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Land-use change such as the conversion of natural habitat to agricultural
land has been a major driver of global biodiversity loss, prompting efforts
atbiodiversity restoration. However, restoration measures in certain areas

canshift 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 shiftsinglobal supply chains from 1995 t0 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
globalland-use change impacts from a consumption perspective, despite
decreasing domesticimpacts through restoration. Decreasing biodiversity
impactsintemperate and arid regions have been partially achieved by
outsourcing agri-food supply to tropical biodiversity hotspots. This results
inacumulated global extinction rate (1.4% global potential species loss
since1995), 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 ever' . 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 abroad*”.
While land-use changes canlead to a decrease in biodiversity impacts,
as observed in Europe through restoration measures®, it is crucial to
avoid exacerbatingimpacts elsewhere through outsourcing agri-food
supply chains to biodiversity hotspots. Key actionsinclude: (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
(PSLy,) indicator, recommended by UNEP-SETAC””, estimates the
proportion of global species that may become extinct due to habi-
tat conversion. It calculates ecoregion'-level extinctions using the
countryside species—area relationships” for five taxonomic groups®
and weights them with a factor considering species endemism and
IUCN threat-level scores'. This factor approximates the probability
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Fig.1|Biodiversity impacts of land-use change from 1995 t0 2022. a, Total.
b-g, Split by land conversion at 15 min-arc resolution (-28 km). Conversion to
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assessed in percentages of global potential species loss (PSLy,) on the basis of
ecoregion'®-specificimpact factors from UNEP-SETAC®’. Positive percentages
refer to increases in biodiversity impacts, while negative values refer to decreases
inbiodiversity impacts.
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that species lost in an ecoregion lead to global extinctions. Integrat-
ing PSL,, into MRIO analysis enables decision-makers to understand
the potential impact of their activities on biodiversity and promote
sustainable practices throughout supply chains.

However, limitationsinclude limited spatial resolution, poor data
quality for many countries with high endemic species richness and
outdated time series*"". 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
impactsto total supply and demand, similar to attributional LCA that
assesses the averageimpacts of a product or process'®. However, they
did notexamine how land-use change impactsrelate to shifts in supply
and demand, as done inamarginal allocation to analyse which changes
over timelead to abetter or worse outcome compared with the baseline
year'®?°, While marginal allocationis also used in consequential LCA'S,
ithas not beenintroduced to MRIO yet.

Thisstudy 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) dataset” », providing global land conversions
from1995t0 2022, with ecoregion'®-specific global species loss factors
from UNEP-SETAC®’. This allows us to assess bothincreases in biodiver-
sityimpacts from natural habitat conversion (for example, deforesta-
tionor other natural habitat conversion for agriculture) and decreases
in biodiversity impacts from restoration measures® (for example,
reforestation or abandonment of agricultural land) at a high spatial
resolution (15 min-arcresolution,~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 x 163 sectors) and introduce a marginal
allocation'”* to better understand the dynamic relationship between
shifts in global supply chains and recent land-use change impacts®.

Results

Hotspots of global biodiversity impacts from land-use change
Figure 1aillustrates 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
regions?. In Latin America, hotspots of increasing impacts include
easternBrazil and the Amazonasregion, 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, Malaysiaand Southwest Australia
(Fig. 1a). Overall, the cumulative increase in biodiversity impacts due
toland-use change amounts to1.5% PSL,, 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
Americaand 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-
sphereregions (Fig.1), whichisinaccordance with previous studies?*.
Hotspots of decreasing biodiversity impacts include Spain, Italy,
Greece, the United States, Turkey, Iran, Russia, Kazakhstan, Georgia
andJapan, aswellas South Africa, Chile and New Zealand in the south-
ern hemisphere. Our assessment reveals that also afew regionsin the
tropical regions have experienced decreases in biodiversity impacts.
Thisincludes Cubaand Nigeria, mainly due toreforestation measures,
the abandonment of cropland and the conversion of cropland into
rangeland. Overall, decreases in biodiversity impacts account for
-0.11% PSL,, since 1995, representing the sum of all negative valuesin
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% PSL,) and decreases (-0.11%
PSL,,), netglobal biodiversity impacts resulting fromland-use change
have increased by 1.4% PSL, from 1995 to 2022 (Fig. 1). This implies
an additional 1.4% of global species are committed to extinction, as
decreasesinbiodiversity 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 occurredin 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 impactsinIndonesia, 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 naturalland 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 minorimpacts. Forestry products are not consid-
ered here, as agriculture is the primary driver of deforestation, while
timber is typically a by-product®.

