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Telecoupled impacts of the Russia–Ukraine 
war on global cropland expansion and 
biodiversity

Li Chai    1,2,3 , Ao Liu    2, Xuecao Li    4, Zhenshan Guo5, Wanru He4, 
Jianxi Huang    4, Tiecheng Bai6 & Jianguo Liu    7 

The Russia–Ukraine War is impacting global food systems, which may 
trigger global cropland expansion and consequently lead to biodiversity loss 
far from war zones. To quantify such impacts on biodiversity, we simulated the 
global cropland expansion provoked by the reshaping of international virtual 
cropland flows under different war scenarios and conducted a biodiversity 
impact assessment. The results indicate that, in the baseline situation  
(33.57% reduction in Ukraine’s exports), the war would result in an additional 
8.48 Mha of cropland expansion compared with the ‘no war’ scenario.  
This cropland expansion would impact biodiversity most in countries 
such as the United States, Spain, France, India and Brazil. The cessation of 
Russia’s participation in the Black Sea Grain Initiative would lead to a doubling 
of cropland expansion and biodiversity loss compared with the baseline 
situation. If the conflict deteriorates further, that is, no exports from Russia  
and Ukraine, cropland expansion and biodiversity loss would increase by up to 
2.9 and ∼4.5 times, respectively. These findings highlight the need for proactive 
measures to mitigate the impact of this war on biodiversity and suggest that 
actions to implement the post-2020 Global Biodiversity Framework should 
take into account the potential impacts of conflicts on biodiversity.

Since the onset of the full-scale Russian invasion of Ukraine in February 
2022, the Russia–Ukraine war has relentlessly disrupted agricultural 
production in Ukraine1, a major exporter of oilseeds and cereals. At 
the same time, most Ukrainian ports have been affected by armed 
conflict, including its largest port, Odesa. These factors have resulted 
in a sharp reduction in Ukraine’s agricultural exports2. Russia’s agri-
cultural system has also been disrupted due to international sanctions 
imposed on seeds. For national food security reasons, Russia has also 
imposed a partial ban on its agricultural exports. The export reduc-
tion by Ukraine and Russia, the world’s major exporters of grain and 

oilseed crops, has substantially impacted the international agricultural 
market3,4. In addition, as panic has increased, a number of nations have 
restricted their agricultural exports, exacerbating reverse globaliza-
tion2. The imbalance between supply and demand has led to soaring 
prices of agricultural products4. To stabilize domestic food prices, 
many countries may expand agricultural land to narrow gaps between 
domestic supply and demand5.

Cropland, expanding globally by 5 Mha yr−1 (ref. 6), drives habi-
tat conversion and degradation, contributing to worldwide biodi-
versity declines. Agricultural expansion accounts for a 30% drop 
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the Food and Agriculture Organization (FAO)23 and Multi-Regional 
Input-Output (MRIO) tables24. In 2018–2020 (the latest 3 years for 
which data are available23), Ukraine exported 64.26 million tonnes of 
crops and products annually (Fig. 2a), including wheat (29%), oilseeds 
and oils (19%), other cereals (50%) and other crops (2%). There was 
20.41 Mha of virtual cropland embodied in these agricultural exports 
(Fig. 2a). Oilseeds and oils exports contributed the most virtual crop-
land (7.90 Mha), followed by other cereals (6.20 Mha), wheat (5.73 Mha) 
and other crops (0.58 Mha). Countries in West Asia and Europe, such as 
Israel and Spain, were the major importers of Ukraine’s virtual cropland 
before the war (Supplementary Figs. 1 and 2).

Russia’s invasion has greatly disturbed Ukraine’s agricultural 
production and exports. According to estimates from the Ministry 
of Agrarian Policy and Food of Ukraine (MAPFU), the country’s 2022 
agricultural exports fell by 33.57% compared with the ‘no war’ scenario 
(2018–2020) due to the Russian invasion25. The impact of the decrease 
can largely reshape global food trade over time and change the associ-
ated patterns of international virtual cropland flows. We employed the 
GTAP model to simulate how international virtual cropland flows would 
change compared with the ‘no war’ scenario.

Among Ukraine’s trading partners, Israel would enlarge its 
imports (0.58 Mha) from other countries the most, followed by Leb-
anon (0.28 Mha), South Korea (0.27 Mha), Georgia (0.20 Mha) and 
Turkmenistan (0.14 Mha), as shown in Fig. 2b. These countries are 
either short of water and arable land (for example, Israel) or low in crop 
productivity (for example, Lebanon), resulting in a heavy reliance on 
cereals imports. After the outbreak of the Russia–Ukraine war, their 
choice to purchase cereals from other countries at high prices rather 
than expand domestic production can be explained by the theory of 
comparative advantage.

