,
but substantial losses also occur for other edible oils and grains. Rapeseed and
mustard are abbreviated as ‘R. & m., alcoholic beverages as ‘Alc. beverages’ and
centralas‘C.

Second, we investigate the effects of shocks to single products
in Ukraine on several other products in different world regions. We
compare the effects of ashock toanimportantinput product on more
processed products, that is, shock propagation across layers, to the
effects of shocks to the processed products themselves, thatis, shock
propagation within the same layer. We find that the production of pork
and poultryinsouthern Europe, western Asiaand northern Africarelies
heavily onthe imports of fodder maize from Ukraine but that the role
of direct meat imports from Ukraine is small. This means the shock
propagation channel showninFig.2c, where countriesimportashock
along with inputs they require for their domestic food production,
contributes considerably to the losses.

In contrast, shocks to sunflower seeds, the input product, and to
sunflower oil, the processed product, lead to similar losses abroad.
Shock propagationis probably dominated by the channel displayedin
Fig.2d, thatis, lossesininputs to domestic production processes that
propagate to other countries viaexports of the processed product. As
we measure relative and not absolute loss, we can identify a substantial
reduction of the availability of sunflower oil in South and East Asia.
While these are not the largestimporters of Ukrainian sunflower oil in
absolute terms, alarge share of their sunflower oilimports stems from
Ukraine. This shows how non-diversified supply relations can lead to
large relative lossesin case of ashock. Both cases highlight theimpor-
tance of integrated trade and production processes in the assessment
of losses. Shocks to input products in a given country can propagate
to other product layers, either through the production processes in
the same country or after trade in other countries, thereby causing
lossesin downstream products. Thisis especially apparentinthe case
of maize, asthe crop does not only substantially contribute to the daily
dietin many countries, both in terms of caloricintake and protein sup-
ply, but also serves many other use cases. The latter includes, on the

one hand, feed for livestock and, on the other hand, the production
of bioenergy®. Balancing these conflicting use cases and associated
(economic) interests poses a challenge for the relevant stakeholders.
Our analysis raises attention for this type of interdependence and calls
toaddress the associated challenges. From a methodological perspec-
tive, we emphasize that losses downstreamin the supply chain canbe
obscuredinarisk analysis based ontrade dataalone. Thisunderscores
the need toroutinely extend risk analysis along more than one product
dimension in global production networks.

These examplesillustrate the wide-ranging consequences of the
ongoingwar in Ukraine and how our model can be used to assess supply
disruptions that can reduce the availability of nutritious food. Addi-
tional mechanisms, suchas priceincreases, can shift the burden further
upon vulnerable populations, thereby exacerbating existing food
insecurity and nutritional challenges®. Our study shows how a spatially
confined shock does not only affect the local population, but canlead
to global supply disruptions. It also shows that these adverse effects
extend along the entire supply chain, from the cultivation of crops to
the production of food and animal feed, to the livestock sector, all the
way to the consumer. Managing the risk along the food supply chain
resulting from the conflict in Ukraine requires amultifaceted perspec-
tive that takesboth direct and indirect effectsinto account. Our results
enhance supply-chainvisibility and transparency. This can help identify
potential risks and disruptionsin the food system and develop contin-
gency plans that enable food supply-chain stakeholders to prepare for
potential disruptions and mitigate their impact. For countries that
heavily depend on Ukrainian imports —either directly or indirectly—
this could, for example, mean diversifying their supply of imports.
Viewing the food supply chainas anetwork with interdependent layers
caninform policies thatrely onlocal interventions and resulting ripple
effectsto counter existing crises. For example, it suggests that positive
effects of providing seed material and assuring access to means of
production canextend beyond the directly supported crop producers.
It also suggests that care has to be taken when allocating resources to
different use cases and that it might be necessary to adapt allocation
strategies duringa crisis, for example, by using certain crops directly as
foodrather thanasinput for further production processes. Inall cases,
countries should strive to minimize food waste. Re-examining previous
work'®*” showing that cascading export restrictions can exacerbate
shortagesinthelight ofinter-product dependencies makes clear that
export bans on single products could potentially lead to unintended
side effects on other products, worsening the situation even further.