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
theland 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
toimports, 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% PSL,,, from 1995 to 2022, as shown
inFig. 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% PSL,,. Further results
are shownin Extended Data Figs. 3-8.

Our findings indicate that most land-use change biodiversity
impactsintropical regionsare linked toincreasesininternational trade
inagri-food products (Figs. 2c,d and 3c,d). Adding up allland-use change
impacts attributed toshiftsininternational trade resultsinanetincrease
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impactamounts to 1.4% PSL,,, from1995 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
groupis shownin Extended Data Figs.7 and 8.

0f 1.3% PSL,, from 1995 to 2022, meaning that over 90% of global net
land-use changeimpacts areembodied inincreased international trade
of agri-food products (Supplementary Data 3, ‘SI_Results.xlIsx: trade
within189 countries’). More than 60% of net land-use change impacts are
attributed toincreased imports to affluent countries® fromless affluent
ones. Themain exportersare Latin America, Africa, and Southeast Asia +
Pacific (excluding China and India). Almost 80% of global net land-use
changeimpactsarerelated toincreased exports of agri-food products
from Latin America +the Caribbean (37%), Southeast Asia + Pacific (28%)
and Africa (14%) (Supplementary Data 3, ‘SI_Results.xIsx: Figure_3’).
Viceversa, 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 netland-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 productsin temperate
and arid northern hemisphere zones have beenincreasingly substituted
by imports from Latin America, Africa, and Southeast Asia + Pacific,
intensifying biodiversity impacts through deforestation and habitat
conversionin tropical regions.

In Latin America + the Caribbean, hotspots of increasing biodiver-
sityimpacts due to exportsinclude Brazil and Mexico, and several other
countriesin tropical regions such as Colombia, Peru and Ecuador. Over
aquarter of global netland-use changeimpacts arerelated toincreased
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, butalso 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-thirdis 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
changeimpactsin Mexico, primarily throughincreased 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 consumptionare attributed toincreasedimports from Mexico.

Outsourcing agri-food supply chains to tropical regions has led to
decreased biodiversity impacts in many temperate and arid northern
hemisphere countries (forexample, Spain, Italy, Greece, the United States,
Turkey, Iran, Russia, Kazakhstan, Georgia) but increased impacts from
aconsumption perspective by importing goods from tropical regions.
Conversely, tropical regions exhibit the opposite trend of increased
domesticbiodiversityimpacts and reduced consumption-based impacts.
InBrazil, land-use change impacts from consumption have decreased due
to declining domestic beef consumption (Fig. 2d). This is attributed to
Brazil'sincreaseinland productivity: since 1995, Brazil’'s beef production
has outpaced the expansion of land use for cattle farming, leadingto a
reduced biodiversity impact from land-use change per unit of produced
beef. This has offset the overall increase in Brazil’s beef consumption®,
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 anetincrease
inland-conversionimpacts (Fig. 4), reflecting the substantial increase of
exportsbetween 1995 and 2022. A similar patternis observed for Mexico
(Supplementary Results 1and Fig. 5).

In Africa, land-use change impacts are influenced by the increased
production of goods for domestic consumptionincertain countriessuch
asMadagascar and the Democratic Republic of the Congo. However, in
most African countries, including South Africa, Ethiopia, Tanzaniaand
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Increases and decreases in global land-use change impacts (resulting in a net impact of 1.4% PSLglo) linked to supply chain shifts from 1995 to 2022:
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(for example, through reforestation and other natural restoration measures)

are associated with decreased consumption (negative percentages). The sum of
increases and decreases depicted ina-e equals the net biodiversity impact of 1.4%
global potential speciesloss 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 conversionimpacts, whether through
production or consumption, and aggregates the remaining countries into the main
world regions (Extended DataFig. 2). Further in-depth analysis for land conversion
impactsin Brazil, Mexico and Indonesiais shownin Figs. 4, 5and 6, respectively.

