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Biodiversity impacts of recent land-use 
change driven by increases in agri-food  
imports

Livia Cabernard    1,2  , Stephan Pfister    2 & Stefanie Hellweg    2

Land-use change such as the conversion of natural habitat to agricultural 
land has been a major driver of global biodiversity loss, prompting efforts 
at biodiversity restoration. However, restoration measures in certain areas 
can shift the detrimental biodiversity impacts elsewhere through the 
outsourcing of agri-food supply chains to biodiverse regions. This study 
examines the link between biodiversity impacts from land-use change 
and shifts in global supply chains from 1995 to 2022 by introducing a 
marginal allocation into multiregional input–output analysis. Almost 80% 
of recent global land-use change impacts were associated with increased 
agri-food exports from Latin America, Africa and Southeast Asia + Pacific 
(excluding China). Conversely, increased imports to China, the United 
States, Europe and the Middle East accounted for almost 60% of recent 
global land-use change impacts from a consumption perspective, despite 
decreasing domestic impacts through restoration. Decreasing biodiversity 
impacts in temperate and arid regions have been partially achieved by 
outsourcing agri-food supply to tropical biodiversity hotspots. This results 
in a cumulated global extinction rate (1.4% global potential species loss 
since 1995), exceeding the planetary boundary by about fifty times, thus 
highlighting the need for policies incentivizing habitat protection in tropical 
regions and sustainable sourcing in agri-food supply chains.

Land use is the primary driver of biodiversity loss with extinction 
rates higher than ever1–3. This primarily stems from converting natu-
ral habitats to agricultural land. Notable regions experiencing habitat 
destruction are concentrated in tropical regions, where land is also 
used for producing commodities exported and consumed abroad4,5. 
While land-use changes can lead to a decrease in biodiversity impacts, 
as observed in Europe through restoration measures6, it is crucial to 
avoid exacerbating impacts elsewhere through outsourcing agri-food 
supply chains to biodiversity hotspots. Key actions include: (1) assessing 
biodiversity impacts resulting from land-use changes globally with high 
spatial resolution and (2) identifying how shifts in supply and demand 
over time contribute to these impacts.

Environmentally extended multiregional input–output (MRIO) 
analysis is a top-down approach in life-cycle assessment (LCA) that 
breaks down the global economy into sectors and regions, recording 
monetary flows and environmental accounts such as biodiversity 
impacts of land-use change, and allows tracking of these impacts from 
producers to consumers of goods. The global potential species loss 
(PSLglo) indicator, recommended by UNEP-SETAC7–9, estimates the 
proportion of global species that may become extinct due to habi-
tat conversion. It calculates ecoregion10-level extinctions using the 
countryside species–area relationships11 for five taxonomic groups8 
and weights them with a factor considering species endemism and 
IUCN threat-level scores12. This factor approximates the probability 
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Fig. 1 | Biodiversity impacts of land-use change from 1995 to 2022.  a, Total. 
b–g, Split by land conversion at 15 min-arc resolution (~28 km). Conversion to 
urban land use is included in a, but separately shown in Extended Data Fig. 1. Land 
conversion data are taken from the LUH2 dataset21–23. Biodiversity impacts are 

assessed in percentages of global potential species loss (PSLglo) on the basis of 
ecoregion10-specific impact factors from UNEP-SETAC8,9. Positive percentages 
refer to increases in biodiversity impacts, while negative values refer to decreases 
in biodiversity impacts.
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that species lost in an ecoregion lead to global extinctions. Integrat-
ing PSLglo into MRIO analysis enables decision-makers to understand 
the potential impact of their activities on biodiversity and promote 
sustainable practices throughout supply chains.

However, limitations include limited spatial resolution, poor data 
quality for many countries with high endemic species richness and 
outdated time series2,13–17. Previous studies also assumed that biodiver-
sity of abandoned habitat equals that of primary habitat, neglecting 
increased biodiversity impacts from primary habitat conversion and 
subsequent abandonment (that is, just net changes of human land 
use were considered). Moreover, MRIO studies allocated biodiversity 
impacts to total supply and demand, similar to attributional LCA that 
assesses the average impacts of a product or process18. However, they 
did not examine how land-use change impacts relate to shifts in supply 
and demand, as done in a marginal allocation to analyse which changes 
over time lead to a better or worse outcome compared with the baseline 
year19,20. While marginal allocation is also used in consequential LCA18, 
it has not been introduced to MRIO yet.

This study addresses these research gaps by: (1) assessing spatially 
resolved global biodiversity impacts resulting from land-use conver-
sions between 1995 and 2022 and (2) identifying how shifts in supply 
chains contribute to these impacts over time. We combine the Land-Use 
Harmonization 2 (LUH2) dataset21–23, providing global land conversions 
from 1995 to 2022, with ecoregion10-specific global species loss factors 
from UNEP-SETAC8,9. This allows us to assess both increases in biodiver-
sity impacts from natural habitat conversion (for example, deforesta-
tion or other natural habitat conversion for agriculture) and decreases 
in biodiversity impacts from restoration measures6 (for example, 
reforestation or abandonment of agricultural land) at a high spatial 
resolution (15 min-arc resolution, ~28 km). We account for the reduced 
quality of secondary habitats by assigning higher biodiversity impacts 
to land converted from primary habitats than to decreases from land 
abandonment. We integrate this regionalized impact assessment into 
Resolved EXIIOBASE3 (refs. 14,16,24) (REX3 (ref. 25)), a highly resolved 
MRIO database (189 countries × 163 sectors) and introduce a marginal 
allocation19,20 to better understand the dynamic relationship between 
shifts in global supply chains and recent land-use change impacts26.

Results
Hotspots of global biodiversity impacts from land-use change
Figure 1a illustrates the total increases and decreases in biodiversity 
impacts resulting from land-use change from 1995 to 2022, while 
Fig. 1b–g and Extended Data Fig. 1 detail these changes by land con-
version types. Positive values refer to increases in biodiversity impacts 
through deforestation, other natural habitat conversion and conver-
sion of grassland to cropland. By contrast, negative values refer to 
decreases in biodiversity impacts through reforestation, abandon-
ment of agricultural land, or conversion of cropland to grassland. 
Our findings reveal substantial increase in biodiversity impacts due 
to deforestation and natural land conversion, particularly in tropical 
regions27. In Latin America, hotspots of increasing impacts include 
eastern Brazil and the Amazonas region, western Colombia, southern 
Mexico and the Caribbean (for example, Belize, Guatemala, Haiti). In 
Africa, biodiversity impacts have increased in Madagascar, Ethiopia, 
the Democratic Republic of the Congo and West Africa (for example, 
Ghana, Ivory Coast, Liberia and Sierra Leone). In Southeast Asia and 
the Pacific, biodiversity impacts have most pronounced increases in 
Indonesia, the Philippines, Vietnam, Malaysia and Southwest Australia 
(Fig. 1a). Overall, the cumulative increase in biodiversity impacts due 
to land-use change amounts to 1.5% PSLglo since 1995, representing the 
sum of all increases in biodiversity impacts depicted in Fig. 1a. This 
suggests that 1.5% of global species are committed to extinction due 
to land-use change, with Southeast Asia and the Pacific (38%), Latin 
America and the Caribbean (36%) and Africa (23%) accounting for over 
98% of these impacts.

