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International corporations trading Brazilian soy are
keystone actors for water stewardship

Elena De Petrillo® '™, Marta Tuninetti® !, Luca Ridolfi® ' & Francesco Laio!

Transnational corporations play a major, but poorly constrained, role in reallocating global
water resources. Here, we couple high-resolution, company-specific trade data with hydro-
logical and crop models to estimate the virtual water trade of the top 9 transnational cor-
porations that trade Brazilian soy. We identify 4429 virtual water flows connecting 1620
Brazilian municipalities with the top-10 soy importing countries and find that the total virtual
water flow increased from 43 billion m3 to 100 billion m3 between 2004 and 2018. We find
that the largest soy traders displace on average twice as much virtual water as top-importing
countries, excluding China. For example, in 2018 one transnational corporation exported 15
Gm3, almost tripling the Netherlands's virtual water import (the second largest importer at
about 5 Gm3). Our findings highlight the importance of transnational corporations for
achieving water stewardship and sustainable supply chains to support water resource
security at municipal and international scales.
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exacerbating the pressure on water ecosystems inducing

groundwater depletion!2, river ecosystems
impoverishment3#, and alteration of key hydrological processes
and variables, such as evapotranspiration and soil moisture®.
Through international food trade, consumers are increasingly
decoupled from the pressure on global water resources (i.e. water
footprint, WF®)” for the food they consume: up to one-third of it
comes from foreign countries®. The virtual water trade (VWT)
(i.e. water embedded in commodity trade) reconnects the water
use occurring in the site of production to the sites of consump-
tion, thus introducing a global dimension to water management.
However, to date, two critical aspects prevent the VWT to be an
effective tool in supporting decision-making at the government or
company’s level in achieving their sustainability commitments.
The VWT has been studied so far mainly through a country-scale
perspective®~14, thus disregarding the sub-national environmental
heterogeneity that controls the crop unitary water footprint
(uWF, m3/ton, i.e the crop water requirement measured during
the growing period). Few recent studies have focused on inter-
regional VW flows in extended countries such as Chinal® and
Indial®, while other studies!”>!8 stressed the potential of recently
released national food trade data that can be adopted to improve
the WF assessment.

The second missed aspect is the poor understanding of the role
of Transnational Corporations (TNCs) in guiding the increasing
pressure of the agricultural sector on water resources. Despite
TNCs having been identified as keystone actors of the global
production ecosystem!® and a major driver of the outsized
footprint on the biosphere?0, their possible engagement in the
corporate water stewardship has received limited scholarly
attention?!: to date, there remains a poor understanding of the
critical role played by Transnational Corporations (TNCs) in
driving and managing the water use in the food production
system. This knowledge gap limits the extent to which sustainable
water management can be targeted at the most critical production
sites and consumers since if on the one hand TNCs dis-
proportionally influence the planet’s climate and ecosystem!?, on
the other hand, they could become active agents of systemic
change towards sustainable production ecosystem!%22:23. While
efforts to engage TNC:s in reducing CO, emissions and preserving
ocean biodiversity achieved their first results?%242>, a water
footprint assessment of TNCs in the agricultural system is still
missing and crucial to foster actions.

Here, we fill these two knowledge gaps by focusing on the
emblematic case of the Brazilian soy to explore the magnitude of
TNCs’ dominance in the VWT and the major challenges to
shifting toward corporate water stewardship in the food system.
To this aim, we capitalize on recent leading improvements in
supply chain mapping by TRASE2%?7, which releases highly
resolute data of trade between the producer localities, the trader
companies, and the importing countries. We estimate both green
and blue soy uWF at the municipality scale using the most up-to-
date data on land management, soil properties, and hydrological
data. We focus on the case of Brazilian soy since the wide
extension of the Brazilian territory spots the light on the
importance of considering the sub-national ecological and cli-
matic characteristics in the VWT assessment between
countries!®28. Indeed, Brazil is one of the richest biodiversity
countries in the world with six unique biomes?® which,
depending on their characteristics, possess large carbon stocks in
their forests and soils, the largest global reserves of freshwater3?,
biodiversity hotspots3!, and additionally regulate the water
vapour fluxes to areas downwind3? as well as the water stream
flow33. At the same time, these biomes support the largest soy
production worldwide (122 million tons in 2020)34, handled by

P roviding a growing population with food, fibre, and fuel is

some of the biggest TNCs worldwide3>. The ecological peculia-
rities of the biomes are threatened by the soy harvesting
extensification3037 (+163% from 2000 to 2019)°%. Also, the
choice of Brazil offers an example of a country which would
benefit from a TNCs’ corporate activity when the local authority
defects in planning a water resources management3®, thus
exacerbating water shortages®. Further, Brazilian soy harvest is
emblematic due to the interactions between land use change, the
alteration of the hydrological cycle?*-42, and climate change
which, all together turn into more frequent droughts*3, water
competition and water grabbing*4, evidencing the unfeasibility to
sustain the soy production as has been pursued so far. The key
point in involving TNCs in the VWT assessment is to allow them
to cope with finding synergies between business and environ-
mental conservation: their role to avoid climatic and ecological
tipping points is increasingly perceived as fundamental384°> and,
at the same time, their ultimate dependency on the integrity of
the hydrological cycle to maintain their profit is growing

evidence®®.