Nigeria, land-use change impacts are driven by increased exports. For
example, South Africaexhibits asimilar patternto 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 impactsin Ethiopiaand Nigeria
are mainly associated with increased beef exports, while impacts in
Tanzaniaare predominantly related toincreased 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, Chinaand India. Forinstance, increased

exportsto Europe are dominated by beef mostly from South Africa, Nige-
riaand 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
Africacanbeattributed toincreased 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. 3¢,d). This has led to increased land-use change impacts
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Increases and decreases in Brazil's land-use change impacts (resulting in a net impact of 0.14% PSL,,) linked to global supply chain shifts:
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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% PSL,,, from
1995 t02022 shown in Fig. 2b for Brazil's domestic impacts, and is referred to as
100% in the text.

both domestically and from a consumption perspective in Indonesia
(Fig. 2¢,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’sincreased 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 impactsin 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 from1995t0 2022 and identifies how shifts
inthe global agri-food supply chain contribute to these changes using
amarginal allocation, making it presumably the first of its kind. Similar
to previous studies on deforestation®?*, our results show that most
cropland-related impacts are caused in Southeast Asia + Pacific, while
Latin America (especially Brazil) is ahotspotin pasture-related land-use
change impacts. However, Africa’s contribution to pasture-related
impacts is higher compared with previous studies®>* due to the high
species loss factor’ applied here for Madagascar. Moreover, previous
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Increases and decreases in Mexico’s land-use change impacts (resulting in a net impact of 0.12% PSL,
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Fig.5|Increases and decreases in biodiversity impacts of land-use change
inMexico from1995 t02022. a-d, The resulting net impact of 0.12% PSL,, 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 inimpacts (for example,
through deforestation and other natural habitat conversion) are linked to

increased consumption (positive percentages), while decreases inimpacts (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% PSL, from
1995 t02022 shown in Fig. 2b for Mexico’s domestic impacts, and is referred to as
100% in the text.

studiesindicated decreasing biodiversity impactsin Europe and North
Americafromboth production and consumption perspectives®'>¢3,
while our study reveals anincrease in consumption-based biodiversity
impactsinthese 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
dataset”?* and consider biodiversity impacts® related to pri-
mary habitat conversion to agriculture followed by abandon-
ment. Incontrast, previousstudiesrelied on national net changes
in land-use area>>*, 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 stable”, 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 a40% higher global land-use change
impact (1.4% PSL, versus 1.0% PSL,,; Extended Data Figs. 3 and

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 studies”®
(Supplementary Data 3, ‘SI_Results.xIsx: annual LUC rates’).

(2) Detailed trade assessment: This study uses detailed bilateral

trade data from 1995 to 2021. Hence, our database (REX3)* 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 Pacific*™¢*53¢,

(3) Exclusion of total forest area: Previous studies included forestry

impacts based on forested area>'**>*¢, [eading to a conflict-
ing trend: as deforestation increases, forested area decreases,
resulting in lower biodiversity impacts, as these are linearly
correlated with the forested area’. Our study attributes land-use
changeimpactsto agri-food products, whichincrease in tandem
with deforestation.

Marginal versus total allocation: by allocating total impacts to

4 and Supplementary Discussion 1), as a substantial part total demand, previous studies showed that international trade con-
of global land-use change involves the conversion of natural tributes25-30% to globalbiodiversity impacts>**>'***% Applying this
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Increases and decreases in Indonesia’s land-use change impacts (resulting in a net impact of 0. 28% PSL,

@ Land conversion type
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b Land-use sector
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cultivation cereals cultivat.

Vegetables, fruits +
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glo) linked to shifts in the global supply chain:

Other natural land conversion

Other land
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Oil seeds cultivation
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Decreases in impacts Increases in impacts (% PSLQLO) Indonesia’s net land-use change impact <J
(% PSLgyo) (100%)

Fig. 6 | Increases and decreases in biodiversity impacts of land-use change
inIndonesiafrom1995t02022. a-d, Theresulting netimpact of 0.28%

PSL,, 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 inimpacts (for
example, through deforestation and other natural habitat conversion) are linked

toincreased consumption (positive percentages), while decreases inimpacts (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% PSL,, from
1995 t0 2022 shown in Fig. 2b for Indonesia’s domestic impacts, and is referred to
as100%in the text.

allocationto the REX3 (ref. 25) database, the relevance of international
tradeis 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
from1995t02022 arelinked toincreased international trade (Supple-
mentary Data 3, ‘SI_Results.xlIsx: trade within 189 countries’), with more
thantwo-thirds attributed toincreased 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.xlIsx: trade within 14 regions’). This disparity is attributed
to the marginal allocation'?° 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 toland abandonment and reforesta-
tion. This allocation method can also be applied to previous results*

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). Thisunderscores theimportance of robust time series for effec-
tive marginal analysis'®?, 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
intropical 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 dataset® * (Extended Data Figs. 4 and 10 and Supplementary
Discussion1). However, future research should provide comprehensive
wood harvest dataand account for therising intensificationin forestry,
asspeciesrichness decreases with increasing forest-managementinten-
sity®. Inaddition, impacts of land-use intensification and fragmentation
should be considered*** alongside changes in land use area. Including
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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
bothrecent and historical land-use impact assessment.