Conversely, reforestation, the abandonment of agricultural land 
and the conversion of cropland into rangeland have decreased bio-
diversity impacts, particularly in temperate and arid northern hemi-
sphere regions (Fig. 1), which is in accordance with previous studies28,29. 
Hotspots of decreasing biodiversity impacts include Spain, Italy, 
Greece, the United States, Turkey, Iran, Russia, Kazakhstan, Georgia 
and Japan, as well as South Africa, Chile and New Zealand in the south-
ern hemisphere. Our assessment reveals that also a few regions in the 
tropical regions have experienced decreases in biodiversity impacts. 
This includes Cuba and Nigeria, mainly due to reforestation measures, 
the abandonment of cropland and the conversion of cropland into 
rangeland. Overall, decreases in biodiversity impacts account for 
–0.11% PSLglo since 1995, representing the sum of all negative values in 
Fig. 1a. More than two-thirds of these decreased impacts have occurred 
in Europe, North America, Northwest Asia and the Middle East.

Combining both increases (1.5% PSLglo) and decreases (–0.11% 
PSLglo), net global biodiversity impacts resulting from land-use change 
have increased by 1.4% PSLglo from 1995 to 2022 (Fig. 1). This implies 
an additional 1.4% of global species are committed to extinction, as 
decreases in biodiversity impacts due to nature restoration measures, 
mostly in temperate and arid zones, were far exceeded by increases 
in biodiversity impacts due to deforestation and other natural habi-
tat destruction, mostly in tropical regions. Nearly two-thirds of the 
global net biodiversity impacts have occurred in tropical regions. Four 
countries—Indonesia (22%), Brazil (11%), Madagascar (10%) and Mexico 
(8%)—account for half of global biodiversity losses through land-use 
change from 1995 to 2022. While deforestation for rice and oilseed 
cultivation drove biodiversity impacts in Indonesia, deforestation and 
other natural land conversion for animal farming contributed most to 
the increased biodiversity loss in Brazil and Madagascar. For Mexico, 
the conversion of natural land into cropland, mostly for vegetable, fruit 
and nut production, was the main cause of biodiversity loss. Overall, 
more than 90% of global biodiversity impacts of land-use change are 
due to agriculture, with crops cultivation (72%) and pastures (21%) 
being the main contributors, while mining, other industries and urban 
infrastructure have minor impacts. Forestry products are not consid-
ered here, as agriculture is the primary driver of deforestation, while 
timber is typically a by-product30.

Land-use change impacts driven by shifts in the supply chain
Figure 2 illustrates the temporal evolution of cumulated biodiversity 
impacts resulting from land-use change from different perspectives, 
including the different types of (a) land converted, (b) sectors using 
the land after conversion, (c) producer regions where conversion hap-
pened and (d) consumer regions of produced goods. The perspec-
tive of consumer regions includes the impacts caused abroad due 
to imports, but excludes domestic impacts of exported goods. The 
figure highlights countries contributing over 5% to global land con-
version impacts and aggregates the remaining countries into main 
world regions (Extended Data Fig. 2). Figure 3 illustrates the global 
supply chain, connecting regions of land conversion, predominantly 
for agriculture, with increases and decreases in consumption of 
goods either domestically or abroad due to international trade. The 
net potential species loss of 1.4% PSLglo from 1995 to 2022, as shown 
in Fig. 2a–e, equals the sum of increases and decreases depicted in 
Fig. 3a–e. Using a marginal allocation framework, Fig. 3a–e illustrate 
shifts in the global supply chain, connecting changes in supply and 
demand with corresponding increases or decreases in biodiversity 
impacts. These increases and decreases in impacts are compared to 
the net global land-use change impact of 1.4% PSLglo. Further results 
are shown in Extended Data Figs. 3–8.

Our findings indicate that most land-use change biodiversity 
impacts in tropical regions are linked to increases in international trade 
in agri-food products (Figs. 2c,d and 3c,d). Adding up all land-use change 
impacts attributed to shifts in international trade results in a net increase 
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of 1.3% PSLglo from 1995 to 2022, meaning that over 90% of global net 
land-use change impacts are embodied in increased international trade 
of agri-food products (Supplementary Data 3, ‘SI_Results.xlsx: trade 
within 189 countries’). More than 60% of net land-use change impacts are 
attributed to increased imports to affluent countries31 from less affluent 
ones. The main exporters are Latin America, Africa, and Southeast Asia +  
Pacific (excluding China and India). Almost 80% of global net land-use 
change impacts are related to increased exports of agri-food products 
from Latin America + the Caribbean (37%), Southeast Asia + Pacific (28%) 
and Africa (14%) (Supplementary Data 3, ‘SI_Results.xlsx: Figure_3’). 
Vice versa, China, the United States, the Middle East and Europe are the 
main consumers of increased imports from these biodiversity hotspots. 
Almost two-thirds of global net land-use change impacts are associated 
with increased imports to China (26%), the United States (16%), the 
Middle East (13%) and Europe (8%). Conversely, reduced consump-
tion of domestically produced goods has contributed to decreases 
in biodiversity impacts through nature restoration measures in these 
regions. This means that domestic agricultural products in temperate 
and arid northern hemisphere zones have been increasingly substituted 
by imports from Latin America, Africa, and Southeast Asia + Pacific, 
intensifying biodiversity impacts through deforestation and habitat 
conversion in tropical regions.

In Latin America + the Caribbean, hotspots of increasing biodiver-
sity impacts due to exports include Brazil and Mexico, and several other 
countries in tropical regions such as Colombia, Peru and Ecuador. Over 
a quarter of global net land-use change impacts are related to increased 
agri-food exports from Brazil and Mexico (Fig. 3b,c). Figure 4 demon-
strates that Brazil’s land-use change impacts, mainly driven by defor-
estation of primary forests, are primarily linked to increased exports of 
beef, but also feed, other food products and feedstock for biochemicals. 
Notably, 70% of Brazil’s net land-use change impacts are associated with 
increased beef exports, while another 15% is related to enhanced feed-
stock exports for biochemicals, such as biofuels and bioplastics. The 
main consumers of these increased exports are China, the Middle East 

and Europe: over half of Brazil’s land-use change impacts are attributed to 
additional consumption by China, one-third is associated with additional 
consumption by the Middle East (particularly Iran, Saudi Arabia and  
Turkey), and 10% is linked to increased consumption by Europe. Con-
versely, increased consumption by the United States has driven land-use 
change impacts in Mexico, primarily through increased imports of veg-
etables, fruits, nuts, beef, sugar and beverages (Fig. 5). More than 70% 
of the net land-use change impacts associated with the United States’ 
increased consumption are attributed to increased imports from Mexico.