Among the competitors of Ukraine’s agriculture, Russia would 
increase exports the most (1.33 Mha), followed by the United States 
(0.67 Mha), Australia (0.60 Mha), Canada (0.46 Mha), Brazil (0.44 Mha) 
and Argentina (0.30 Mha), as shown in Fig. 2b. These countries were the 
top net exporters of virtual cropland embodied in oilseeds and cereals 
(Supplementary Fig. 3). Driven by high prices of agricultural products, 
these countries are prone to cropland expansion9,10.

in biodiversity within the Amazon and Afrotropics7. Rapidly rising 
prices for agricultural products may increase the incentive for farm-
ers to expand agricultural land by blindly encroaching on ecological 
land8,9. During the high maize prices of 2007–2012, the United States 
experienced an accelerated cropland expansion at high costs to wild-
life10. Such large-scale global land transformation could lead to severe 
biodiversity loss even in biodiversity hotspots11–13. The Russia–Ukraine 
war has resulted in a rapid increase in food price14,15 and thereby may 
accelerate cropland expansion, posing an added threat to global 
biodiversity16. For instance, Europe has set out to convert fallow land 
with biodiversity restoration functions for agricultural production16,17. 
Rushed changes to land-use policy made in Europe in response to the 
Russia–Ukraine war have been argued to threaten European biodiver-
sity17. According to the modelling in ref. 18, the Russia–Ukraine war 
would boost agricultural production in many countries worldwide, 
including the United States, Brazil, China and India. Alarmingly, much 
of the modelled agricultural expansion is centred in the tropics18, 
where biodiversity is notably vulnerable to land conversion. However, 
it remains uncertain how severely global biodiversity would be threat-
ened under different scenarios and which countries would potentially 
suffer heightened risks of biodiversity loss.

Here, to provide a context for the impact of the war, we first ana-
lysed virtual cropland flows (that is, land used to produce crops that 
were exported) before the war. We also applied the widely used Global 
Trade Analysis Project (GTAP) model19,20 to simulate the impact of the 
Russia–Ukraine war on global cropland use. The GTAP model, as a 
comparative static analysis approach, allowed us to isolate the effect of 
the war. We then simulated the spatial expansion of cropland induced 
by the war and assessed the associated biodiversity loss, including 
regional species loss and global species extinction. Four scenarios 
were designed in this study to examine the impacts under different war 
situations, including Sbaseline (the baseline situation with 33.75% export 
reduction from Ukraine), SBlackSea (81.75% export reduction from Ukraine 
if the Black Sea is blockaded), SNoExport (no exports from Ukraine) and 
Sworst (the worst situation with no exports from Ukraine and Russia). 
Our study provides presumably the first quantitative assessment of 
the severity of potential biodiversity loss at the country level under 
different scenarios of the Russia–Ukraine war. The results from this 
study can help expand and advance the post-2020 Global Biodiversity 
Framework by incorporating the biodiversity impacts of war into rel-
evant plans and actions.

Food trade and virtual cropland flows reshaped 
by the war
Figure 1 shows the cascading mechanisms by which the war could 
influence cropland expansion and biodiversity in the regions distant 
from the conflict zones, a type of telecoupled impacts21,22. Receiving 
war shocks (that is, reduced export from Ukraine), Ukraine’s trading 
partners (partner countries in Fig. 1) would suffer a direct hit from the 
declined supply of foods (and virtual land) from Ukraine. To combat 
the shocks, in addition to expanding domestic agricultural produc-
tion, these countries would need to increase their share of imports 
from other countries to fill the gap caused by the reduced supply from 
Ukraine. As a result, global agricultural prices will rise in line with the 
increased demand for imports from partner countries (Supplementary 
Data). Global wheat prices have skyrocketed by 60% since Russia’s inva-
sion of Ukraine14,15. The elevated prices would reduce food consump-
tion, exacerbating hunger in partner countries. Moreover, high prices 
could also motivate exports from Ukraine’s agricultural competitors 
(competing countries in Fig. 1) such as the United States and Brazil, 
resulting in potential risks to cropland expansion and biodiversity loss. 
The reshaped food trade and virtual cropland land flows would cause 
global cropland expansion and biodiversity loss.

We investigated Ukraine’s foods and virtual cropland exports 
before the war, that is, in a ‘no war’ scenario, on the basis of data from 
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Fig. 1 | Mechanism diagram. Cascading mechanisms by which war affects 
cropland expansion and global biodiversity.
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Global cropland expansion
Changes in the international flows of food (and virtual cropland) 
would lead to a global cropland expansion. According to our simula-
tions, in the baseline situation (33.57% reduction in Ukrainian exports), 
the Russia–Ukraine war would cause a global cropland expansion of 
8.48 Mha.

We conducted a spatial simulation of global cropland expansion at 
1 km resolution (Fig. 3a) and aggregated the results into ecoregion level 
(Fig. 3b). The expansion would occur mainly in the producing regions 
of cereals and oilseeds, including North America (the North American 
Prairie), South America (the Pampas and the Cerrado), Europe (the 
Mediterranean Basin, the Danubian Plains, the Massif Central and 
the East European Plain), Asia (the West Siberian Plain, the North-
east China Plain, the Malwa Plateau and Java Island) and Oceania (the 
Murray–Darling Basin). These areas are susceptible to profit-driven 
cropland expansion when the prices of cereals and oilseeds increase 
as a result of reduced exports from Ukraine. Some of these areas are 
biodiversity hotspots, such as the Cerrado, the Mediterranean Basin 
and Java Island. These hotspots all face a conflict between biodiversity 
and agricultural expansion11,26,27, a conflict that will be exacerbated by 
the Russia–Ukraine war.