While previous studies analysed land-use impacts up to 2015>"7¢,
this study includes trends up to 2022. However, the LUH2 dataset®*
used here is based on remote sensing data from 2010*> combined
with national land-use statistics from 1995 to 2021*, extrapolated to
2022%, This introduces uncertainty, especially in intercountry vari-
ability (Fig. 1) and the distinction by land conversion type. Therefore,
furtherresearchis crucial to generate up-to-date land-use change data
maps fromremote sensing with continuous time series. Nevertheless,
country-level netland-use change impacts are considered fairly robust,
as they are based on national land use data until 2021*>. Moreover,
the underlying EXIOBASE3 (refs. 14,44) database (v.3.8.2) includes
detailed macro-economic accounts and bilateral trade dataup 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 2021%. Thus, the conclusions are
based on reported bilateral trade data* and national land-use statis-
tics® up to 2021.

The species loss factors used here®”*° were assumed to be linear,
whileincreasing land-use change would alter the countryside species—
arearelationship. Furthermore, decreases inbiodiversity impactsare
more uncertainthanincreases, and quantify amaximumin 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.

8,9,46

Policy implications

This study shows that decreased biodiversity impactsin 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% PSL,, from 1995 t0 2022)
surpasses the current biodiversity target for annual species loss due
to land-use change*’ 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
essentialin addressing the biodiversity crisis and mitigating associ-
ated climate impacts, as land-use change contributes to over 10% of
global climate impacts® .

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-
calland-related biodiversity impacts, climate impacts, healthimpacts
from particulate-matter emissions*®, and water stress*’,implemented
following UNEP-SETAC®'°. REX3 is open access and, combined with
our approach®, enables detailed mapping of supply chain impacts
at highregional, 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 from1995to 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 DataFig.3(1)a,b). Third, we compiled the REX3 (ref. 25)
database and applied the MRIO calculations to allocate the biodiversity
impactfromland use to the consumingregions and products (Extended
DataFig.3(1)c,d) and todisplay the results inamultidimensional impact
array”. Finally, we calculated the change in biodiversity impacts of land
use as the difference from the value in 1995 (that is, the biodiversity
impact fromland-use change) from different perspectives tointroduce
amarginal allocation approach into MRIO analysis (Extended Data
Fig.3(2)). Inthis context, positive values refer toincreases inbiodiver-
sity impacts, while negative values refer to decreases in biodiversity
impacts. Each of the four stepsis 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 assessments®’. The LUH2 dataset provides
annual global dataonthe transitions between different land-use states,
including primary forest, other primaryland, 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 km? for each
grid cell. The LUH2 dataset relies on the HYDE 3.2 dataset*?, which
distinguishes the different land-use states on the basis of satellite data
combined with FAO agricultural data®, and includes remote sensing
data on forest cover change’*® and national wood harvest data®.

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-
gion'%-specific global species loss factors on land occupation from
UNEP-SETAC®%4¢%%;

b = (ff —fE) < B o)

where b equals the biodiversity impact measured in PSL, of each
grid cell g, and year At (for example, from 1995 to 1996) due to the
transition fromland-use statextoland-use statey; frefers to the global
species loss factor for land occupation state x and y in 804 terrestrial
ecoregions (in PSLy, per m?) that were matched on a grid-cell level g;
and [is the area of land-use change (in m?) per grid cell g and year At
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-
ships™ that are weighted with global vulnerability scores* 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.xIsx’).
In this context, positive species loss factors quantify increases in bio-
diversity impacts (for example, deforestation for cropland) while
negative species loss factors quantify decreasesin biodiversity impacts
(for example, reforestation of cropland). The species loss factors of
pastures were used for both managed pastures and rangeland, but a
factorof 0.5was applied torangeland to account for the lower intensity
compared with managed pastures?-**. Abandoned land was matched
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to the class of ‘other secondary land’ in the LUH2 dataset. As no spe-
ciesloss factors exist for this land-use type, we applied the species loss
factorsfromrangeland. These are on average 50% and 70% lower than
those for primary land conversion to crops and pastures, respectively
(Supplementary Fig.1). Thisimplies that when primary land is initially
converted to cropland (or pastures) and subsequently converted to
othersecondaryland through abandonment, the resulting decreasein
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 sumacross allindividual years.
Finally, we also compared the results to the planetary boundary from
ref. 47, which considers a limit of 0.001% PSL,, per year (equalling
0.027% additional global species from1995t0 2022).