Outsourcing agri-food supply chains to tropical regions has led to 
decreased biodiversity impacts in many temperate and arid northern 
hemisphere countries (for example, Spain, Italy, Greece, the United States, 
Turkey, Iran, Russia, Kazakhstan, Georgia) but increased impacts from 
a consumption perspective by importing goods from tropical regions. 
Conversely, tropical regions exhibit the opposite trend of increased 
domestic biodiversity impacts and reduced consumption-based impacts. 
In Brazil, land-use change impacts from consumption have decreased due 
to declining domestic beef consumption (Fig. 2d). This is attributed to 
Brazil’s increase in land productivity: since 1995, Brazil’s beef production 
has outpaced the expansion of land use for cattle farming, leading to a 
reduced biodiversity impact from land-use change per unit of produced 
beef. This has offset the overall increase in Brazil’s beef consumption32, 
resulting in a declining land-conversion biodiversity footprint. This 
decline is evidenced by a decrease in impacts through reforestation 
and the abandonment of rangeland (Fig. 4). Consequently, biodiver-
sity impacts have decreased in Brazil from a consumption perspective 
(Fig. 2d). However, increased agri-food exports have led to a net increase 
in land-conversion impacts (Fig. 4), reflecting the substantial increase of 
exports between 1995 and 2022. A similar pattern is observed for Mexico 
(Supplementary Results 1 and Fig. 5).

In Africa, land-use change impacts are influenced by the increased 
production of goods for domestic consumption in certain countries such 
as Madagascar and the Democratic Republic of the Congo. However, in 
most African countries, including South Africa, Ethiopia, Tanzania and 
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Fig. 2 | Cumulated biodiversity impacts of land-use change in PSLglo from 
1995 to 2022 and the drivers in the global supply chain shown from different 
perspectives. a–e, Different types of (a) land lost through conversion,  
(b) land-use sectors after conversion, (c) production regions where conversion 
has happened, and (d) consumption regions of (e) produced goods. Positive 
percentages refer to increases in biodiversity impacts, while negative values 
refer to decreases in biodiversity impacts. The global cumulated net biodiversity 

impact amounts to 1.4% PSLglo from 1995 to 2022 and is shown by the black line. 
The figure highlights countries contributing over 5% to global land conversion 
impacts, through production or consumption, and aggregates the remaining 
countries into main world regions (Extended Data Fig. 2). Further results on the 
temporal evolution of the biodiversity impacts from land use (in total) and land-
use change are shown in Extended Data Figs. 3–6. A division by income and HDI 
group is shown in Extended Data Figs. 7 and 8.
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Nigeria, land-use change impacts are driven by increased exports. For 
example, South Africa exhibits a similar pattern to Brazil: impacts have 
decreased from a consumption perspective due to reduced domestic 
beef consumption, but increased from a production perspective due 
to increased exports of beef, other food products and feedstock for 
biochemicals. Similarly, land-use change impacts in Ethiopia and Nigeria 
are mainly associated with increased beef exports, while impacts in 
Tanzania are predominantly related to increased exports of vegetables, 
fruits, nuts, cereals and crops for biochemicals. The key destinations 
for Africa’s increased exports vary depending on the commodity and 
include Europe, the Middle East, China and India. For instance, increased 

exports to Europe are dominated by beef mostly from South Africa, Nige-
ria and Namibia, as well as spices from Madagascar. Increased exports to 
the Middle East are dominated by beef and dairy products from Ethiopia 
and Nigeria, with key consumers being Egypt, Saudi Arabia and the 
United Arab Emirates. Overall, 75% of the land-use change impacts in 
Africa can be attributed to increased exports (Fig. 3c,d).

In Southeast Asia + Pacific, land-use change impacts vary by 
country due to both increased domestic consumption and exports. 
In Indonesia, 25% of the domestic impacts are related to increased 
exports, while 75% are associated with increased domestic consump-
tion (Fig. 3c,d). This has led to increased land-use change impacts 
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the different types of (a) land converted, (b) land-use sectors before conversion 
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goods. NW, northwest. Increases in biodiversity impacts (for example, through 
deforestation and other natural habitat conversion) are linked to increased 
consumption (positive percentages), while decreases in biodiversity impacts 

(for example, through reforestation and other natural restoration measures) 
are associated with decreased consumption (negative percentages). The sum of 
increases and decreases depicted in a–e equals the net biodiversity impact of 1.4% 
global potential species loss from 1995 to 2022 shown in Fig. 2a–e for the same 
perspectives, and is referred to as 100% in the text. The figure shows all countries 
that contribute to >5% of global land conversion impacts, whether through 
production or consumption, and aggregates the remaining countries into the main 
world regions (Extended Data Fig. 2). Further in-depth analysis for land conversion 
impacts in Brazil, Mexico and Indonesia is shown in Figs. 4, 5 and 6, respectively.
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both domestically and from a consumption perspective in Indonesia 
(Fig. 2c,d), driven by population growth and increased consumption 
of predominantly rice and other vegan food products. Therefore, 
Indonesia’s consumption-based impacts are primarily from domestic 
vegan food products, unlike regions such as the Middle East, where 
impacts are driven by increased beef and dairy imports (Fig. 3d,e). 
The impacts related to Indonesia’s increased exports are primarily 
linked to oilseeds such as palm oil, used for food and as feedstock for 
biochemicals (Fig. 6). Indonesia’s increased oilseeds exports account 
for 5% of global land-use change impacts, with China, India, the United 
States and Europe being the main consumers.

Australia exhibits a similar pattern as Brazil and South Africa: 
from a consumption perspective, impacts have decreased due to 
reduced domestic beef consumption (Fig. 3d,e). However, from a 
production perspective, impacts have increased due to increased 
exports (Fig. 3b,c). These exports predominantly include beef, other 
food products and feedstock for biochemicals, with China being the 
primary destination. China’s increased imports account for over a 
quarter of global land-use change impacts, with almost half related to 
imports from Australia and Brazil, and the rest from other Southeast 

Asian + Pacific countries. Therefore, China’s consumption has driven 
land-use change impacts in several Southeast Asian + Pacific countries, 
including Malaysia, Thailand, Myanmar, Vietnam and the Philippines. 
More than half of the impacts in these countries are associated with 
increased exports to China, primarily involving vegetables, fruits, nuts, 
rice and feedstock for biochemicals (see Supplementary Results 2 for 
further results on biochemicals).