While existing studies of the international food system have cre-
ated valuableinsights, our work addresses various open challengesin
the field: previous shock propagation frameworks were limited to a few
products™®'**8 or aggregated them in terms of calories'”*°, monetary
units®” or virtual water>*’, Here we extended a shock propagation to
125 food and agricultural products. We also took into account the
productiondependencies among these products, while previous work
considered products inisolation. This includes studies that simulate
theinternational propagation of food supply shocks””%°, analyse his-
torical shocks to production>* and descriptions® and predictions’ of
the food trade network topology. Finally, the explicit representation
of production processes opens up the possibility to customize produc-
tion functionsif sufficient data onthe production process of individual
products were available. This sets our work apart from existing shock
propagation frameworks that work directly withinput-output tables®.

Nonetheless, our study faces several limitations: the proposed
model provides a simple, mechanistic picture of the dynamics of food
trade and production. We focus on the conversion of productsinto each
other and do not consider impacts of stocks and changing resource
allocation based on availability. Furthermore, we simulate dynamics
that take place on a static multilayer network. As a result, we do not
capture the dynamical restructuring of supply relations that are likely
to occur after ashock. This concerns, on the one hand, trade relations
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Fig. 5| Comparison of losses within one layer (trade) and across layers
(production). Each cell displays the loss of an affected product i ina specific
region after ashockin Ukraine and is split into two halves by a grey dashed
line. The left half represents contributions to the losses that stem from a
shock to products other than product i, which can roughly be identified with
contributions from production processes across different network layers. The
right half shows contributions froma shock to productiitselfthat are mostly
mediated viarelationships in asingle trade layer. a, Losses after a shock to
Ukrainian maize production, for which we observe production-related losses
inseveral other food products. b, Losses after a shock to Ukrainian sunflower
seeds. In this case, losses via production and trade, respectively, are of similar
size. Maize germ oil is abbreviated ‘Maize g. oil’, alcoholic beverages as ‘Alc. bev.,
sunflower as ‘Snflw’ and central as ‘C..

inwhichafailing exporter may be replaced by acompetitor on the mar-
ket and, on the other hand, production relations in which production
recipes canbe adapted to some extent based on the available products.
These issues are tightly connected to prices and markets, which are
not included in our mechanistic model. The above effects have been
shown to redistribute the burden of the losses'®" as countries that
have stocks available or are wealthy enough to buy resources at higher
prices can buffer shocks, while countries that lack these capabilities
might be affected more strongly. Our model represents a worst-case
scenario of a complete and sustained production loss and is likely to
overestimatereal losses. Nevertheless, our results might inform crisis
response by providing estimates for the losses incurred in individual
countries unless they make substitution efforts or consider other
mitigation measures.

We restrict ourselves to the case of linear production functions.
The incorporation and comparison of other production functions
opensup possibilities for future research. Work on shocksin firm-level
supply-chain networks suggests that nonlinear production functions
of the Leontief type can lead to larger losses compared to situations
with linear production functions*’. We expect this effect to influence
our results, particularly in cases where a productionrecipeincludesa
comparably small but essential amount of aninput, for example, hops
for beer production.

Furthermore, the data have limits in terms of spatial resolution
and granularity and scope of products. On the one hand, data on the
subnationallevel would allow us amore realistic assessment of losses.
This is especially true for shocks such as natural disasters or extreme
weather events that are spatially localized but do not stop at national
borders.Onthe other hand, finer resolution on the product level would
enable ustobetter trace shocks through the process of production. The
product wheat, for example, also encompasses certain wheat products

suchasbread and pasta. Extending the model to non-food input prod-
ucts, suchas fertilizers**> or machinery, is necessary to create amore
complete picture of a country’s dependencies.

We have chosento base our model onshocks to productsto reflect
losses that occur if the product itself or necessary means of produc-
tionare destroyed, for example, by armed conflict or natural disasters.
However, other scenarios such as blockage of exports either because
of anexportban'® or physical blockade of infrastructure, are conceiv-
ableand could beincorporated into the model. In context of thewarin
Ukraine, both scenarios contribute. On the one hand, anaval blockade
makes itimpossible to export maize and wheat, and on the other hand,
the agricultural productionitselfis on halt as farmers serve as soldiers,
fields are mined and infrastructure is destroyed***,

While food security extends far beyond the trade- and
production-centred perspective adopted herein and incorporates
social, cultural and ecological aspects™**, production and trade are
essential components to secure the basic availability of food. While
we focused here on the ongoing war in Ukraine, armed conflictis only
oneamong many possible causes of shocks to the global food system,
as in an age of climate change, crop failures due to droughts, other
extreme weather events or food pests become increasingly likely.
Tools from complexity and network science, as those presented herein,
enable ustouncover directand indirect dependencies along the global
supply chain® in these and other scenarios. Raising awareness for the
multidimensional systemic risk incorporated in the global trade and
production of food can help to design more resilient supply chains.