Regionalized biodiversity impact assessment of land use
Inaddition to the data onland-use change, the LUH2 dataset also pro-
vides annual global data onthe 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.
Forinstance, 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
t02022 (from equation (1)). The biodiversity impact of land usein 1995
was calculated by the element-wise multiplication of the area of the
land-use states (pastures, cropland and urban land) from the LUH2
dataset”?*with the ecoregion'-specific global species loss factors on
land occupation from UNEP-SETAC®%4¢52;

bE =fEx 5" )

where b equals the biodiversity impact measured in global potential
species loss (PSLy,) of each grid cell gin the year t due to the land-use
statex; frefers to the global species loss factor for land occupation of
804 terrestrial ecoregions (in PSL,, per m?) that were matched ona
grid-cell level g; and [is the area of land-use state x (inm?) of each grid
cellgintheyeart. 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 0.5was applied torangeland to account for the lower intensity
compared with managed pastures***. For urban land use, we applied
the urban species loss factors (Supplementary Data 2, ‘SI_CFs.xIsx’).

Inthis study, theimpacts 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-product®®. On the other hand,
comprehensive data on wood harvest areas were not available for
inclusion in the assessment* >’, However, the database attached to
this study also enables assessing biodiversity impacts of wood, paper
andrubber onthe basis of the forested area from the LUH2 dataset™ >,
In this context, biodiversity impacts from land use through agricul-
ture, forestry and urban land were implemented by applying the eco-
region'®-specific global species loss factors from UNEP-SETAC®**¢ to
the different land-use states from the LUH2 dataset” . Thiswas done
asdescribedin equation (2), but for eachyear from1995and 2022, and
byalsoincluding theimpacts 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-
guishesonly 44 countries and aggregates all the other regions into five
so-called ‘Rest of the World regions’ (RoW regions). As more thanathird
of global land-related biodiversity impacts are caused in these RoW
regions®, itisimportant toimprove 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 inthe 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)** 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
EXIOBASE3v.3.8.2, the open-access REX3 database shared via Zenodo
isbased on EXIOBASE3v.3.8.0, as this is the last version of EXIOBASE3
that cansstill be shared as open access without share-alike restrictions.

While data from EXIOBASE3 are provided up to 2022*, data from
Eora26 are only available until 2016. Therefore, we merged the past
6 years of EXIOBASE3 withthe Eora26 datafrom 2016. To furtherimprove
the data quality of the disaggregated RoW countries, we integrated pro-
duction data from FAOSTAT” 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
BACl database*forall agricultural and food sectors for the years 1995 to
2021.Datafrom2021werealso used for the year 2022, as datafrom 2022
were not available yet. Further details on the structure and compilation
of REX3 arelisted in Supplementary Methods 2 and ref. 16.

For the impact assessment, the first step was to apply the global
speciesloss factors of land occupation from UNEP-SETAC®® 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 (forexample, wheat cultivation contributes x% of crops-related
biodiversityimpactsin country yand year ). Inasecond step, we mul-
tiplied these proportions with the biodiversity impacts of crops, pas-
tures, forestry and urban land derived from the LUH2 dataset” >,
respectively, for each country and year. In this context, impacts of
cropswere 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 fromland-use
change to the REX3 database. These include deforestation of primary
forestand secondary forest, other primary and secondary land conver-
sion,and otherland conversion (based ontheresults fromequation (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-SETAC®”.
Toimplement time series for mining-related impacts, we linearly scaled
theimpacts from 2014* with the economic output of each mining sec-
tor per country and year in the REX3 (ref. 25) database.