Discussion
Comparison with literature
This study provides a comprehensive assessment of global land-use 
change biodiversity impacts from 1995 to 2022 and identifies how shifts 
in the global agri-food supply chain contribute to these changes using 
a marginal allocation, making it presumably the first of its kind. Similar 
to previous studies on deforestation33,34, our results show that most 
cropland-related impacts are caused in Southeast Asia + Pacific, while 
Latin America (especially Brazil) is a hotspot in pasture-related land-use 
change impacts. However, Africa’s contribution to pasture-related 
impacts is higher compared with previous studies33,34 due to the high 
species loss factor9 applied here for Madagascar. Moreover, previous 

Increases and decreases in Brazil’s land-use change impacts (resulting in a net impact of 0.14% PSLglo) linked to global supply chain shifts:
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including the different types of (a) land converted, (b) land-use sectors 
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consumption regions of (d) produced goods. Increases in impacts (for example, 
through deforestation and other natural habitat conversion) are linked to 

increased consumption (positive percentages), while decreases in impacts (for 
example, through reforestation and other natural conservation measures) are 
associated with decreased consumption (negative percentages). The sum of the 
increases and decreases equals the net biodiversity impact of 0.14% PSLglo from 
1995 to 2022 shown in Fig. 2b for Brazil’s domestic impacts, and is referred to as 
100% in the text.

http://www.nature.com/natsustain


Nature Sustainability | Volume 7 | November 2024 | 1512–1524 1518

Analysis https://doi.org/10.1038/s41893-024-01433-4

studies indicated decreasing biodiversity impacts in Europe and North 
America from both production and consumption perspectives2,15,16,35,36, 
while our study reveals an increase in consumption-based biodiversity 
impacts in these regions due to outsourcing agri-food supply chains to 
tropical biodiversity hotspots. This discrepancy is attributed to several 
methodological improvements:

	(1)	 Enhanced land-use change impact assessment: We incorpo-
rate spatially resolved data on land conversion from the LUH2 
dataset21–23 and consider biodiversity impacts8–10 related to pri-
mary habitat conversion to agriculture followed by abandon-
ment. In contrast, previous studies relied on national net changes 
in land-use area2,15,35, assuming abandoned areas would restore 
biodiversity to original levels, thus underestimating biodiver-
sity impacts. For instance, while the net pasture area in Brazil has 
remained relatively stable37, our assessment reveals substantial 
biodiversity impacts due to natural habitat conversion followed 
by abandonment. This effect is substantial not only for Brazil 
but also globally, leading to a 40% higher global land-use change 
impact (1.4% PSLglo versus 1.0% PSLglo; Extended Data Figs. 3 and 
4 and Supplementary Discussion 1)21–23, as a substantial part 
of global land-use change involves the conversion of natural 

land for agriculture followed by abandonment (Extended Data 
Fig. 9). Consequently, the annual rates in land-use change im-
pacts reported here are in the upper range of previous studies7,38  
(Supplementary Data 3, ‘SI_Results.xlsx: annual LUC rates’).

	(2)	Detailed trade assessment: This study uses detailed bilateral 
trade data from 1995 to 2021. Hence, our database (REX3)25 con-
siders increasing agri-food imports to China, the USA, Europe 
and the Middle East from biodiversity hotspots, unlike previ-
ous studies that relied on averaged trade statistics for several 
regions of Latin America + Caribbean, Africa, Southeast Asia and 
the Pacific2,15,16,35,36.

	(3)	Exclusion of total forest area: Previous studies included forestry 
impacts based on forested area2,15,16,35,36, leading to a conflict-
ing trend: as deforestation increases, forested area decreases, 
resulting in lower biodiversity impacts, as these are linearly  
correlated with the forested area9. Our study attributes land-use 
change impacts to agri-food products, which increase in tandem 
with deforestation.

Marginal versus total allocation: by allocating total impacts to 
total demand, previous studies showed that international trade con-
tributes 25–30% to global biodiversity impacts2,4,15,16,35,36,39. Applying this 
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Fig. 5 | Increases and decreases in biodiversity impacts of land-use change 
in Mexico from 1995 to 2022. a–d, The resulting net impact of 0.12% PSLglo is 
linked to the shifts in the global supply chain shown from different perspectives, 
including the different types of (a) land converted, (b) land-use sectors 
before conversion (decreases) and after conversion (increases), and (c) the 
consumption regions of (d) produced goods. Increases in impacts (for example, 
through deforestation and other natural habitat conversion) are linked to 

increased consumption (positive percentages), while decreases in impacts (for 
example, through reforestation and other natural conservation measures) are 
associated with decreased consumption (negative percentages). The sum of the 
increases and decreases equals the net biodiversity impact of 0.12% PSLglo from 
1995 to 2022 shown in Fig. 2b for Mexico’s domestic impacts, and is referred to as 
100% in the text.

http://www.nature.com/natsustain


Nature Sustainability | Volume 7 | November 2024 | 1512–1524 1519

Analysis https://doi.org/10.1038/s41893-024-01433-4

allocation to the REX3 (ref. 25) database, the relevance of international 
trade is similar (18% and 32% of land-use related biodiversity impacts 
in 1995 and 2022, respectively; Extended Data Fig. 10b,c). However, 
when allocating recent land-use change impacts to shifts in supply 
and demand, the importance of international trade is considerably 
higher: over 90% of global net land-use change biodiversity impacts 
from 1995 to 2022 are linked to increased international trade (Supple-
mentary Data 3, ‘SI_Results.xlsx: trade within 189 countries’), with more 
than two-thirds attributed to increased exports of agri-food products 
from Latin America, Africa, and Southeast Asia + Pacific to China, the 
United States, Europe and the Middle East (Supplementary Data 3, 
‘SI_Results.xlsx: trade within 14 regions’). This disparity is attributed 
to the marginal allocation19,20 applied here, where the contribution of 
international trade can exceed 100% of net land-use change impacts, 
if domestic impacts decreased simultaneously, while the net sum 
remains 100%. For example, in Brazil (Fig. 4), 126% of net land-use 
change impacts are exported, indicating that without exports, Brazil 
would have used less land due to decreased domestic consumption, 
leading to a decrease in biodiversity impacts. Thus, exports not only 
embody the full net change in biodiversity impacts, but also part of the 
otherwise decreased impacts due to land abandonment and reforesta-
tion. This allocation method can also be applied to previous results36 

on potential bird extinction from 2001 to 2011, revealing a contribu-
tion of international trade ranging from 66% to 143%. This fluctuation 
is attributed to the higher sensitivity of allocating impacts to shifts 
rather than to total demand, and differences in temporal trends due 
to previous methodological shortcomings addressed here (see (1)–(3) 
above). This underscores the importance of robust time series for effec-
tive marginal analysis19,20, as provided here. Our approach highlights 
the important role of increased imports in driving land-use change 
impacts compared with 1995, underscoring the need for policies pro-
moting sustainable commodity sourcing to prevent land conversion 
in tropical regions.

Limitations and Outlook
While this study does not assess biodiversity impacts from wood har-
vest, the REX3 (ref. 25) database enables assessing biodiversity impacts 
of wood, paper and rubber on the basis of the forested area from the 
LUH2 dataset21–23 (Extended Data Figs. 4 and 10 and Supplementary 
Discussion 1). However, future research should provide comprehensive 
wood harvest data and account for the rising intensification in forestry, 
as species richness decreases with increasing forest-management inten-
sity6. In addition, impacts of land-use intensification and fragmentation 
should be considered40,41 alongside changes in land use area. Including 
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Fig. 6 | Increases and decreases in biodiversity impacts of land-use change 
in Indonesia from 1995 to 2022.  a–d, The resulting net impact of 0.28% 
PSLglo is linked to the shifts in the global supply chain shown from different 
perspectives, including the different types of (a) land converted, (b) land-use 
sectors before conversion (decreases) and after conversion (increases), and 
(c) the consumption regions of (d) produced goods. Increases in impacts (for 
example, through deforestation and other natural habitat conversion) are linked 

to increased consumption (positive percentages), while decreases in impacts (for 
example, through reforestation and other natural conservation measures) are 
associated with decreased consumption (negative percentages). The sum of the 
increases and decreases equals the net biodiversity impact of 0.28% PSLglo from 
1995 to 2022 shown in Fig. 2b for Indonesia’s domestic impacts, and is referred to 
as 100% in the text.
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impacts from land-management intensification could counteract 
(and potentially mitigate) the outcomes observed in the context of  
Brazil’s declining consumption-based land-use change impacts. Future 
research should also incorporate the effect of land abandonment in 
both recent and historical land-use impact assessment.