Methods

Food production and trade as an iterative three-step process
The model consists of 192 countries that trade and produce 125 food
and agricultural products. The set of countries is denoted ¢ and the set
of products #. Production is modelled by 118 types of production
process, which form a set . This corresponds to the countries and
territories, products and production processes of the food and agri-
culture biomass input-output (FABIO) model*. The mapping of coun-
triesand territoriestoworld regions canbe foundin the Supplementary
Information. A python implementation of the model together with
input data in a suitable format is publicly available*®. A country ¢ pos-
sesses a total amount x/(¢) of a product i at iteration ¢. This amount is
split in fixed but country- and product-specific fractions ’lﬁ,,- to serve
different purposes k (here and in the following, index variables used
as superscripts denote indexes, not exponents). These purposes are
exports (exp), 17", input to production (prod), rzc";."d, consumption as
food, 7%, and other uses, 7%, including waste, non-food consump-
tion and stockpiling. The amount x/(¢)changes as countries repeatedly
undergo the three-step process of production, trade and allocation to
different purposes.

In the first step, countries rely on different types of production
process to create and to convert products into each other. For each
type of process kin each country ¢, there exists afunction fz,i(l’c(t -1)
that maps the available amounts of inputs p.(t - 1) from the previous
time step to the produced amount of output productisupplied by this
process. Here p.(t -1) denotes a vector with components

J(E—1) = rzf;"dxﬁ(t —1). As different processes can supply the same
output product, thetotalamount o'.(¢), of productiproducedin coun-
try catiterationtis

0l®) = Y, fi(pc(t=1). (2)
ke?

An example of a product that is supplied by multiple processesis
animal fats or animal hides, which accrue in the slaughter of different
types of animal.

Moreover, itis possible that different types of process use the same
input product. Therefore, it is necessary to split the amount p(t — 1)
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of product; that is available for production in a country camong the
processes that useit. The fraction assigned to a particular process kis
denoted vC"Jand dependsonthecountryc,theproductiandthe process
type k. This case occurs, for example, in the farming of poultry and
pigs, which canboth be fed with maize. The assumption that theinput
products are completely substitutable aslong as they are from the set
of valid input products 7. to the production process k in country ¢
motivates

Frpe—1)=ak, 3 vEple-1)+BE, ®3)

J€Tck

as amathematical form for the amount of a product i produced by a
processkinacountryc. Here a* is theamount of output productithat
canbeproduced by processkm country cforagivenamountofinput,
and ﬁéilsthe amountof productiproducedinabsence of any input.In
the presentinitiation of the model, either ﬁc’fior a’c(’l. isnon-zero, but not
both. The production of apples is an example for a process with
non-zero Bk In other cases, non-zero values of /3" occur because
countries report outputs of a process even though itis reasonable to
assume that the process would rely on inputs.

In a second step of iteration ¢, each country d trades the amount
efz(t —1) of product i that it reserved for this purpose in the previous
iteration, ¢ - 1. The trade of each product i is governed by a weighted,
directed network described by a matrix T and countries as nodes. An
entry, T! , of this matrixindicates the share of country d’s exports that
countrycrecelves This allows us to write theimports, hi(¢), of product
iof countrycintimestep tas

hi@®) =Y, T! elt-1). )
dee

Thetraderelationsbetween countries and the production depend-
encies among products can thus be represented as a bipartite mul-
tilayer network. The trade network for each product forms a single
layer with countries as nodes, and the links indicate trade relations.
Thereplicanodes, representing the same country on different layers,
are connected by directed interlayer links vianodes of a second type,
which represent different production processes. A country node in a
layer representing the trade of a product is in neighbour of a specific
process in that country if this product is an input to the production
process, and it is an out neighbour if the product is an output of the
production process.