Results

Single TNCs displace more VW than single countries. Spatially
explicit VW flows linking local production sites with supply chain
actors (traders and importers) help guide efforts to boost sus-
tainable water use and mitigate risk propagation in the global
production ecosystem. The VW flows shown in Fig. 1 disentangle
the complex interplay between producing municipalities, TNCs
and importing countries within the Brazilian soy VW export. VW
flows depart from 1620 traced municipalities in Brazil and reach
the top-10 importing countries selected in this study (see Meth-
ods). By associating each VW flow directed to one of the ten
importers with a dominant TNC, we were able to highlight the
top-nine companies that manage the 4429 VW flows connecting
producing municipalities to the importers (i.e. a single munici-
pality can source more than one country and eventually more
than one company). In 2018, these top TNCs handled around 100
billion m3 of VW (around 70% of the total VW flow) corre-
sponding to an average of 7 million m3 virtually departing from
each municipality (Fig. 1). The share of the top-10 importers is
dominated by China (80 Gm3, 80%), followed by Netherlands
(5 Gm3, 5%), South Korea and Spain (3 Gm3, 3%). Among these
top importers, China is the biggest actor both among countries
and companies because it depends on imports for 90% of its total
soy supply?’. The VW flow imported by a single country is
typically handled by a minimum of 3 (United Kingdom, where
Cargill shows a net dominance with respect to the other TNCs) to
a maximum of 7 (Italy, Thailand) different traders among the
dominant companies (Fig. 1). Considering the top-4 companies,
we find nearly equal power in trading around 10-15% of the total
VW volume: Bunge (15 Gm3, 14%), Cargill (14 Gm3, 14%), ADM
(12 Gm3, 11%), and Louis Dreyfus (11 Gm3, 10%) dominate the
VW export toward the top-10 importers (Supplementary Fig. 1).

The key finding of this analysis is that the VW exchanged by
the biggest companies is greater than that displaced by countries,
except for China. In 2018, Bunge displaced more than three times
the VW volume imported by Thailand (4 Gm3), the second major
Asian soy importer after China, and Louis Dreyfus displaced
more than twice the VW of the Netherlands (5 Gm?), which is the
largest European importer (Supplementary Fig. 1).

The role played by companies in displacing such volumes of
VW highlights the importance for companies to engage in a form
of corporate water stewardship—as part of the biosphere
stewardship!®—to ensure sustainable targets of production and
water management in the food system. The disentangled network
in Fig. 1 shows how countries are necessarily tied to companies in
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Fig. 1 Spatially explicit virtual water flows linking local production sites with traders and importers. Sub-national and company-specific virtual water
flows (m3) of soybean products from Brazilian municipalities to top importer countries in 2018. The bubble size on the map represents for each country the
total traced incoming virtual water volume from all the exporting companies. The colours and the size of the edges identify the trading company and the
weight of each virtual water flow leaving the Brazilian municipality. Only the edges associated with the top-nine trading companies are shown. The bottom
legend shows also the companies' share of the total virtual water import by each country in 2018.

their intent to meet supply-chain sustainable goals and thus they
should dialogue with them to reach sustainable local productions.
In the same way, companies are the connecting dowel with local
production, and, when well established in a producing country,
they can even go as far as lobbying local governments for
additional support to drive innovation.

TNCs and countries have different uWFs. We now group
municipalities according to the top 10 countries of import and the
TNCs that they source with virtual water (Fig. 2). Results show a
heterogeneous water footprint across Brazil. The uWF of
importing countries shows smaller variability compared to that of
companies: from a minimum of 1340 m3/ton (Germany) to a
maximum of 1560 m3/ton (Italy) versus 1350 m3/ton (Louis
Dreyfus) to 1800 m3/ton (Gavilon). Hence, importers can average
out their uWF thanks to their chance of sourcing from a het-
erogeneous basket of companies displaced across the Brazilian
country.

Among top importers, Germany (average uWF of 1340 m3/ton),
South Korea (1410 m3/ton), and France (1430 m3/ton) (Supple-
mentary Table 1) show the largest uWF variability, as shown by the
25th-75th percentile (1000-1550 m>/ton) in Fig. 2a. The whiskers
of South Korea, France, and Italy highlight high uWFs where yields
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show minimum peaks, mainly in the Southernmost municipalities
(Supplementary Fig. 2).

Among companies, Bianchini and Gavilon (Fig. 2b) show the
widest range of uWF values with the 90th percentiles exceeding
2400 m3/ton. The highest uWF values of Bianchini and Gavilon
are found in the municipalities of Sant'Ana do Livramento
(3850 m3/ton) and Sentinela do Sul (4718 m3/ton) in Rio Grande
do Sul state (Supplementary Fig. 2).

Overall, VW flows originate from climatically and agronomi-
cally heterogeneous sites in Brazil. This sub-national strong
heterogeneity exposes producers and, thus, companies and
importing countries to different water footprints (Supplementary
Figs. 4 and 5) and drought probability (see ‘Methods’). Bianchini,
COFCO, ADM, and Louis Dreyfus are the most exposed actors to
drought events with a probability of occurrence around 25%,
while Amaggi is the least exposed company, but it still shows a
probability of 14% (Supplementary Table 2).

The VW flows-weighted barycenters (Fig. 2) show that the
Cerrado tropical savanna is the region where both countries’ and
companies’ water footprints are predominantly located. However,
while those of countries are all located in this biome, those of
companies are more heterogeneously distributed across the
country (Fig. 2d). Gavilon, Louis Dreyfus, and Bianchini are
located in Mata Atlantica and at the edge between this one and
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Fig. 2 The different unit water footprint of trading companies and countries. a Boxplots of the unit water footprint (uWF, m3/ton) of soybean production
for the top-ten importers in 2018 and the top-nine dominant trading companies. The left and the right whiskers refer to 10th- and 90th-percentile,
respectively, while the dot represents the average uWF. b Sub-national uWF of soybean in the active exporting municipalities in 2018. ¢ Virtual water-
weighted barycenters of countries' and trading companies' virtual water trade over the Brazilian biomes in 2018.

the Brazilian Pampa. In this Southernmost biome, and especially
in the state of Rio Grande do Sul (the most irrigated state of the
country®8), ET rates, uWTF values and drought probability at the
municipality scale are among the highest in Brazil. Differently,
thanks to high yields, companies extending their sourcing toward
the Amazon biome show low uWFs, but there the deforestation
indirectly impacts the hydrological cycle, thus threatening the soil
moisture availability for agriculture>3%4l. The sub-national
heterogeneity of companies’ uWF distribution provides evidence
of different climatic threats and water-use issues companies have
to face and manage. The sub-national distribution of VW flows
barycenters we show (Fig. 2) can strongly enhance the
effectiveness of VW flows assessment and provide a tool for the
importing countries to know, and manage, their food supply
chain through cooperation with traders.