Globally, cropland expansion would mainly occur on grassland 
(82.60%) and forest (17.07%), with limited expansion on wetland (0.20%) 
and bareland (0.13%), as shown in Fig. 3c. Most cropland expansion 
(65.45%) would occur in the top 10 countries (Fig. 3d), including Russia 
(1.40 Mha), the United States (0.94 Mha), Australia (0.62 Mha), Canada 
(0.49 Mha), Brazil (0.45 Mha), Spain (0.43 Mha), France (0.41 Mha), 
Argentina (0.30 Mha), India (0.30 Mha) and Romania (0.21 Mha). Crop-
land in the United States has been reported to be expanding rapidly at 
an average rate of ∼1 Mha annually10, posing a serious threat to wildlife. 
Our simulation shows that the United States would expand its cropland 
by at least a further 0.94 Mha owing to the Russia–Ukraine war, which 
will in turn be more threatening to biodiversity. If the circumstances 
of the war worsen, for example, if the Black Sea Grain Initiative (BSGI) 
does not proceed, or if Russian exports are also curbed, the expansion 
of cropland in the United States would be even more severe.

Global biodiversity loss
Land transformation, that is, converting from natural habitats to 
cropland, would result in a potential risk of biodiversity loss. Once 
natural land is converted to cropland, it would take a long period for 

ecosystem quality28 and biodiversity29 to recover. Thus, the biodiver-
sity loss assessed in this study is an aggregated impact spanning the 
regeneration period30, with units of species*year, similar to previous 
relevant studies29,31. This study assesses biodiversity loss at two scales, 
namely, regional species loss and global species extinction. Regional 
species loss is defined as the regional extinction of non-endemic spe-
cies and is therefore potentially reversible if individuals of the species 
from other regions move into the region of interest29,31,32. If a species is 
endemic to the region, its regional loss will be permanent, that is, global 
extinction29,31,32. Globally, it is projected that there will be a regional 
species loss of up to 31,396 species*years and a global species extinc-
tion of 486 species*years attributable to cropland expansion due to 
the Russia–Ukraine war (Fig. 4).

As shown in Fig. 4a, the loss of regional biodiversity is projected to 
occur predominantly among birds at 62.97%, while mammals, reptiles 
and amphibians would account for 21.42%, 9.83% and 5.78%, respec-
tively, at the global level. In contrast to the regional species losses, 
the four taxa would be more evenly affected in terms of global spe-
cies extinction (Fig. 4b), with 22.31%, 25.63%, 21.15% and 30.91% of the 
extinctions occurring in birds, mammals, reptiles and amphibians, 
respectively.

Figure 4c illustrates the geographical distribution of regional 
species losses. Overall, the distribution would be concentrated, with 
the top 10 countries that would suffer the largest losses account-
ing for 61.17% of the total global losses. The red part of Fig. 4c shows 
the top three countries in terms of regional species losses, namely, 
the United States (4,794 species*years or 15.27% globally), Spain  
(2,899 species*years) and France (2,037 species*years).

Figure 4d shows the geographical distribution of species 
extinctions globally, with the top 10 countries that would suffer 
the largest extinctions accounting for 59.42% of total global extinc-
tions. The three most affected countries are shown in red in Fig. 4d. 
The United States would still be most affected with an extinction 
impact of 64 species*years or 13.26% of the world, followed by Spain  
(44 species*years) and India (43 species*years). Notably, due to the 
high-endemism richness of Mesoamerica, South America and South-
east Asia12,33, species extinctions in these regions are projected to be 
more pronounced than regional species losses in these countries. For 
example, our results show a remarkable shift in rankings when compar-
ing regional species loss to global species extinction. Mexico, originally 
19th in regional species loss, jumps to 11th in global species extinction. 
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Fig. 2 | Impacts of the war on international virtual cropland flows. a, Food exports and virtual cropland outflows from Ukraine before the war (the average of 
2018–2020). b, Increased imports or exports of virtual cropland among the countries outside the war zones.
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Similarly, Argentina jumps from 18th to 9th, Brazil from 12th to 4th, the 
Philippines from 35th to 14th and Malaysia from 24th to 15th.

It is important to note that biodiversity loss is determined by 
cropland expansion, characterization factors (Supplementary Fig. 4) 
and species richness. Some countries, such as Russia and Canada, are 
ranked 8th and 24th in global species extinction despite their large 
cropland expansion (ranked 1st and 4th, respectively), by virtue of 
their low species richness. Despite the Cerrado (Brazil) and the Pampas 
(Argentina) boasting higher species densities than the North Ameri-
can Prairie (the United States), the biodiversity losses of Brazil and 
Argentina are less than those of the United States due to two primary 
factors: (1) With increased conversion of natural habitat, the marginal 
loss of biodiversity would be more substantial29,31. In contrast to the 
Cerrado and the Pampas, the North American Prairie has undergone 
a greater degree of habitat conversion for cropland use, resulting in 
a larger marginal characterization factor for biodiversity loss (Sup-
plementary Fig. 4). (2) The characterization factor for biodiversity 

loss resulting from land transformation is contingent upon species 
recovery time. According to previous studies29,34, the recovery time 
in the North American Prairie is approximately fourfold of that in the 
Cerrado and the Pampas.