Inthethird step, allocation, each country cassigns fractions of the
total available amount of product i, x/(¢) = 0i(¢) + hi(¢), obtained either
from domestic production orimports from other countries to different
purposes according to

pd(&) = n?*xi® ©)
el(t) = g xl(® (6)
ki) = n%xk© @)
ré® = nsexko), ®

where k /(t) denotes the amount of product i allocated by country c to
consumption as food and r,/(t) the amount of product i that country ¢
allocatestoall other purposes, such as waste, non-food consumption
and stockpiling. Thereafter the accounting variable x/(¢) is reset and
the next time step begins with the first sub-step, production. We cali-
brate the parameters and initial conditions, that is, available amount
attimestep ¢t =0 of our modeltotrade and production data of the year

7=2013, asdescribed below. Note, that while the topology of the trade
network, the fractions of goods assigned to different purposes and the
production functions stay fixed during simulation, the total available
amount of each product—and as a consequence also the amount
assigned to each purpose—changes witheachiteration t. This givesrise
to dynamics on a static network. An overview over parameters and
variables, how they are obtained and whether they are static or
time-dependent can be found in the Supplementary Information.

Therelative loss captures the effects of ashock

To determine the effects that a shock to the production of certain
productsin certain countries has on the availability of all other prod-
uctsinall other countries, we compare a baseline scenario toashocked
scenario. The baseline scenario consists of iterating the dynamics
described above for ¢,y =10 time steps. In the shocked scenario, a frac-
tion ¢ of the production output o;(t) of the shocked productjin the
shocked country dis destroyed after the production step. This means
only anamount

(1- p)ol0) )

isavailable after production atalltimes, t € {0, ..., ¢..4}. Here we inves-
tigate a worst-case scenario in which the complete productionislost,
thatis, ¢ =1, and this production failure persists over all iterations. A
shock to more than one product is realized by applying equation (9)
to all productsj from a set of shocked products. The same is true for
shocks to more than one country.

Therelativeloss RL{;’;ofproductiin countrycinresponsetoashock
tothe productionof productjin country disameasure for the severity
oftheadverse effects onacountry and defined as the relative reduction
in total available amount in the shocked country with respect to the
baseline scenario

xi(t) =X, (0

Ji _
RL () = %0

) (10)

with X{i"c(t)denoting the totalamount of productiavailableinacountry
cattimestep tafterashockto productjin countrydand x/(¢)denoting
the total amount of product i available in country c at time ¢ in the
baseline scenario. We drop the time dependence when referring to the
relative loss in the last time step RL” = RL” (tena)- To assess the effect of
ashockonawholeregion Cthat conSIsts ofseveral countries, we aggre-
gate the available amount of a production the regional level

ECGCKZ(tend) - Ececxgc(tend)
ZcecXé(tend) ’

i
RL) = (1)

Supply and use tables of the FABIO model

The free parameters of the model are determined from the supply and
use tables of the FABIO model* for the year 2013. The FABIO modelisa
multiregional input-output modelin physical units. Theentry Sz .
ofthesupply table S describes theamount of productithat production
process kgeneratesin country d. Processes supply only to the country
inwhich they are based and therefore the supply table is country-block
diagonal, thatis

C;édé S(C,k),(d,i)=0 VieFrnkeP. (12)

Theentry Uy, ., Of the use table Ugives the amount of product i
originating from country dthat process kin country cuses. Countries
can use products from different countries and therefore the use table
Uhasno special block structure.

Thedemandtableentry Y, ; ., specifies the amount of product i
from country d that country c uses to satisfy the demand for the
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purpose [. These purposes are labelled food, losses, stock addition,
other, unspecified and balancing. They are summarized in the set v.
We denote the positive part of the demand Yas Y and the negative part
as Y. Thelatter can only be non-zeroif{ € {balancing, stock addition}.
The sets of products, countries and processes are adopted directly
from the FABIO model, as described in ref. 26.

Trade networks

Theentry Téd of the matrix 7' describes the share of exports of product
ifrom country d that are directed towards country c. It is determined
astheamountofaproductioriginating from country d used either by
any production process kin country c or to satisfy any demand purpose
lin country crelative to the amount of productifrom country d thatis
used by any production process k or any demand purpose /in any
country other than ditself, thatis

ke Vi + Ziev i e

Tl_

cd (13)

-
ke czaVan e + Lezarev Y ianen

forc#dand T = 0if c=d. By definition, the entries satisfy T € [0,1]
and the out strength of a country is always

ZT£d=1vde€Aief.
c#d

(14)