Managing delocalized water footprint. The high-resolution VW
flows assessment provided in this study allows country-specific
analyses and ad hoc re-connection of the importer to the delo-
calized production sites and the associated footprint on water
resources. By zooming in on a single importer country, we
highlight for the first time the keystone role of TNCs in trading
virtual water and, thus, indirectly the power to manage water
resources. As an example, we focus on Italy that, along with
Thailand, is sourced by the widest basket of companies (7)
(Fig. 1). In 2018 Italy imported 430 million m? through these 7
companies, over a total volume of 468 million m3. The dominant
company for the Italian VW import is Bianchini, handling
120 million m3, followed by COFCO (96 million m3), and Cargill

(60 million m3). Around 40% of the volume traded by the seven
companies comes from ten municipalities only (Fig. 3). Among
these municipalities, Sant’Ana do Livramento and Rio Pardo in
Rio Grande do Sul—which export through Bianchini—show the
highest uWF values (3850 and 2480 m>/ton, respectively) while
Santa Barbara do Sul (Bianchini) and Claudia in Mato Grosso
(Cargill) have the highest drought probability (30%).

Results demonstrate that the agro-climatical heterogeneity
and the diverse rate of production make the water footprint of
companies at the municipality scale vary a lot and expose both
the companies and the importer country to specific climatic
threats. Indeed, Italy shows the highest uWF among importing
countries (1560 m3/ton), thus requiring more water per kilo-
gram of cultivated soy, because it imports primarily from
Bianchini (1790 m3/ton) and additionally from Gavilon
(1800 m3/ton). However, even though Bianchini is exposed to
a 26% of drought probability and COFCO (the second Italian
supplier) is exposed to a 25% of drought probability, Italy shows
a little lower climatic exposure to drought (around 23%), thanks
to its chance of sourcing from a heterogeneous basket of
companies. In other words, while companies can temper their
level of exposure by diversifying the municipalities they source
from, countries have an extra degree of freedom (and therefore
possibly less exposure) by being also able to diversify across
different companies.

VWT is increasing despite decreasing uWFs. The total VW flow
from the traced municipalities to the top-10 importers increased
from 43 billionm3 to about 100 billion m3 (+133%) over the
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Fig. 3 Tripartite network of the virtual water flows (m3) at the company's scale from Brazilian municipalities to Italy in 2018. The map reports the
unitary water footprint (UWF) at the company'’s scale over the Brazilian territory (layer 1). The links depart from the VW weighted barycenters of

production of each company and reach their range of uWFs (m3/ton) and their total exported volume (m3) (layer 2). A unique colour scale is used for each
company, the minimum and maximum values of uWF are shown in the first column and their VW export to Italy in the second column of layer 2. Finally,
each VW flow is connected to Italy (layer 3). The hierarchies of the companies are aggregated in the treemap, where the empty space accounts for rest of

the companies that trade to Italy.

period 2004-2018, due to both the establishment of 1230 new
connections and an intensification (+44%) of the average VW
flow traded over a single connection. Looking at the geography of
soybean producers (Fig. 4a), the production growth was domi-
nated by a process of extensification, with the appearance of 602
new municipalities (Fig. 4b), which were not active in the soybean
market in 2004. At the same time, our results show a significant
intensification of production over stable municipalities and a
consequent increment of water demand by 48 million m3
(Fig. 4¢). In particular, the municipality of Sorriso, the core of the
Brazilian soybean production in Mato Grosso, increased its VW
flow from 185 million m3 up to 2.3 billion m? (Fig. 4c). Notably,
the annual VW flow departing from Sorriso (Fig. 4a) and
reaching all top-ten study importers corresponds to nearly the
VW import of South Korea in 2018, sourcing 7 of the 9 dominant
companies (all except for Louis Dreyfus and Bianchini). Sorriso
increased its agricultural efficiency by 24% (reaching 3.7 ton/ha in
2018), thanks to the enhancement of soy crop yields in the last
decade. Indeed, despite the growth of VW flows, the average uWF
decreased by 40% on average—from 2566 to 1553 m3/ton—
thanks to a yield increasing from 2.2 to 3.3 ton/ha (+36%).
Among the new exporting municipalities, the top 30 ones
account in 2018 for 10% of the total traced VW flow, which
mostly departs from the Central region of Brazil (Fig. 4b). This
recent pattern of extensification should raise concern and boost
improved water management; in fact, this region results prone to
droughts (Supplementary Fig. 2) and to water stress, as has been
recently testified by e.g. GRACE satellites which registered in
2021 a terrestrial water depletion between 200 to 500 mm over
this Central region. Our results show also that on average TNCs
enlarged their VW flows and consolidated their dominance in the
Brazilian soy VW trade. However, new (COFCO) or smallest
(Gavilon) companies acquired more significance in the VW
export. COFCO, in 2018 is already the fifth VW exporter,
replacing Amaggi which instead decremented its VW export by
22% in 2018. In 2004 the largest VW flows were exported by