Scenario analysis
We performed scenario analysis to examine the impacts of conflict 
escalation on global cropland expansion and biodiversity loss, as shown 
in Table 1. The spatial simulation results of global cropland expansion 
under different scenarios are shown in Supplementary Fig. 5. With the 
help of the United Nations and Turkey, Russia and Ukraine signed the 
BSGI35 to allow Ukraine to ship its agricultural exports through the 
ports on the Black Sea in July 2022. Grain prices are highly sensitive to 
the BSGI. The signing of BSGI led to a drop of more than 50% from the 
historically high wheat prices in March 2022.

In the baseline situation (Sbaseline), exports from Ukraine are reduced 
by 33.57% as consequences of disturbed agricultural production in 
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Ukraine but with Russia’s participation in BSGI. This would result in 
a cropland expansion of 8.48 Mha, a regional species loss of 31,396 
species*years and a global species extinction of 486 species*years.

As the war worsened, Russia announced its withdrawal from the 
BSGI in July 2023, leading to a 9% surge in wheat prices. The renewal and 
consistent implementation of the BSGI remain shrouded in uncertainty. 
Thus, in Scenario 2 (SBlackSea), we simulated a scenario where Russia 
halts the BSGI if the conflict intensifies. Under this situation, exports 
from Ukraine are estimated to decline by 81.75% due to the Black Sea 
blockade. This would lead to a doubling of cropland expansion and 
loss of biodiversity as compared with the Sbaseline. If the war contin-
ues to deteriorate, agricultural production in Ukraine will be further 
disrupted and rail and road transport may be cut off, leading to zero 
exports from Ukraine. This is why in Scenario 3 (SNoExport) we simulated 
a circumstance where Ukraine would export nothing. Cropland expan-
sion and biodiversity losses under SNoExport would rise by a further 17% 
on top of the losses under SBlackSea, with cropland expansion reaching 
19.99 Mha, regional species loss reaching 74,270 species*years and 
global species extinction reaching 1,158 species*years.

Scenario 4 (Sworst) simulates one of the worst scenarios of the war, in 
which Russia and Ukraine would stop exporting agricultural products 
entirely. Compared with Sbaseline, global cropland expansion under Sworst 
would be 288% higher, reaching 32.92 Mha; regional species loss would 
be 343% higher, reaching 139,098 species*years; and global species 
extinction would rise by 367% to 2,272 species*years. In Sworst, some 
of Russia’s trading partners, such as Turkey, would be substantially 
impacted by the cessation of agricultural exports from Russia. From 
SNoExport to Sworst, Turkey would suffer a 472% increase in biodiversity loss 
and a rise in the global ranking from 9th to 2nd. Further simulations 
with various export reductions from Russia (between SNoExport and Sworst) 
are shown in Supplementary Fig. 9.

Our results show that global cropland expansion induced by the 
Russia–Ukraine war would increase from 8.48 Mha (Sbaseline) to 32.92 Mha 
(Sworst), as shown in Table 1. For comparison, ref. 36 estimated that the 
USA–China trade war could cause an additional 13.9 Mha of global 
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Table 1 | Cropland expansion and biodiversity loss

Sbaseline SBlackSea SNoExport Sworst

Cropland expansion 
(Mha)

8.48 17.10 19.99 32.92

 Grassland 7.01 13.91 16.20 26.03

 Forest 1.45 3.13 3.72 6.65

 Bareland 0.01 0.03 0.04 0.15

 Wetland 0.02 0.03 0.04 0.08

Regional species loss 
(species*years)

31,396 63,482 74,270 139,098

 Birds 19,771 39,964 46,750 86,166

 Mammals 6,725 13,602 15,913 30,217

 Reptiles 3,087 6,246 7,310 14,889

 Amphibians 1,813 3,670 4,296 7,826

Global species extinction 
(species*years)

486 989 1,158 2,272

 Birds 108 221 259 464

 Mammals 125 252 296 583

 Reptiles 103 208 243 523

 Amphibians 150 307 360 702

Cropland expansion and biodiversity loss under the following scenarios: 33.75% export 
reduction from Ukraine in the baseline situation (Sbaseline), 81.75% export reduction from 
Ukraine if Black Sea is blockaded (SBlackSea), no exports from Ukraine (SNoExport) and no exports 
from Ukraine and Russia (Sworst).
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land use for soybean production. Reference 6 estimated that the global 
cropland area has increased by 101.9 ± 45.1 Mha since the twenty-first 
century, equal to ∼5 Mha yr−1 on average. This means that the Russia–
Ukraine war would advance the global cropland expansion process 
by 1.7 yr (Sbaseline) to 6.6 yr (Sworst). For biodiversity impacts, ref. 37 esti-
mated that the global species extinction (mammals, birds, reptiles and 
amphibians) due to land transformation was 173 species*years in the 
year 2000, while in our study, global species extinction induced by the 
Russia–Ukraine war would be 486 (Sbaseline) to 2,272 (Sworst) species*years, 
as shown in Table 1.