While previous studies analysed land-use impacts up to 20152,13–16, 
this study includes trends up to 2022. However, the LUH2 dataset21,22 
used here is based on remote sensing data from 201042 combined 
with national land-use statistics from 1995 to 202143, extrapolated to 
202223. This introduces uncertainty, especially in intercountry vari-
ability (Fig. 1) and the distinction by land conversion type. Therefore, 
further research is crucial to generate up-to-date land-use change data 
maps from remote sensing with continuous time series. Nevertheless, 
country-level net land-use change impacts are considered fairly robust, 
as they are based on national land use data until 202143. Moreover, 
the underlying EXIOBASE3 (refs. 14,44) database (v.3.8.2) includes 
detailed macro-economic accounts and bilateral trade data up to 2019, 
while post-2019 data extrapolated until 2022 using estimates from the 
International Monetary Fund. Furthermore, the REX3 (ref. 25) database 
includes reported bilateral trade data for 189 countries on food and 
agricultural products from 1995 to 202145. Thus, the conclusions are 
based on reported bilateral trade data45 and national land-use statis-
tics43 up to 2021.

The species loss factors used here8,9,46 were assumed to be linear, 
while increasing land-use change would alter the countryside species–
area relationship. Furthermore, decreases in biodiversity impacts are 
more uncertain than increases, and quantify a maximum in decreases. 
This is because global species extinctions are irreversible and hence, 
only species not yet globally extinct can potentially recover through 
land restoration. These assumptions may have led to underestimat-
ing increases and overestimating decreases in biodiversity impacts, 
potentially exacerbating the study’s conclusions.

Policy implications
This study shows that decreased biodiversity impacts in Europe, the 
USA, China and the Middle East have come at the expense of out-
sourcing agri-food supply chains to tropical biodiversity hotspots, 
resulting in an increase in global biodiversity impact that exceeds 
the decrease by a factor of ten. Moreover, the net impact on biodi-
versity resulting from land-use change (1.4% PSLglo from 1995 to 2022) 
surpasses the current biodiversity target for annual species loss due 
to land-use change47 by about fifty times. Therefore, global efforts 
should aim to massively reduce biodiversity impacts of land-use 
change by one to two orders of magnitude. These interventions are 
essential in addressing the biodiversity crisis and mitigating associ-
ated climate impacts, as land-use change contributes to over 10% of 
global climate impacts21–23.

Our results underscore the need to implement policy measures 
that: (1) support biodiversity hotspot regions in halting natural habi-
tat destruction and (2) encouraging countries, especially China, the 
United States, the Middle East and Europe, to stop importing agri-food 
products from tropical biodiversity hotspots (see Supplementary 
Discussion 2 for an overview on possible policy measures). Imple-
menting these policies requires transparency in global supply chains 
by quantitative impact mapping. While this study focuses on recent 
land-use change impacts, REX3 (ref. 25) also includes data on histori-
cal land-related biodiversity impacts, climate impacts, health impacts 
from particulate-matter emissions48, and water stress49, implemented 
following UNEP-SETAC9,16. REX3 is open access and, combined with 
our approach26, enables detailed mapping of supply chain impacts 
at high regional, sectoral and temporal resolution (189 countries, 163 
sectors, from 1995 to 2022). This understanding is vital for designing 
incentives that align socio-economic interests with biodiversity con-
servation, climate targets and other environmental goals throughout 
global supply chains.

Methods
Our procedure can be divided into four steps. First, we calculated the 
biodiversity impact from land-use change from 1995 to 2022. Second, 
we calculated the biodiversity impact of land use in 1995, and added 
the cumulated land-use change impacts for the subsequent years. This 
allowed us to assess the biodiversity impact of land use from 1995 to 
2022 (Extended Data Fig. 3(1)a,b). Third, we compiled the REX3 (ref. 25) 
database and applied the MRIO calculations to allocate the biodiversity 
impact from land use to the consuming regions and products (Extended 
Data Fig. 3(1)c,d) and to display the results in a multidimensional impact 
array26. Finally, we calculated the change in biodiversity impacts of land 
use as the difference from the value in 1995 (that is, the biodiversity 
impact from land-use change) from different perspectives to introduce 
a marginal allocation approach into MRIO analysis (Extended Data 
Fig. 3(2)). In this context, positive values refer to increases in biodiver-
sity impacts, while negative values refer to decreases in biodiversity 
impacts. Each of the four steps is described in more detail below.

Regionalized biodiversity impact assessment of land-use 
change
For the land-use change data, we used the LUH2 dataset from ref. 21 
(from 1995 to 2015) and ref. 22 with updates up to 2022, as used for 
the Global Carbon Budget assessments23. The LUH2 dataset provides 
annual global data on the transitions between different land-use states, 
including primary forest, other primary land, secondary forest, other 
secondary land, pastures, rangeland, cropland (annual and perennial) 
and urban land. These data are given per unit fraction of grid cell at 
12 arcmin spatial resolution, which we translated into km2 for each 
grid cell. The LUH2 dataset relies on the HYDE 3.2 dataset42, which 
distinguishes the different land-use states on the basis of satellite data 
combined with FAO agricultural data43, and includes remote sensing 
data on forest cover change50 and national wood harvest data51.

The biodiversity impacts of land-use change from 1995 to 2022 
were derived by the element-wise multiplication of the area of the 
transition from land-use state x to land-use state y with the ecore-
gion10-specific global species loss factors on land occupation from 
UNEP-SETAC8,9,46,52:

bg,Δt
x→y = ( f gy − f gx ) × lg,Δtx→y (1)