Bunge, Cargill, ADM, and Bianchini. Among them ADM, Cargill
and Bianchini show the most relevant variation; ADM and Cargill
tripled their VW export while Bianchini—which shows the
highest yield increment (4123%) and uWF decrement (—61%)
among the top 9 exporters—lowered its VW export by 22%. In
2004, it was the fourth VW exporter and in 2018 it was displaced
by Louis Dreyfus which, although showing a yield increment of
42% and a uWF decrement of 30%, in 2018 exported 7 times
more virtual water than in 2004. Overall, we observe an
intensification of many soy producers in climatically vulnerable
sites. In fact, VW flows newly originated from the North East
Cerrado at the intersection of Maranhdo, Tocantins, Piaui and
Bahia, which are some of the driest states in Brazil (Supplemen-
tary Fig. 2). Despite these patterns, the range of weighted drought
probability shifted from 19-29% (2004) to 21-24% (2018) for
importing countries (Supplementary Table 1) and from 14-35%
(2004) to 14-26% (2018) for companies (Supplementary Table 2).
The reason behind the average decrease in drought exposure lies
in the expansion toward less dry municipalities. Between 2004
and 2018 new VW flows departed from the cleared land in the
Amazon (from the state of Rondo6nia) while other flows
consolidated in the Western part of Cerrado, in Mato Grosso
(Fig. 4b and Supplementary Fig. 2). In the short term, the shift
has allowed a decrement in drought exposure. However, we
acknowledge that in the long term, the increased deforestation in
this biome and the related biodiversity loss may cause knock-on
effects on the hydrological regime and local water availability. The
virtual water network at study in the year 2004 is available in the
online repository https://doi.org/10.5281/zenodo.7334623. To
catch the magnitude of the soy water footprint increase in Brazil
between 2004 and 2018, we can compare it with that of coffee, an
important cash crop exported worldwide, which—differently
from soy—decreased its total WF by 16% from 2004 to 2016.
Indeed, despite coffee having an uWF (61101/kg) 3 times higher
than soy (18301/kg), in 2016 its production accounted for a 9.5
times lower WF volume (185 Gm? versus 1800 Gm3)14.
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Fig. 4 Virtual water export of soy toward top ten importing countries between 2004 and 2018. a Virtual water import (WF, m3) of production
associated with the primary and processed soy export departing from each municipality and directed to the top-10 importers in 2018. b New municipalities
involved in the virtual water export to the top-10 importers. These municipalities were not operating in 2004, but they become active during the period
2004-2018. ¢ Changes in the virtual water export between 2004 and 2018 over stable municipalities. Green (magenta) colours identify a decrease

(increase) in the virtual water export. The main rivers are also shown.

Discussion

Transnational corporations are emerging as critical players in
global water governance to enhance water use sustainability?!. In
this study, we highlight the role of TNC:s in the virtual water flows
connecting Brazil to the top 10 importers of soybean over the
period 2004-2018. We disentangle the 10 country-scale VW flows
typically analysed in the literature into 4429 sites—and company-
specific—flows handled by the top-9 traders in the global soy
market (Fig. 1 and Supplementary Fig. 1). This assessment sheds
light on the 1620 (1018) Brazilian municipalities where the top-
ten global importers of soy delocalize their water footprint (Fig. 1)
in 2018 (in 2004). We thus provide a novel and useful tool to
improve the supply chain sustainability governance?6:4%>0 in
terms of water use and stakeholders’ involvement!8 in the process
of enhancing water use sustainability. With this study, we
demonstrate that companies can take the lead in modifying and

improving the VW supply chain!?; e.g. in 2018, Bunge displaced
almost four times the VW volume imported by Thailand (4 Gm3),
and Louis Dreyfus displaced more than twice the VW of the
Netherlands (5 Gm?). Cargill (14 Gm3) and ADM (12 Gm3) are
the other dominant VW traders among the nine analysed in
this study.

Although governmental policies are essential?? to achieve
sustainable supply chains, our results show how countries are
necessarily subjected to companies when dealing with their out-
sourced pressure on (far) water resources. Companies’ choices
about where to buy soybean shape importers’ final water footprint
(Fig. 2). The puzzle of municipalities sourcing soybean to each
company is also a driver of the water risk—i.e. drought prob-
ability in this study—associated with their business and the whole
supply chain vulnerability. If, on the one hand, companies and
countries are already engaged in deforestation commitments, e.g.
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the Amsterdam Declarations Partnerships®!, on the other hand,
they face increasing drought occurrence3®*3 and, when they
succeed in preserving high-deforestation risk sites, they can still
incur in high water footprint (e.g. Gavilon vs Louis Dreyfus) or
drought occurrence (e.g. Amaggi vs Bianchini). This is also
confirmed by the IPCC 2022 final report that estimates Brazil as
highly vulnerable to drought due to a combination of social,
economic, and infrastructural factors®2. This issue should warn
both the TNCs operating in Brazil and the importing countries.
Estimates indicate that more than 44% of the EU agricultural
imports from the global market will become highly vulnerable to
drought in the future because of climate change®>. In particular,
the drought exposure of the EU agricultural imports from Brazil
will increase by 35% by 2050%3), thus showing the relevance of
better-targeted food reserves to cope with the climate
variability>.

Putting our study in the context of the UN Sustainable
Development Goals, we acknowledge that possible competition or
trade-offs can arise for companies and countries when simulta-
neously tackling diverse aspects of sustainability: e.g., actions for
land and biodiversity (SDG 15), climate (SDG 12), and water
conservation (SDG 6). We found that companies associated with
higher CO, emissions®> and biodiversity loss*® show lower uWF
(e.g, Amaggi, Cargill ADM—uWF of about 1400 m3/tons)
compared to companies operating in the Southernmost region
(e.g., Bianchini and Gavilon—uWF of about 1800 m>/tons). Inter-
dependencies between climate change, deforestation, droughts,
land-use change and biodiversity loss®”~¢0 should thus be con-
sidered together in future studies to provide TNCs with infor-
mation on the synergies and trade-offs associated with their
actions. Finally, competition for water use among different sectors
(especially in areas where irrigation, hydroelectric power gen-
eration, and household demand compete for the same water
supply, e.g. in the Rio Sao Francisco’s tributaries basins in Wes-
tern Bahia**) poses a further challenge for the Brazilian water
management, which should be considered.