Policy implications
This study shows that the Russia–Ukraine war impacts international 
food trade and inflicts damage on global biodiversity. While current 
attention predominantly centres on the impact of the war on food 
supply and price, we urge that the damage to the natural world should 
also be brought to the forefront as this damage is often irreversible 
with short timespans. Once natural land is converted to cropland, it 
would take decades, if not centuries, for ecosystem quality recovery28 
and ∼350 yr for biodiversity recovery29. To sidestep such irreversible 
ecological degradation, we put forth the following recommendations.

First, the BSGI, which serves as a pivotal mechanism for ensuring 
the export of Ukrainian grain via the Black Sea, needs to be consistently 
upheld. Our results indicate that, in a scenario where Russia suspends 
its commitment to the BSGI, global grain prices would rise, and both 
agricultural expansion and biodiversity loss would double. The current 
reality is that Russia’s stance on the BSGI remains inconsistent, and 
the BSGI is being leveraged as a tool in the geopolitical tussle between 
Russia and the North Atlantic Treaty Organization. Consequently, 
there is a pressing need for the United Nations to exert greater efforts 
in mediating and ensuring the steadfast implementation of the BSGI.

Second, the vicious trade wars induced by the game of inter-
national relations should be avoided, given that international food 
trade benefits biodiversity in most cases38. At present, regions such as 
Europe and the United States have imposed various sanctions on Rus-
sia. Although current sanctions on Russia do not directly target food 
trade, measures such as those imposed on the SWIFT payment system 
and shipping insurance have visibly hindered Russia’s agricultural 
exports. Russia, being a more significant agricultural exporter than 
Ukraine (Supplementary Figs. 2 and 3), plays a crucial role in global food 
systems. According to our findings, in a hypothetical situation where 
Russian agricultural exports cease, there would be a sharp increase 
in global biodiversity loss. Even more concerning is that sanctions 
on Russia might result in higher prices for fertilizers and energy. As 
highlighted in ref. 18, the increased prices of fertilizers and energy 
could lead to cropland expansion more severe than that caused by 
food export restrictions.

Third, sustainable and effective interventions should be taken to 
avert farmers in biodiversity hotspots such as Brazil’s Cerrado39, Mes-
oamerica and Southeast Asia from blindly and rapidly expanding their 
agricultural land, driven by inflated prices for short-term agricultural 
products. The United States has experienced a rapid cropland expan-
sion in the period of high maize prices10. However, the rapid expansion 
of cropland could be avoided by effective policy implementation, for 
example, the reduced deforestation in Brazil brought about by the 
implementation of the Amazon Soy Moratorium40.

Fourth, sufficient post-war assistance must be provided to Ukraine 
to facilitate the rapid revival of its agricultural sector. At present, 
challenges such as loss of labour, damaged agricultural machines, 
destroyed irrigation facilities, unexploded ordnance in cultivated fields 
and radioactive soil contamination have severely affected Ukraine’s 
agricultural output. Even with cessation of the war, it is improbable 
for Ukraine to quickly return to its pre-war productivity levels. A recent 
report suggests that it might take nearly 30 years for Ukrainian agri-
culture to regain its pre-war status41.

Fifth, dietary transition in Europe could help mitigate the war’s 
impacts. As a major importer of grains from Russia and Ukraine (Sup-
plementary Figs. 1 and 2), Europe predominantly used these grains to 
feed livestock23. Reference 42 demonstrated that a transition towards 
the planetary health diet (that is, eating more plants and less meats) 
in the European Union and the United Kingdom would conserve a 
substantial volume of crops for livestock. This conservation can nearly 
offset the crop production deficits from Russia and Ukraine. Thus, 
more efforts are needed to promote sustainable healthy diets, espe-
cially in Europe.

Lastly, any policy designed for food systems must prioritize food 
security. The ongoing Russia–Ukraine war presents significant chal-
lenges, not only in terms of halting biodiversity loss (as outlined in 
Sustainable Development Goal (SDG) 15) but also in achieving zero 
hunger (as mentioned in SDG 2). Due to Ukraine’s curtailed agricultural 
exports, global grain prices have surged, particularly affecting many of 
the low-income countries in Africa. These elevated prices exacerbate 
food security concerns, contributing to an upsurge in global hunger 
figures. It is imperative that our strategies to curb cropland expansion 
incorporate these food security concerns18. A promising approach is to 
further enhance agricultural productivity, which could increase crop 
yields and promote intensification of land use, especially in countries 
greatly impacted by the war.

In conclusion, given the already urgent biodiversity crisis, the 
international community should take bold steps to address the chal-
lenges induced by the Russia–Ukraine war. It is important to incor-
porate telecoupled impacts of war on biodiversity into actions in 
implementing the post-2020 Global Biodiversity Framework.