where b equals the biodiversity impact measured in PSLglo of each 
grid cell g, and year Δt (for example, from 1995 to 1996) due to the 
transition from land-use state x to land-use state y; f refers to the global 
species loss factor for land occupation state x and y in 804 terrestrial 
ecoregions (in PSLglo per m2) that were matched on a grid-cell level g; 
and l is the area of land-use change (in m2) per grid cell g and year Δt 
due to the transition of land-use state x to land-use state y. The global 
species loss factors are based on countryside species–area relation-
ships53 that are weighted with global vulnerability scores52 for assessing 
the proportion of species at risk of irreversible global extinction. The 
global species loss factors refer to the fraction of global species that 
are potentially lost per square metre of primary land (forested and 
non-forested) converted for six land-use sectors: annual and perennial 
crops, pastures, intensive and extensive forestry, and urban land use. 
For instance, if primary land was converted to cropland, the species 
loss factor of cropland was applied, while if pastures were converted 
to cropland, the species loss factor of pastures was subtracted from 
that of cropland (equation (1); Supplementary Data 2, ‘SI_CFs.xlsx’). 
In this context, positive species loss factors quantify increases in bio-
diversity impacts (for example, deforestation for cropland) while 
negative species loss factors quantify decreases in biodiversity impacts 
(for example, reforestation of cropland). The species loss factors of 
pastures were used for both managed pastures and rangeland, but a 
factor of 0.5 was applied to rangeland to account for the lower intensity 
compared with managed pastures21,54. Abandoned land was matched 
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to the class of ‘other secondary land’ in the LUH2 dataset. As no spe-
cies loss factors exist for this land-use type, we applied the species loss 
factors from rangeland. These are on average 50% and 70% lower than 
those for primary land conversion to crops and pastures, respectively 
(Supplementary Fig. 1). This implies that when primary land is initially 
converted to cropland (or pastures) and subsequently converted to 
other secondary land through abandonment, the resulting decrease in 
biodiversity impact from abandonment is approximately 70% (or 50% 
for abandoned pastures) less than the initial increase in biodiversity 
impact from primary land conversion. Following this procedure, we 
assessed biodiversity impacts of land-use change in the unit of global 
potential species loss at a steady-state land use after conversion. To 
assess the cumulated land-use change impacts from 1995 to 2022 
(illustrated in Fig. 1), we calculated the sum across all individual years. 
Finally, we also compared the results to the planetary boundary from 
ref. 47, which considers a limit of 0.001% PSLglo per year (equalling 
0.027% additional global species from 1995 to 2022).

Regionalized biodiversity impact assessment of land use
In addition to the data on land-use change, the LUH2 dataset also pro-
vides annual global data on the area of different land use states, includ-
ing pastures, cropland and urban land. On the basis of these data, we 
calculated the biodiversity impact of land use in 1995, and added the 
cumulated land-use change impacts (from equation (1)) for each year. 
For instance, the biodiversity loss from land use in 2022 was calculated 
on the basis of the sum of the biodiversity impact of land use in 1995 
plus the cumulated biodiversity impact of land-use change from 1995 
to 2022 (from equation (1)). The biodiversity impact of land use in 1995 
was calculated by the element-wise multiplication of the area of the 
land-use states (pastures, cropland and urban land) from the LUH2 
dataset21–23 with the ecoregion10-specific global species loss factors on 
land occupation from UNEP-SETAC8,9,46,52:

b g,t
x = f gx × l g, tx (2)

where b equals the biodiversity impact measured in global potential 
species loss (PSLglo) of each grid cell g in the year t due to the land-use 
state x; f refers to the global species loss factor for land occupation of 
804 terrestrial ecoregions (in PSLglo per m2) that were matched on a 
grid-cell level g; and l is the area of land-use state x (in m2) of each grid 
cell g in the year t. The species loss factors of annual crops were applied 
to the C3 annual, C4 annual and C3 nitrogen-fixing crops, while the 
species loss factors of permanent crops were applied to the C3 and 
C4 perennial crops from the LUH2 dataset. The species loss factors of 
pastures were used for both managed pastures and rangeland, but a 
factor of 0.5 was applied to rangeland to account for the lower intensity 
compared with managed pastures21,54. For urban land use, we applied 
the urban species loss factors (Supplementary Data 2, ‘SI_CFs.xlsx’).

In this study, the impacts of forestry products were not assessed. 
On the one hand, impacts of deforestation were allocated to agricul-
tural products because they tend to be the primary driver of defor-
estation, while timber is typically a by-product30. On the other hand, 
comprehensive data on wood harvest areas were not available for 
inclusion in the assessment21–23. However, the database attached to 
this study also enables assessing biodiversity impacts of wood, paper 
and rubber on the basis of the forested area from the LUH2 dataset21–23.  
In this context, biodiversity impacts from land use through agricul-
ture, forestry and urban land were implemented by applying the eco
region10-specific global species loss factors from UNEP-SETAC8,9,46 to 
the different land-use states from the LUH2 dataset21–23. This was done 
as described in equation (2), but for each year from 1995 and 2022, and 
by also including the impacts from forestry. In this context, the species 
loss factors of intensive forestry were applied to the secondary forested 
area of the LUH2 dataset. The results are shown in the Extended Data 
Figs. 4 and 10 for comparison.

Resolved EXIOBASE (REX)
Several global MRIO databases exist, such as EXIOBASE3 (refs. 14,44)  
and Eora26 (ref. 24), which are available as time series. The industry-by- 
industry version of EXIOBASE3 stands out with highest sectoral resolu-
tion (163 sectors) but is limited in the country resolution, as it distin-
guishes only 44 countries and aggregates all the other regions into five 
so-called ‘Rest of the World regions’ (RoW regions). As more than a third 
of global land-related biodiversity impacts are caused in these RoW 
regions26, it is important to improve the spatial resolution of EXIOBASE3 
on a country level for assessing the drivers in the global supply chain. 
In contrast to EXIOBASE3, Eora26 is available on a country level but is 
limited in the sectoral resolution (only 26 sectors). For instance, agricul-
ture is aggregated as a single sector in Eora26. Therefore, we followed 
the approach in ref. 16 to merge the industry version of EXIOBASE3  
(ref. 14) (v.3.8.2)44 with Eora26 (ref. 24) (v.199.82) to compile a highly 
resolved MRIO database called Resolved EXIIOBASE v.3 (REX3 (ref. 25)).  
REX3 distinguishes 189 countries, 163 sectors and time series from 
1995 to 2022. While the REX3 database used in this study is based on 
EXIOBASE3 v.3.8.2, the open-access REX3 database shared via Zenodo 
is based on EXIOBASE3 v.3.8.0, as this is the last version of EXIOBASE3 
that can still be shared as open access without share-alike restrictions.

While data from EXIOBASE3 are provided up to 202244, data from 
Eora26 are only available until 2016. Therefore, we merged the past 
6 years of EXIOBASE3 with the Eora26 data from 2016. To further improve 
the data quality of the disaggregated RoW countries, we integrated pro-
duction data from FAOSTAT37 from 1995 to 2015. Data from 2015 were 
also used for the years 2016–2022, as more recent data from FAOSTAT 
cannot be integrated in an open-access database anymore. Moreover, 
we integrated data on bilateral trade within all 189 countries from the 
BACI database45 for all agricultural and food sectors for the years 1995 to 
2021. Data from 2021 were also used for the year 2022, as data from 2022 
were not available yet. Further details on the structure and compilation 
of REX3 are listed in Supplementary Methods 2 and ref. 16.