Allocation to use cases

To avoid negative demands Y-, weintroduce abalancing term for each
country c and product i as the difference between the supply of the
product iby any local process and the sum of the domestic or foreign
use of the product by any process and the positive part of the domestic
or foreign demand for the product for any purpose,

Beny =2, Semico= 2 Uenam= 2 Yepan @
pEP deC,peP deC,keVv

The positive part of the balancing Bis denoted B* and its negative
part as B”. With this balanced demand, it is possible to determine the
fractions n¥ thatare usedintheallocationstep. The share of products
used as mput to production np“’d istheamountof productioriginating
from any foreign country and used in any local process in country ¢
divided by the sum of thisamount and the amount of product i originat-
ing fromany country and used to satisfy any type of demandin country
cand the balancing term for productiin country ¢

prod _ Yiker.aceUai.ch

nc,t‘ (16)

-
ke deeVdirci + Laceieriev i en + Bleiy

Thefraction nf°°d of productiused tosatisfy the demand for food
inacountrycis obtamed by dividing the amount of product i originat-
inginany country and used to satisfy food demand in country cby the
same denominator

+
food _ zde@ Y(d,i),(c,food)

nc,i (17)

DierdeeVicindi + LaeeevYen@nt + B,

Thefraction ne‘sethat isused for any non-food purposeis obtained
by summing the demand inthe numerator over all non-food demand
purposesincluding the balancing, thatis

"
ZdEC,IEV\{fOOd} Yiti,i),(c,l) + Bc,i
YkerdeeVci i + Laceev e ap + B

else _
nc,i -

(18)

Finally the share of product i that country c reserves for exports
intheallocation stepis calculated by dividing the amount of a product
i originating from a country c that is used either by any production

process in any foreign country or to satisfy any type of demand in any
foreign country

oo ZkeparcUen@n + Dasesev Y @ 19)

+ +
YerdeeVcdh + Laceter i @n T Bien

C,i

By definition, these fractions cover all possible use cases and thus

prod

e+ + 0l + 0 =1veeenie . (20)

Properties of production processes

Duringthe productionstep, theamount ofaproductiavailable for produc-
tioninacountrycneedstobesplitamongthe different processes that use
itasaninput. Thecorresponding fraction v, of thisamount thataprocess
kobtainsis calculated asthe quotient ofthe amount of productioriginat-
ing from any country used by process k in country ¢ by the amount of
productioriginating from any country used by any processin country ¢

¢ __ ZaeeUanen o
“ Daeewer Ui

As aresult of this definition, no share of input products is left
unused and the fractions satisfy

D V=1 Vceenries. (22)

keP

The production process of type k based in a country cis defined
by coefficients a¥; that describe how much of output product iis pro-
duced per amount ofavailableinput. For each processtypekincountry
¢, the set of output products O, comprises those products that the
process supplies

Oc,k = {ils(c,k),(c,i) >O0forkePAieF}. (23)

Thesetof input products 7., to process type kin country c consists
of those products of which anon-zero amount is used by the process

jc,k = {ilu(d,i),(c,k) >O0forde ¢ /\j (S :-rr} (24)

The same process type can therefore supply different products
and rely on different inputs depending on the country. For example,
the composition of the fodder that animals receive in different coun-
triesmight vary. If the processreliesoninputs 7., # @, then ,Bf’l. =0and

‘ _ Stk

== (25)
o Yeeyjes, Ydpch

ifie Oc,k’

butaf, = 0ifi ¢ 0., If the process does notrely oninputs 7., = @, then
af, = ‘Oand B, = Secineanforie o and X, = 0fori ¢ 04

Attime t= 0, each country c starts w1th atotal available amount
xi(0)of productithat equals the positive domestic and foreign demand
and the amount used by any foreign or domestic production process

Y Uen@o+ 2 Yoo
de@,lev

deC keP

x(0) = (26)

This amount determines the initial values for production input
pl(0) and exports e/(0). Negative demand and balancing terms are
takeninto account by adding the amount

~i — —
Xe =~ dZe Y@ (esstock additiony ~ Biey: @7
€

tothe output o/(0)in thefirstiteration¢=0.
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Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability
The data used in this study as input for simulations are available on
GitHub at https://github.com/L-MoNi/shock-propagation-food-supply.

Code availability

Python was used to perform the simulations and data analysis. Simu-
lation and analysis code for this study is available in a repository at
https://github.com/L-MoNi/shock-propagation-food-supply.
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