Limitations of the study
This study only focuses on the cascading impacts of food export restric-
tions. If other cascading mechanisms are considered, such as higher 
prices of fertilizers and energy18, the Russia–Ukraine war may result in 
more severe cropland expansion and biodiversity loss. To isolate the 
effect of the war, we adopted a comparative static analysis approach, 
that is, the GTAP model, to perform the simulations. The static model 
is unable to provide the time when equilibriums are achieved and to 
simulate dynamic processes such as price fluctuations and the process 
of annual expansion of cropland. Further studies may incorporate these 
factors for a more complete understanding of the consequences of the 
Russia–Ukraine war.

The potential impact of climate change on crop yields and 
subsequent implications for future cropland expansion have not 
been addressed in this study. Previous research43 indicates that 
end-of-century maize productivity may experience a shift ranging from 
a 24% decrease to a 5% increase, while wheat stands to gain between 
9% and 18%. Reduced maize yields resulting from projected climate 
change could exacerbate cropland expansion and biodiversity loss, 
particularly in countries such as Mexico and Brazil. To comprehen-
sively assess the impacts of climate change on cropland expansion, 
future research should focus on providing datasets that offer lower 
uncertainty, higher spatial resolution and specific crop considerations, 
such as sunflower cultivation.

It should also be noted that the biodiversity impact assessment 
in this study only indicates potential loss rather than real species loss. 
Biodiversity loss, in reality, is subject to many factors, such as climate 
and conservation. Despite this, our projection of biodiversity loss is 
necessary as it allows us to make a quantitative comparison among 
different scenarios and identify the countries that would suffer the 
severest impacts.

Methods
MRIO analysis
We employed an MRIO model24 to assess the virtual cropland flows 
from Ukraine and Russia to the rest of the world. The most commonly 
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used MRIO datasets suffer from the issue of low levels of spatial detail 
(no separated data for Ukraine in EXIOBASE44) or sectoral detail 
(coarse-grained categorization of agriculture in Euro26). Reference 24 
compiled a high-resolution MRIO table (189 countries × 163 sectors) 
on the basis of the datasets from EXIOBASE, Eora26 and FAO, as well 
as constructed a corresponding satellite table containing land use. We 
adopted the data for 2015, the latest year with such a high-resolution 
table, to perform the MRIO analysis.

Life-cycle land use was calculated using the equation:

Land = D (I − A)−1 (1)

where Land is the life-cycle land use coefficient matrix composed of 
landr

i  (unit is km2 per EUR), that is, the life-cycle land use by sector i in 
region r; D is the direct land-use coefficient matrix composed of dr

i
; A 

is the direct consumption coefficient matrix consisting of ar,s
i, j , that is, 

the direct consumption of sector j in region s by sector i in region r; and 
I refers to an identify matrix.

Virtual land flows were assessed using the equation:

flowr,s = ∑
i

landr
i × yr,s

i
(2)

where flowr,s is the virtual agricultural land flow from region r to s with 
an area unit of km2 and yr,s

i
 is the final use of commodity i that is pro-

duced in region r and finally used by region s with a monetary unit  
of EUR.

GTAP model
We employed the GTAP model19,20 to examine the cascading effects 
induced by the war. GTAP is a multiregional and multisectoral model 
built on computable general equilibrium theory. The model assumes 
a perfectly competitive market with constant returns to the scale of 
production while maximizing producer profits and consumer utility. 
The GTAP model follows Armington’s assumption that there will be 
differentiation of imported crops with respect to their origin, while 
substitution in consumption is possible for the same crop, whether 
imported or domestically produced. Product prices are affected 
by relevant transportation costs and tariffs. Consumers, including 
households, governments and businesses, are affected by price when 
making purchases. GTAP captures market-mediated responses under 
different policy scenarios through changes in the supply–demand 
relationship and participant behaviour. Through global trade, GTAP 
also transmits the effects of shocks worldwide while connecting coun-
tries and regions.

The GTAP 10 database19,20, which is the most current version, was 
employed in this study. It covers 141 countries and regions worldwide 
and includes 65 sectors and 5 primary production factors. We followed 
the default setting of 141 countries and regions in GTAP and divided 
the sectors into 10 refined agricultural sectors and 1 other sector  
(all non-agricultural sectors). The agricultural sectors include rice, 
wheat, other cereals, vegetables, fruits and nuts, oilseeds, sugarcane, 
other crops, bovine and goat, milk and other foods. In this study, maize 
was not separated from the ‘other cereals’ sector due to lack of relevant 
data. This might affect the accuracy of simulation results to some 
extent. However, our categorization is acceptable because according 
to the 2020 data provided by the United Nations23, the sector of other 
cereals is dominated by maize (79%) and barley (11%) in terms of global 
crop production; ∼58% of maize and barley is used as feed for animals 
globally23, indicating that they are partially substitutes for each other. 
Thus, it is acceptable to follow the GTAP default setting where maize is 
categorized into the sector of other cereals45,46. Adhering to the GTAP 
default settings also includes land mobility, where we considered that 
the total amount of land is constant in an economy, but that land can 
be transformed within the economy.