To address this multi-target challenge of sustainable water
management, we propose a perspective corporate initiative
(summarized in Fig. 5), where TNCs are the pivotal node to
provide Science with detailed data to reconstruct high-
resolution VW trade and WF assessment. To accomplish this,
science should engage and connect companies and countries
through a collaborative process, mutual peer monitoring, and
increased fairness in the data declaration thanks to robust water
footprint assessment. Thanks to this assessment, on the one
hand, companies can protect their core activity from water risks
while reducing their pressure on water resources. On the other
hand, countries can take advantage of a more detailed water
footprint and risk assessment to optimize their total supply. In
this way, countries are capable to design more effective and
targeted water policies for both imports and domestic produc-
tion. This mutual collaboration additionally provides detailed
information for consumers (e.g. water footprint labels) that turn
into more sustainable patterns of consumption and active
societal awareness. We frame for each actor of the initiative the
main actions implementable and the main tools available,
thanks to the collaboration with another actor of the process
(Fig. 5). For example, Science receives detailed trade data from
TNCs, thus becoming able to assess their water footprint. In
return, TNCs receive useful data on the water risk and footprint
associated with their activity. With this information, TNCs can
lead the corporate initiative and promote sustainable targets
that in turn can boost governmental policies and societal
awareness. The actions applied and the tool provided by each
actor finally lead to the two key aims of the collaborative pro-
cess: the conservation of water resources and the security of

food supply chains, broadening the biosphere stewardship
initiative to water resources in the food system.

Our study offers a new perspective on water management and
provides new data and tools to develop solutions for water pre-
servation in the context of the complex sustainability framework
that companies and countries should embrace in a joint effort
with the need to put water at the heart of public and private
governance>Z.

Methods

Trade data sources and pre-processing

Countries selection from FAOSTAT. To select the major importing countries of
Brazilian soy in the time interval (2004-2018), we focused on the exchanged tons of
primary soybean, soybean oil and soybean cake exported by Brazil between 2004
and 2018, from the FAO import-export detailed matrices®!. We transformed each
secondary item (soybean oil and soybean cake) flows into its primary soy
equivalent—according to available conversion factors®? (Supplementary Table 3)—
in order to properly sum the export of the three items. We then cumulated the total
imported tons for each importing country from 2004 to 2018 (once transformed
into equivalent soybean tons) and we obtained the top-ten importers over these
years, i.e. China, Netherlands, Spain, France, Thailand, Germany, South Korea,
Iran, Italy and United Kingdom.

Sub-national and TNC'’s trade data from TRASE. To focus on the major TNCs
which handle the soy flows of top importing countries, we sourced high spatial
resolution data of production and harvested areas at the sub-national scale—where
municipalities are related to exporter hubs, traders, and importer countries—from
the Trase initiative database?’, developed for tracking the supply chains of com-
modities exposed to deforestation risk®3. From this dataset, we selected the Bra-
zilian soy export between 2004 and 2018 of the ten previously selected countries.
We obtained trade matrices reporting, for each country, the municipalities along
the rows and the trading companies along the columns. Over the 297 companies
trading Brazilian soybean toward the ten selected countries, we considered the
major nine, which cover at least 80% of the trade of each country at study. For each
selected country, we organized from the Trase dataset a trade matrix M, (i, comp),
where c is the importing country in the year ¢, i is the producing municipality and
comp the TNC handling the export. The matrix M is organized as follows: the
municipalities involved in the production (identified by their geographical code)
are reported in the rows while the columns refer to companies. Moreover, we
organized a comprehensive vector of geographical codes G(t), a vector of harvested
areas A1), a vector of produced soy equivalent tonnes Ty(t), where i is a producer
municipality in the study year ¢ (respectively, 2004 and 2018). Finally, the muni-
cipalities’ longitudes and latitudes were collected in corresponding vectors.

Comparative analysis. We compare the imported tons of major importing countries
at study reported by FAO®! and by the Trase for the period 2004-2018. Since the
comparison between FAO and TRASE data is assessed for each country one by one,
the dimension of the sample is unitary (the single import of a country ¢ in a year ¢
recorded by FAO, Ty, OF Trase, Trpase,r). Assuming that the mean of Tg,o ., is
the reference value recorded by Trase Tryase» the squared deviation sfmdevcv[
associated with the import of a country ¢ in a year f reads as:

2 2
Sirade.ct = (Thaoct = TTrasect) 1)

being:

— 2 — 2
Otrade,c,t — \/strade.c.t - \/(TFao.cJ - TTrznse,c,t) (2)

We are able to define the variation between the two trade datasets for each
country ¢ in a year t by means of a coefficient of variation CV g, for each year ¢
between 2004 and 2018, namely:

2
4 (Traocs = Trrasec) [(Tra0.c6 = Trrasesc)| (3)
trade,ct = = T. =
Trase,c,t Trase,c,t

CV,

TTrase,c,t

We perform the analysis for every year from 2004 to 2018 for each of the 10
importing countries at study, as reported in Supplementary Fig. 6.
We then calculate the mean CV,,q¢, in the time interval for each country as:

Years
cv _ =1 CVtrade.c.[ ) TFaom,t (4)
trade,c —

Years
t=1 TFao.c.t

where Years is the number of years between 2004 and 2018.
We then find an overall mean weighted variation (CV,q¢) between the two
dataset from 2004 to 2018 considering the ten importing countries of 5%,
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Fig. 5 A water stewardship perspective to sustain the conservation of water resources and secure food supply chains. Inter-relations between science,
TNCs, countries and society to synergically sustain the conservation of water resources and secure food supply chains. We frame for each actor the main
actions implementable and the main tools available, thanks to the collaboration with another actor of the initiative. For example, Science receives detailed
trade data from TNCs, thus assessing their water footprint. In return, TNCs receive useful data on the water risk associated to their activity. With this
information, TNCs can lead the corporate initiative and promote sustainable targets that in turn can boost governmental policies and societal awareness.
Considering the larger amount of virtual water displaced on average by single TNCs with respect to single countries, and their transnational operational
range, TNCs are identified as the pivotal layer in the virtual water trade that can broaden the biosphere stewardship initiative to water resources in the food

system.

calculated as:

C
Ec:l CV(rade,c ) TFao,c
C
z:::1 TFao.c

Where C is the total number of importing countries at study.