For the impact assessment, the first step was to apply the global 
species loss factors of land occupation from UNEP-SETAC8,9 to the land 
use data from REX3 (as done in ref. 16). This information was used to 
determine the proportion of each sector concerning biodiversity 
impacts of cropland, pasture, forestry and urban industry in each 
country (for example, wheat cultivation contributes x% of crops-related 
biodiversity impacts in country y and year t). In a second step, we mul-
tiplied these proportions with the biodiversity impacts of crops, pas-
tures, forestry and urban land derived from the LUH2 dataset21–23, 
respectively, for each country and year. In this context, impacts of  
crops were allocated to eight crop cultivating sectors, impacts of graz-
ing were allocated to eight animal farming sectors, impacts of forestry 
were allocated to one forestry sector, and impacts of urban land use 
were allocated to the remaining industrial sectors (excluding mining) 
and the final demand (for each country and year). We followed this 
procedure to add five extensions of biodiversity impact from land-use 
change to the REX3 database. These include deforestation of primary 
forest and secondary forest, other primary and secondary land conver-
sion, and other land conversion (based on the results from equation (1)).  
Moreover, we added an extension of biodiversity impacts of land occu-
pation (based on the results of equation (2)). In this context, we also 
added the mining-related biodiversity impact assessment from ref. 55  
for the year 2014, where the global mining area dataset of ref. 56 was 
weighted with the urban species loss factors from UNEP-SETAC8,9.  
To implement time series for mining-related impacts, we linearly scaled 
the impacts from 201455 with the economic output of each mining sec-
tor per country and year in the REX3 (ref. 25) database.

Supply chain impact assessment with marginal allocation
Compared with previous MRIO assessments4,35,36,39,57 where impacts 
are allocated to the total economy (homogeneity assumption), the 
principle of this study’s marginal allocation approach19,20 is to allocate 
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land-use change impacts to shifts in the global supply chain, such as due 
to shifts in production, consumption and trade of agri-food products. 
For this purpose, we added the biodiversity impact of land occupation 
from 1995 (equation (2)) to the cumulated land-use change impacts per 
year in the satellite matrices of the REX3 (ref. 25) database. In a next step, 
we applied the supply chain impact mapping (SCIM) method of ref. 26 
to these extensions, and subtracted the impact matrices referring to the 
year 1995 from the impact matrices referring to the other years (1996 
to 2022). This procedure allowed us to allocate the land-use change 
impacts to changes in the global supply chain at the finest regional and 
sectoral resolution (189 countries and 164 sectors), and to store these 
changes in a multidimensional impact array. In this context, positive 
values refer to increases in biodiversity impacts due to an increase in 
production or consumption, while negative values refer to decreases in 
biodiversity impacts due to a decrease in production or consumption. 
This procedure is outlined below.

In addition to the perspectives of production and consumption 
addressed by the standard Leontief model58, the supply chain impact 
mapping method of ref. 26 adds an intermediate perspective, for exam-
ple, of agricultural goods, to the global supply chain, and connects it 
in a multidimensional impact array (one dimension for each perspec-
tive). In this study, a five-dimensional (5D) impact array was created 
with the dimension of 5 × 164 × 189 × 189 × 164. The first dimension 
refers to five aggregated land conversion types, namely deforestation 
of primary forest and secondary forest, other primary and secondary 
land conversion, and other land conversion. The second perspective 
refers to the producing sectors and households. The third and fourth 
perspective equals the producing and consuming countries, respec-
tively. The fifth perspective refers to the consumption from sectors, 
split into sectors that produce agricultural goods, the remaining global 
economy and households.

The perspective of produced agricultural goods, the remain-
ing economy and households in the fifth dimension is based on the 
principle of dividing the global economy into a target economy and a 
non-target economy, as presented by the method of ref. 59 for the case 
of Japan’s material production. Following the procedure described in 
ref. 26 for the global economy, sectors referring to the extraction and 
processing of agri-food products were set as target sectors (36 target 
sectors; Supplementary Data 1, ‘Classification_REX3.xslx’, sheet ‘Sec-
tors’) and all countries were set as target regions (189 countries). This 
resulted in 6,804 target-sector regions referring to the production 
of food, textiles and biochemicals (agri-food products) and 25,893 
non-target-sector regions referring to the remaining global economy 
(137 non-target sectors × 189 countries). This allocation is based on the 
principle that, for instance, if crops are used to feed animals, produce 
textiles (for example, cotton) or biochemicals (for example, bioplas-
tics), the land-use change impacts of these crops are allocated to the 
produced commodities. However, if biochemicals, such as bioplas-
tics, are used for food packaging or for textiles, the impacts of those 
bioplastics are not counted again among food or textiles to prevent 
double counting.

Our procedure allows us to assess the full supply chain impacts 
of agri-food products (target sectors) without double counting, and 
further adds the impacts of the remaining global economy (for exam-
ple, mining and other industries) as well as households from urban 
land use, which are stored in the fifth dimension of the impact array. 
Therefore, the 5D impact array in sum equals the standard Leontief 
model but provides additional information on the linkages and driv-
ers in the global supply chain. This is illustrated in a simplified way in 
Extended Data Fig. 10 for land-use-related biodiversity impacts in 2022, 
where impacts are allocated to total production and consumption. 
Finally, we subtracted the impact matrices referring to the year 1995 
from those for subsequent years (1996 to 2022) to link land-use change 
impacts to shifts in agri-food supply chains (marginal allocation), and 
aggregated the results for seven land-use sectors after conversion 

(production sectors), 14 production and consumption regions, and 
10 produced goods, as illustrated in Figs. 3 and 4. Further methods on 
the classification by income and the Human Development Index (HDI) 
are described in Supplementary Methods 3.

Applied software
RStudio (v.4.3.1) was used to calculate the results on the regionalized 
biodiversity impact assessment. Matlab (v.2023b) was used to compile 
the REX3 (ref. 25) database and to link land-use change impacts to 
the shifts in global supply chains using the SCIM method. The results 
were visualized with RStudio (v.4.3.1), Tableau Desktop (v.2023.2) and 
Microsoft Powerpoint (v.16.78.3).

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

Data availability
Further results of this study are presented in Supplementary 
Information. The data for the figures presented in this study are 
attached to Supplementary Data 3. The source data of all figures 
can be downloaded at https://doi.org/10.5281/zenodo.13625061 
(ref. 60). The data on land-use change were retrieved from the LUH2 
dataset (https://luh.umd.edu/) from ref. 21 (1995–2015) and ref. 22 
with updates up to 202223. The biodiversity impact assessment was 
based on the ecoregion10-specific global species loss factors on land 
occupation from UNEP-SETAC (https://www.lc-impact.eu/EQland_
stress.html)8,9,46,52. The Resolved EXIOBASE v.3 (REX3) was based on 
the approach in ref. 16 to merge EXIOBASE3 (ref. 14) (v.3.8.2)44 with 
Eora26 (https://worldmrio.com/eora26/)24 and integrate produc-
tion data from FAOSTAT (https://www.fao.org/faostat/en/#data/
QCL)37 and bilateral trade data from the BACI database (http://www.
cepii.fr/cepii/en/bdd_modele/bdd_modele_item.asp?id=37)45. The 
Zenodo repository to download REX3 (https://doi.org/10.5281/
zenodo.10354283)25 contains the data for the year 1995 to 2022. REX3 
(ref. 25) is open access under the Creative Commons Attribution 4.0 
International License and can be used to assess the environmental 
impacts within global supply chains. While EXIOBASE v.3.8.2 (ref. 44)  
was used for this study, the REX3 database shared in the Zenodo 
repository is based on EXIOBASE v.3.8 (ref. 61), as this is the earliest 
EXIOBASE version that can still be shared via a Creative Commons 
Attribution 4.0 International License.