In the simulations, we called a reduction or halt to the agricultural 
exports from Ukraine and Russia. However, we cannot implement the 
export restrictions directly in the GTAP model because the trade flows 
are endogenous variables. Thus, we adopted the same approach as 
that used in a previous study47 by swapping the export variable with 
the exogenous variable ‘imported product technology’. Thus, we used 
imported product technology as a proxy to reduce exports. The reduc-
tion in imported product technology reduces exports to the point 
where it matches the restrictions we desire in our scenarios. Although 
non-agricultural sectors may have some spillover effects from the 
shock received through the supply chain, they are beyond the scope 
of this study. The GTAP output was then fed into the MRIO model to 
investigate the changing virtual cropland flows.

Spatial modelling of future cropland expansion
We modelled the future spatial expansion of cropland using the 
logistic-CA model consisting of three main components: suitability, 
neighbourhood and land constraints.

We first extracted the cropland dynamics from the MODIS Land 
Cover Type (MCD12Q1) v.6.1 database, which provides global cov-
erage of land cover types. The original land cover types consist of  
17 specific classes from the Type 1 product (Supplementary Table 2). 
We then combined these specific classes into eight primary categories 
(that is, forest, grassland, wetland, cropland, urban, glacier, bareland 
and water). The two phases (2010 and 2020) of cropland data were 
used to calibrate the cropland growth model, serving as a proxy to 
forecast future cropland expansion. Here we aggregated the crop-
land data into 1 km resolution for the global expansion simulation 
because this is the commonly used resolution at the global scale and 
can also match with other ancillary spatial proxies, such as population,  
in our study.

We employed some spatial factors to derive the suitability surface 
in the cropland modelling. Biophysical, climate and socioeconomic 
factors play crucial roles in cropland expansion by determining the 
potential locations of new cropland pixels. The adopted spatial fac-
tors in this process include locations (that is, the distances to coun-
try centres), traffic (that is, the minimum distances to primary roads 
and highways), terrain (that is, digital elevation model and slope), 
socioeconomics (that is, population) and climate (that is, annual 
mean temperature and precipitation) (Supplementary Table 3). These 
spatial factors were derived from the Database of Global Adminis-
trative Area (https://gadm.org/), the OpenStreetMap (http://www.
openstreetmap.org/), the US Geological Survey (http://earthexplorer.
usgs.gov/), the Gridded Population of the World v.4.11 and the Terra-
Climate database (https://www.climatologylab.org/terraclimate.
html). All these spatial factors were normalized to a spatial resolution  
of 1 km.

We calibrated the cropland growth model using two phases of 
cropland dynamics (2010 and 2015) and evaluated the model perfor-
mance from 2015 to 2020. We identified the changed and unchanged 
regions regarding the crop from 2010 to 2020. By using the prepared 
spatial proxies, we can calibrate the model to make it reflect the actual 
change in crop dynamics. For example, our model indicated that popu-
lation has a larger weight than climate in China, whereas its weight 
is probably smaller than that of climate in Brazil. We identified the 
changed pixels with cropland transitions and randomly generated 
20% of samples in these changed (10%) and persistent (10%) regions. 
We evaluated the derived suitability surface using the receiver operat-
ing characteristic (ROC) curve approach (Supplementary Fig. 7). The 
derived results can be compared with the reference map by dividing 
the continuous suitability surface into binary maps using different 
thresholds, forming the ROC curve. The area under the curve (AUC) 
can be measured from the ROC curve and serves as a quantitative 
indicator to evaluate the derived suitability. We applied the derived 
suitability layer to model the expected crop expansion from 2015 to 
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2020. We then evaluated the model performance by calculating the 
overall accuracy and kappa coefficient (a measure widely used for 
interrater reliability) between the modelled and referenced crop maps 
in 2020 (Supplementary Fig. 8).

We modelled the spatial expansion of cropland using the 
logistic-CA model consisting of three main components: suitabil-
ity, neighbourhood and land constraints. We implemented a logistic 
regression model48–50 for transition rule extraction considering vari-
ous cropland-related spatial factors. Assuming that there are n spatial 
factors (x1, x2, …, xn), the logistic regression model can be expressed as 
equations (3) and (4). The neighbourhood configuration closely relates 
to its size, shape and surrounding land cover types. It is a fundamental 
and crucial component in the CA model as a driving force in modelling 
cropland expansion. In this procedure, the non-cropland grids are more 
likely to transform into cropland grids if many developed cropland 
grids surround them (equation (5)). We also included land constraints 
in the developed logistic-CA model. For instance, restricted lands, such 
as water, glacier, and urban and protected areas, were not allowed for 
converting to cropland in the spatial modelling. They were represented 
as a land constraint term L = 0.

z = b0 + b1x1 +…+ bnxn (3)

psuit =
exp (z)

1 + exp (z) (4)

where Psuit is the obtained suitability of development from the biophysi-
cal, climate and socioeconomic conditions, z is the directly regressed 
value, and bn and xn are the nth coefficient and spatial proxy, respec-
tively. Parameters in equation (3) were derived from randomly collected 
samples in changed (that is, from other land cover types to cropland) 
and persistent regions during 2010–2020.

Ω
t
ij
=
∑m2 con (Lij = Cropland)

m ∗m − 1 (5)

where Ω represents the influence of neighbourhood. m is the window 
size and con() is a conditional function, which returns 1 when the status 
of the cell Lij is cropland.