Cvlradc = (5)

Evaluation of soy uWF. In the present study, the uWF of soy, uWF, in a generic
producer municipality i in year ¢ is defined as the ratio between the total volume of
water evapotranspired during the growing season in year f, ETA(f) (mm), and the
crop actual yield Y(¢); namely:

uWF;(t) =10 -

ETA,(t) [m3] ©)

Y() |ton

ton
where the factor 10 converts the evapotranspired water height expressed in mm
into a water volume per land surface expressed in m3/ha. Depending on agri-
cultural practices, climate and soil properties, the crop evapotranspires green (i.e.
precipitation water stored in the (top of) soil and vegetation) and blue (i.e. irri-
gation water withdrawn from surface and ground water bodies) water. In this
study, we assess both green and blue actual evapotranspiration, in both rainfed or
irrigated conditions, obtaining both blue and green uWF; (Supplementary Fig. 7).
The total uWF in a generic producer municipality i in a year t is calculated as the
sum of the green and blue components:

UWE(t) = uWF (£) + uWE? (1) [g] (7)

Crop actual yield. We calculate the crop actual yield Y(f) in a given year at the

municipality scale, (ton/ha) as:
ton
[a) ®

where T is the total soybean production at the municipality scale and A is the total
(rainfed plus irrigated) harvested area.

T.
V0 =30

Crop evapotranspiration. The model described in the following is run at a pixel
level, with a spatial resolution of 5 x 5 arc min; gridded values are then aggregated

at the municipality scale to determine the actual evapotranspiration ETA in a
producer municipality i over a year t.

The ETA of a crop in a year t is the water evapotranspired by the crop in non-
standard conditions (diseases and water stress can occur during the growth). It is
calculated as the sum over the year of the ETA in one or more growing seasons
(i.e., ETA1Gp). The ETA;Gp is obtained by summing up over the length of the
growing periods (LGP) the daily actual evapotranspiration, ETA; (mm/d), i..,

LGP mm
ETALe = 2 ETA, [@] ©

with j indicating the day of the growing period. LGP is delimited by the planting
and harvesting dates taken from Portmann et al.%%. Following the well-established
procedure introduced by Allen et al.%>, we estimate the daily evapotranspiration
ETA;j as:
mm
ETA, = ETO, - k,; -k, [T] (10)

where ETO; is the daily reference evapotranspiration (mm/d) from a hypothetical
well-watered grass surface with fixed crop height, albedo and canopy resistance, k.
is the daily crop coefficient, and k; is the daily water stress coefficient depending
on the available soil water content, with a value between 0 (maximum water stress)
and 1 (no water stress). The ETO quantifies the reference evapotranspiration,
depending only on climate conditions such as temperature, humidity, solar
radiation and wind velocity. Gridded monthly long-term average reference
evapotranspiration data ET0,, at 10 x 10 arc min resolution are sourced by Version
4 of the CRU TS climate dataset®. These data are converted to 5 x 5 arc min data
by subdividing each grid cell into four square elements and assigning them the
corresponding 10 x 10 arc values. Daily ETO; values are determined through a
linear interpolation of monthly climatic data and attributing the monthly ET0,),
value to the middle of the month®’. The crop coefficient, k., is the percentage of
evapotranspiration of the specific crop, with respect to the ET0 of the standard
surface. It depends on crop characteristics and, to a limited extent, on climate. It is
influenced by crop height, albedo, canopy resistance, and evaporation from bare
soil. During the growing period, k.; varies with a characteristic shape divided into
four growing stages (I: initial phase, II: development stage, III: midseason, and IV:
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late season) of I, Iy, Iy, and Iy days length, respectively, that reads

kein j €1 stage
j ke grage
k= J=h . 11)
J ke mid j € II stage
R S
j- ]71“ Iu*;:u j € 1V stage

We use values from Allen et al.% for the constants ki, kcmia> and k.. 5 while the
length of each stage, I, is calculated as a fraction, p, of the length of the growing
period (I = ps - LGP); py is defined for each stage (with st =1-IV) according to
Mekonnen and Hoekstra%, whose study provides specific values of p for different
climatic regions. Lengths are rounded to the nearest integer and stage I is adjusted
to guarantee the exact length of the growing period.

Since the daily k;; in Eq. (10) is different in rainfed or irrigated conditions, as
well as the ETO; (i.e. the growing period can have different planting dates in rainfed
and irrigated conditions), we assess the daily ETA; (green or blue), calculated with
Eq. (10), in the two production types.