Code availability
The Zenodo repository25 also includes the R code to compile the spa-
tially resolved global regionalized biodiversity impact assessment 
(Fig. 1) and the matlab code to compile the REX3 database and to cal-
culate the results of this study (Figs. 2–5). The open-access code can be 
used to reproduce all results of this study. The folder ‘matlab code to 
compile REX3’ provides the code to compile the REX3 database. This 
can also be done by using an earlier EXIOBASE version (for example, 
v.3.8.2). For this purpose, the data from EXIOBASE3 (ref. 44) need 
to be saved into the subfolder ‘Files/Exiobase/’, while the data from 
Eora26 (https://worldmrio.com/eora26/) need to be saved into the 
subfolder ‘Files/Eora26/bp/’. The folder ‘R code for regionalized BD 
impact assessment based on LUH2 data and maps (Fig. 1)’ contains the 
R code to weight the land use data from the LUH2 dataset21–23 with the 
ecoregion10-specific species loss factors from UNEP-SETAC8,9,46,52 and to 
create the maps shown in Fig. 1 of the study. For this purpose, the data 
from the LUH2 dataset (https://luh.umd.edu/data.shtml; transitions.
nc) need to be stored in the subfolder ‘LUH2 data’. The folder ‘matlab 
code to calculate MRIO results (Figs. 2–5)’ contains the matlab code to 
calculate the MRIO results for Figs. 2–5 of the study. The folder ‘R code 
to illustrate sankeys – Figs. 3–5, S11’ contains the R code to visualize the 
flow charts in the research article.
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Extended Data Fig. 1 | Biodiversity impacts of land-use change for urban 
activities from 1995 to 2022 at 15min-arc resolution (~28 km). Land conversion 
data from the LUH2 dataset21–23 were weighted with ecoregion10-specific impact 
factors from UNEP-SETAC8,9 to assess biodiversity impacts in percentages of 

global potential species loss (PSLglo). Positive percentages refer to increases in 
biodiversity impacts, while negative values refer to decreases in biodiversity 
impacts. The total biodiversity impacts from land-use change and the division for 
all the other land transitions are shown in Fig. 1 of the manuscript.
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Extended Data Fig. 2 | Aggregation of countries and world regions in our study for presenting the results. The classification distinguishes all countries that 
contribute to more than 5% of global land conversion impacts, whether through production or consumption, and aggregate the remaining countries into the main 
world regions.
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Extended Data Fig. 3 | Biodiversity impacts of land use in 1995 plus 
cumulated land use change impacts from 1995 to 2022 and cumulated 
land use change impacts from 1995 to 2022. (1) Biodiversity impacts of land 
use in 1995 plus cumulated land use change impacts from 1995 to 2022 and 
(2) cumulated land use change impacts from 1995 to 2022. Impacts are shown 
from different perspectives: (a) land use sectors, (b) production regions where 

land use (change) has happened, and (c) consumption regions of (d) produced 
goods. Land use change impacts were calculated as the impacts related to land 
conversion between different land use states, as described in equation 1 of the 
research article. Land use impacts in 1995 were calculated based on equation 2 of 
the research article. Land use impacts for the years 1995 to 2022, calculated based 
on equation 2 of the research article, are shown in Figure S4.
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Extended Data Fig. 4 | Biodiversity impacts of land use from 1995 to 2022 
and related changes in biodiversity impacts of land use in comparison to the 
year 1995. 1) Biodiversity impacts of land use from 1995 to 2022 and 2) related 
changes in biodiversity impacts of land use in comparison to the year 1995 
(meaning that land use impacts in 1995 were subtracted from land use impacts in 
the subsequent years). Impacts are shown from different perspectives: (a) land 

use sectors, (b) production regions where land use (change) has happened, and 
(c) consumption regions of (d) produced goods. Results were calculated based 
on equation 2 of the research article for the year 1995–2022, including impacts 
related to forestry. An in-depth analysis on the supply chain is shown in Figure S6 
for the year 2022.
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Extended Data Fig. 5 | Biodiversity impacts of land use in 1995 plus cumulated 
land use change impacts from 1995 to 2022 and cumulated land use change 
impacts from 1995 to 2022 divided by region of production (columns) and 
produced commodities (colors). (1) Biodiversity impacts of land use in 1995 

plus cumulated land use change impacts from 1995 to 2022 and (2) cumulated 
land use change impacts from 1995 to 2022 divided by region of production 
(columns) and produced commodities (colors).
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Extended Data Fig. 6 | Biodiversity impacts of land use in 1995 plus cumulated 
land use change impacts from 1995 to 2022 and cumulated land use change 
impacts from 1995 to 2022 divided by region of consumption (columns) 
and region of production (colors). (1) Biodiversity impacts of land use in 1995 
plus cumulated land use change impacts from 1995 to 2022 and (2) cumulated 

land use change impacts from 1995 to 2022 divided by region of consumption 
(columns) and region of production (colors). The grey category refers to the 
impacts due to consumption of commodities produced within the same country/
region (similar as illustrated in Figure S6b, c for the year 2022).
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Extended Data Fig. 7 | Biodiversity impacts from land use in 1995 plus 
cumulated land use change impacts from 1995 to 2022 and cumulated 
land use change impacts from 1995 to 2022 divided by income group of 
consumption (columns) and income group of production (colors).  
(1) Biodiversity impacts from land use in 1995 plus cumulated land use change 

impacts from 1995 to 2022 and (2) cumulated land use change impacts from 
1995 to 2022 divided by income group of consumption (columns) and income 
group of production (colors). The grey category refers to the impacts due to 
consumption of commodities produced within the same income group. The 
procedure of calculating these results is explained in the Methods Section S3.
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Extended Data Fig. 8 | Biodiversity impacts from land use in 1995 plus 
cumulated land use change impacts from 1995 to 2022 and cumulated land 
use change impacts from 1995 to 2022 divided by HDI group of consumption 
(columns) and HDI group of production (colors). (1) Biodiversity impacts 
from land use in 1995 plus cumulated land use change impacts from 1995 to 

2022 and (2) cumulated land use change impacts from 1995 to 2022 divided by 
HDI group of consumption (columns) and HDI group of production (colors). 
The grey category refers to the impacts due to consumption of commodities 
produced within the same HDI group. The procedure of calculating these results 
is explained in the Methods Section S3.
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Extended Data Fig. 9 | Net land-use change area from 1995 to 2022 based on the LUH2 dataset. 21–23 The sum of all changes equals zero.
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Extended Data Fig. 10 | Global biodiversity loss of land occupation (=land use) in 2022 divided by a) land use type, b) production region, c) consumption 
region, d) produced goods and e) end-use sector. Results were calculated based on equation 2 of the paper for the year 2022, including impacts related to forestry.
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