We then calculated the overall cropland development probability 
on the basis of suitability, neighbourhood and land constraints. We 
determined the development probabilities Pdev for future cropland 
expansion using equation (6) on the basis of the cropland extent in 
2020. In general, pixels with higher combined development probability 
are preferentially considered for cropland development. We iteratively 
processed these pixels according to their development probabilities 
at an annual step until the total cropland increments derived from the 
estimation had been allocated in a spatially explicit manner during the 
modelling process.

Pdev i,j = Psuiti,j ×Ω
t
i,j × L (6)

where Pdev is the development probability, and Psuit, Ω and L repre-
sent the suitability surface, neighbourhood and land constraints, 
respectively.

Biodiversity impacts assessment
The transformation from natural lands to cropland results in a sudden 
decline of land quality and threatens biodiversity30. The transformed 
land will gradually recover to its initial quality with the forces of nature, 
known as regeneration. The regeneration time is long and could take 
hundreds of years to completely recover to the initial quality. Bio-
diversity is severely threatened during the regeneration period due 
to low land quality. In life-cycle impact assessment (LCIA), the land 
transformation-related biodiversity loss is assessed by integrating the 

impacts spanning the regeneration period30, so its unit is species*years, 
where ‘years’ refers to the regeneration time. In other words, the land 
transformation-related biodiversity loss in LCIA is defined to be an 
aggregated impact for a long period.

If a species is endemic to the ecoregion, its loss will be permanent 
and irreversible, that is, global extinction. Therefore, we considered 
two types of biodiversity impact, namely, regional species loss and 
global species extinction.

On the basis of an adapted species–area relationship (SAR) model, 
ref. 29 quantified the ecoregion-level characterization factors for 
species loss caused by land use and land transformation. Reference 31 
further improved the impact assessment and calculated the characteri-
zation factors for biodiversity impacts for 804 terrestrial ecoregions 
of the world. We obtained the global map of terrestrial ecoregions 
from ref. 51. We used the datasets of ref. 31 for integration with our 
simulation results of cropland expansion to assess global biodiversity 
loss. Four taxa were considered in this study: birds, mammals, reptiles 
and amphibians. The datasets of ref. 31 provide the factors for either 
marginal impacts or average impacts. The marginal impact is defined 
as the first derivative of the respective average impacts, indicating the 
biodiversity loss when an additional area of ecoregion is damaged. 
The marginal values were used in this study as biodiversity would 
suffer from marginal effects of land transformation induced by the 
Russia–Ukraine war.

Scenario design
We designed four scenarios in this study to project the consequences 
of the Russia–Ukraine war. The MAPFU reported Ukraine’s agricultural 
exports in a year of Russian invasion (March 2022 to March 2023)25. 
Compared with the 3 yr average (2019–2021)23 reported by FAO, the 
annual agricultural exports of Ukraine were estimated to be reduced 
by 33.57% in the baseline situation (Sbaseline). In Scenario 2 (SBlackSea), we 
simulated a scenario where Russia halts the BSGI. Russia signed the BSGI 
on 22 July 2022 to temporarily allow Ukraine to export its agricultural 
products via the ports in the Black Sea. According to the estimates of 
the MAPFU25, 72.52% of the exports were delivered via ports in the Black 
Sea during the BSGI (August 2022 to March 2023). On the basis of such 
an estimation, the exports from Ukraine were projected to be reduced 
by 81.75% compared with the previous years (2019–2021) in a scenario 
of Black Sea blockade (SBlackSea). In Scenario 3 (SNoExport), we simulated a 
scenario where all transportation of Ukraine’s exports, including via 
ports, ferry, railway and vehicle, are blockaded and thus there are no 
exports from Ukraine. The lingering effects of the war may further 
escalate. Russian agricultural exports may also be restricted due to 
possible trade and other conflicts. Such a phenomenon is already in 
place, with international sanctions imposed on Russian seed imports. 
Thus, in Scenario 4 (Sworst), we simulated the worst scenario of the war 
in which there are no exports from Russia and Ukraine. To investigate 
the effects of Russia’s export reduction, we conducted additional 
simulations between SNoExport and Sworst, assuming no exports from 
Ukraine and varying levels of export reductions (20%, 40%, 60% and 
80%) from Russia.

Reporting summary
Further information on research design is available in the Nature 
Portfolio Reporting Summary linked to this article.

Data availability
The GTAP Database is available at https://www.gtap.agecon.purdue.
edu/databases/. The Multi-Regional Input-Output database adopted 
to investigate virtual agricultural land flows can be found at https://doi.
org/10.5281/zenodo.3993659. The datasets of characterization factors 
adopted to calculate the biodiversity loss due to land transformation 
are available free of charge in the supporting information of the previ-
ous study at https://doi.org/10.1021/acs.est.5b02507.
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Code availability
All data processing and analysis were conducted in ArcGIS (v.10.7), 
MATLAB (v.2021), GTAP (v.10) and Microsoft Excel (v.2016).  
The code and model output files are available at https://doi.org/10.5281/
zenodo.10546479.
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