In rainfed conditions the total actual evapotranspiration ETA accounts only
for the green water component ETA$, being by definition ETA% = 0. It depends on
the soil moisture concentration, whose indicator is the water stress coefficient, k, ;:

ETAg = ET} =k - (12)

When rainfed, k; varies as a function of soil moisture content, the field capacity

and the rooting depth. To compute k,; daily value in rainfed conditions we follow
the methodology detailed in Tuninetti et al.”. In the irrigated scenario water stress

is avoided, thus k,;= 1. The ETA$ is calculated as in rainfed conditions, following
Eq. (10). Note that ETA} differs from ETA§ due to the different rooting depths.
Indeed, rainfed crops tend to go deeper to exploit as much water as possible. Then,

the ETAD is evaluated as the amount of irrigation water required to fill the lack of
rainfall:

ETC

ETA? = ETc — ET$ (13)

The overall evapotranspiration of green and blue water from a pixel, ETAf .,
and ETAD,, is the weighted mean of the rainfed and irrigated evapotranspiration:

ET} gp - Ar + ETf 6p - 4

ETA%., = (14
LGP A A,
ET? - A

ETAP . — —LLGP 71 (15)
LGP A A,

where weights, Ag and Ay, are the crop-specific harvested areas distinguished
between rainfed and irrigated production, For soy cultivation, according to
Portman et al., we considered one growing period in a year ¢. The total ETA(¢) in a
can be thus calculated as:

ETA(t) = ETA%(t) + ETA®(¢) (16)

We run the model for the evaluation of ETA for both the years 2004 and 2018. We
source global monthly irrigated and rainfed crop areas (Ar and Aj) for 2004 from the
MIRCA2000 dataset®* calibrated around the year 2000; for 2018 from the irrigated
areas provided by MapSPAM®, which refers to the year 2010. The yearly gridded
values of ETAS(t), ETAY(f), and total ETA(f) obtained with Eq. (9) are spatially
averaged and re-gridded at the municipality scale to obtain the actual ETA(2004) and
ETA(2018). The green uWF(¢) and blue uWF?(t) in a generic producer
municipality i in 2004 and 2018 are then calculated from Eq. (6), and the total
uWEF(#) eventually as the sum of green and blue components as in Eq. (7). In the
exporting municipalities where the estimates of ETA;(2004) and ETA,(2018) were
missed due to missing data on the irrigated and/or rainfed area or planting/harvesting
dates, we estimated the ETA$(t) and ETA?(t) for 2004 and 2018 by associating the
missing data with the ETA$(¢) and the ETA}’(!) of the closest municipality.

Exposure to drought events. To assess the climatic exposure of each exporting
municipality i to drought, we calculate the probability of drought occurrence P; by
evaluating the frequency of a moderate to extreme dry anomaly occurring between
January 1958 and December 2018 identified by the monthly self-calibrating Palmer
Drought Severity Index (scPDSI)7%; namely:

M
P Y1 ©(scPDSI; ) a7)
1 M )
with:
1 if scPDSL;,
0 if scPDSI;,,

<=2

(18)

O(scPDSI,; ) = { > _3
where scPDSI; ,, is the value of the scPDSI index in the i-th municipality in the m-
th month between January 1958 and December 2018 and M is the total number of
months within this period.

The scPDSI involves a classification of relative soil moisture conditions within
11 categories, which range from —4 (extremely dry) to +4 (extremely wet). The
scPDSI index has been chosen because it is consistent with the climatic data of our
study both in terms of methodology and data sources. In fact, it is based on a
water-demand balance calculated using a water-budget system which involves local
soil characteristics and historical records of precipitation and potential
evapotranspiration (assessed as well by mean of the Penman-Monteith equation),
which are the main input data for the water footprint assessment®. Moreover,
climatic data are sourced from the CRU dataset®®, consistently with our study. To
assess the probability of drought associable with the VW import of a country or the
VW export of a company (Supplementary Tables 2 and 3), the P; from Eq. (17) of
each municipality has been weighted with the volume of VW trade corresponding
to the import country or the exporting company sourcing from the municipality i,
over the VW volume of the related import or export.

Sub-national VWT of countries and companies. Once assessed the uWF,(¢) for
each producer municipality through Egs. (6) and (7), the VWT data were orga-
nized in a 3D matrix specific for a single year, as:

VWT (t) =uWEF(t)- T; (19)
where i identifies the municipality, comp stands for the company which handles
the flow, and c is the importer country. The virtual water import of a single country

from a specific municipality reads

i,comp,c i,comp, c( )

VWIT ) = S vwT, compe(®)

comp=1

(20)

where K is the total number of active companies trading virtual water for the
country ¢. The VW import of a single country from all the municipalities it sources
from reads

VWTPor(y) = Z ZVWT

comp=1 i=1

i,comp, c( ) (21)
where I is the total number of exporting municipalities toward the importing
country c. Analogously:

(22)

i,comp

C
VW () = 2 VW, (o, (1),

where C is the total number of importing countries for an exporting company
comp. The total VW export of a company reads

Z ZVWT

c=li=1

VWTeport (f) (23)

comp i,comp, c( )
Among all companies (297 in 2018), we focused on the nine dominant TNCs
which covered at least 80% of the total import (in tons, ref. 27) of the top-ten
importer countries in 2018 and analyse their VWT also in 2004.

Weighted barycenters. Each importer country relies on a different basket of com-
panies and sourcing municipalities, thus exhibiting a unique supply-chain network.
To assess the average geographical production core sourcing each importer, we

evaluate a weighted barycenter specific to each exporting company. For instance, in
the case of Italy, we identify seven barycenters, one per each company. Hence, the

country- and company-specific barycenters coordinates (b3, .()) read

i 10ﬂg,(f) VWT,; comp, c(t)

b = 24
comp t( L —1 VWT;, comp, RG] @y
1 t;(t) - VWT;
b}clomp c(t) = : ( ) orh C( ) ) (25)
' —1 VWT;, comp, (5

where VWT; comp, Values are the weights used to obtain the average coordinates
and represent the virtual water flow departing from each municipality i, handled by
company comp, and reaching country c. We repeat this procedure for each com-
pany and country.

To find a unique barycenter for each country (b}”), we average the company-
specific barycenters, determined with Eq. (24), using the total virtual water trade
handled by the company toward the study country as weight, namely

fomp:l {bfomp,c(t) : Z5:1 VWTi.comp,:(t)}
Zfcomp:l Zf:l VWTi‘comp‘c(t)

bt = (26)

Z:f;Jmp— [ comp, c(t) ZII— VWTt ,comp, c(t)]
Zcomp 1 Z VWTx comp, c( )

b(t) = (27)
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Finally, we adopt the same approach as in Egs. (26) and (27) to find out a
unique barycenter for each company, namely

e [biomp.c(t) Tiny VWTi,c(t)]

b = (28)
? ZCC:I E}:l VWT; comp.(t)
f* b}c/om c(t) : Z}* VWT: com| (t)
Blomp(®) = o 0 2L VW ]. (29)

YC S VWT, )

i,comp,c

Error analysis. The error on the uWF estimate and on the VWT assessment
depends on the uncertainty related to their main components: yield (Y), actual
evapotranspiration (ETA) and trade (T) according to their relations (see Egs. (6)
and (19)).

Propagation of the uncertainty to the uWF. According to the theory of error
propagation, the uncertainty of the uWF reads as:
2 (duy? | 2 auy? 2 12 2 L El
gave = (1) o+ () 0¥ =7 ok + 30}
=Bl g
Y ET;

(30)

2 2
+5 = U (CV +CV})

where the subscript 0 identifies the mean value.
Thus, being by definition:

V2 = T (31)
uWF — UZ
0

From Eq. (30), we obtain:

CV2yp = /CV2 4+ CV3 (32)

Evaluation of the error of actual evapotranspiration estimates and yield. We per-
form a comparative analysis between the yield Yi(¢) and the actual evapotan-
spiration ETA,(t) estimated in our study at the municipality scale (in the following
indicated as the generic variable x;(f)) with respect to reference data in the lit-
erature (indicated as x;.((t)) for a specific year t within the period of study
(2004-2018). The squared deviation s?; of our estimate x; from the reference value

(xre) at the municipality scale reads as:

S;Zm‘ =(x; — xi,ref)z (33)

and the standard deviation is:

Oyi = Ve = /(6 — Xi.ref)2 (34)

we obtain:

2
v =9 _ (% = % ref) _ [(x; = % rep) (35)

X0
ref Xiref Xiref

We then calculate the mean CV, over traced municipalities in the reference year
t, as:

M
Cv, = # (36)
Yo T
where M is the total number of traced municipalities and T(t) are the traded soy
volumes for each municipality i in the year t.

The yield data provided by TRASE (Y;) are compared with the values provided
by the SPAM2010 dataset®® (Y;,.s), while actual evapotranspiration estimates
obtained in this study (ET;) have been compared with the estimates provided by
the WATNEEDS model”! (ET; ). To perform the analyses, gridded values at the
pixel level both by SPAM2010 and WATNEEDS are averaged at the scale of
municipality i.

Since SPAM2010 is centred in 2010, we compare the SPAM yields with our
estimation Y;(2010) for 2010. The WATNEEDS model provides estimates for soy
evapotranspiration for the years 2000 and 2016, thus we perform the error analysis
with respect to the year 2016, referring to ET;(2016), which is the year that
intersects our period of study 2004-2018. For the year 2016, we weigh the irrigated
and rainfed components of the evaporation estimates of green and blue water—
both for our and the WATNEEDS model—with the rainfed and irrigated areas
provided by SPAM2010% as in Eqs. (14) and (15).

We find good agreement between our estimates and reference data for yield
obtaining a CVy equal to 8%, while we find a CVgr equal to 15% for soy
evapotranspiration estimates. The cumulated relative frequency curves
(Supplementary Fig. 8) show that, over the traced municipalities, we obtain for the
50% of them a CVy; less than 5% referring to the year 2010 and a CVgr,; less than
15% referring to the year 2016.

Finally, considering Eq. (32), a CV,wr equal to 17% is obtained for the uWF.

Table 1 Uncertainty of: yield (CVy), evapotranspiration
(CVEr), unit water footprint (CV,we), traded tons (CVy),
and traded virtual water volume (CVywt) estimates.

CVy CVer
8% 15%

CVuwr Cvy
17% 5%

CVywr
18%

Propagation of the uncertainty to the VWT. We propagate the uncertainty to the
VWT (Eq. (19)) according to:
Oy = WWE2 - 02 + T2 - ghyyp = UWE2 - T3 - CV3 + T2 - uWE} - CV2 (37)

u

which becomes:
CViwr = CVE 4+ CViyg (38)

where CVr is calculated with Eq. (4) and CVwr with Eq. (32).

We finally find a CVyyyr of 18%.

We summarize in Table 1 the uncertainty of each component of the VWT
analysis. We find that overall the differences obtained, given the context, the type of
data, and the complex nature of the variables involved (especially for the estimate
of the actual evapotranspiration) are to be considered small. Therefore, the error
and comparative analyses performed give strength to what is presented and
discussed in the paper.

We contacted the nine TNCs considered in this study (ADM, Amaggi,
Bianchini S.A, Bunge, Cargill, COFCO, Gavilon, Glencore and Louis Dreyfus) for
comment about our findings. We received a response from Cargill, who have
pointed us to their ESG report’? acknowledging their role in water stewardship.

Data availability

All the input data used in this study are from publicly available sources. Country data on
bilateral trade matrices are available from the FAOSTAT Data Statistics (http://www.fao.
org/faostat/en/#data). Site- and company-specific trade data are available from the
TRASE dataset (https://www.trase.earth/). The global self-calibrated Palmer Index (1901-
2021 using preliminary CRU TS 4.06, 0.5° lat-lon resolution) is available at https://
crudata.uea.ac.uk/cru/data/drought/. The dataset generated in the current study is
available at https://doi.org/10.5281/zenodo.7334623.

Code availability
The codes developed for the analyses and to generate results are available from the
corresponding author on reasonable request.
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