Supply chainimpact assessment with marginal allocation

Compared with previous MRIO assessments******** where impacts
are allocated to the total economy (homogeneity assumption), the
principle of this study’s marginal allocation approach?is to allocate
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land-use change impacts to shifts in the global supply chain, such as due
toshiftsin 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
yearinthesatellite matrices of the REX3 (ref. 25) database. In anext step,
we applied the supply chainimpact mapping (SCIM) method of ref. 26
tothese extensions, and subtracted theimpact matricesreferring 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 tochangesin the global supply chainat 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 decreasesin
biodiversity impacts due toadecreasein production or consumption.
This procedureis outlined below.

In addition to the perspectives of production and consumption
addressed by the standard Leontief model*®, the supply chain impact
mapping method of ref. 26 adds anintermediate perspective, for exam-
ple, of agricultural goods, to the global supply chain, and connects it
inamultidimensionalimpact array (one dimension for each perspec-
tive). In this study, a five-dimensional (5D) impact array was created
with the dimension of 5 x 164 x 189 x 189 x 164. The first dimension
refersto 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
refersto 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,
splitinto 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-targeteconomy, as presented by the method of ref. 59 for the case
ofJapan’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 x 189 countries). This allocationis 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 DataFig.10 for land-use-related biodiversity impactsin 2022,
where impacts are allocated to total production and consumption.
Finally, we subtracted the impact matrices referring to the year 1995
from those for subsequentyears (1996 t02022) to link land-use change
impactstoshiftsin 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, asillustrated 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 dataonland-use change were retrieved from the LUH2
dataset (https://luh.umd.edu/) from ref. 21 (1995-2015) and ref. 22
with updates up to 2022”. The biodiversity impact assessment was
based on the ecoregion'-specific global species loss factors on land
occupation from UNEP-SETAC (https://www.lc-impact.eu/EQland_
stress.html)®*#¢*2, The Resolved EXIOBASE v.3 (REX3) was based on
the approach in ref. 16 to merge EXIOBASE3 (ref. 14) (v.3.8.2)** with
Eora26 (https://worldmrio.com/eora26/)** and integrate produc-
tion data from FAOSTAT (https://www.fao.org/faostat/en/#data/
QCL)* and bilateral trade data from the BACI database (http://www.
cepii.fr/cepii/en/bdd_modele/bdd_modele_item.asp?id=37)*. The
Zenodo repository to download REX3 (https://doi.org/10.5281/
zenodo.10354283)* contains the data for the year 1995 to 2022. REX3
(ref.25)isopenaccess 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 repository® 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 theresults of this study (Figs.2-5). The open-access code canbe
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 dataand maps (Fig.1)’ contains the
R code to weight the land use data from the LUH2 dataset” * with the
ecoregion'®-specific species loss factors from UNEP-SETAC®****?and to
create the maps shownin Fig. 1of the study. For this purpose, the data
fromthe LUH2 dataset (https://luh.umd.edu/data.shtml; transitions.
nc) need to be stored in the subfolder ‘LUH2 data’. The folder ‘matlab
codeto 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
toillustrate sankeys - Figs. 3-5, S11’ contains the R code to visualize the
flow chartsintheresearcharticle.
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Extended Data Fig. 1| Biodiversity impacts ofland-use change for urban
activities from1995 to 2022 at15min-arc resolution (~28 km). Land conversion
data from the LUH2 dataset” * were weighted with ecoregion10-specific impact
factors from UNEP-SETAC®’ to assess biodiversity impacts in percentages of

global potential species loss (PSL,,). Positive percentages refer toincreases in
biodiversity impacts, while negative values refer to decreases in biodiversity
impacts. The total biodiversity impacts from land-use change and the division for
allthe 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 in1995 plus land use (change) has happened, and (c) consumption regions of (d) produced
cumulated land use change impacts from 1995 t0 2022 and cumulated goods. Land use change impacts were calculated as the impacts related to land
land use change impacts from 1995 to 2022. (1) Biodiversity impacts of land conversion between different land use states, as described in equation1of the
usein1995 plus cumulated land use change impacts from 1995 t0 2022 and research article. Land use impacts in 1995 were calculated based on equation 2 of
(2) cumulated land use change impacts from 1995 to 2022. Impacts are shown theresearch article. Land use impacts for the years 1995 to 2022, calculated based
from different perspectives: (a) land use sectors, (b) production regions where 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 from1995 to 2022
andrelated changes in biodiversity impacts of land use in comparison to the
year1995.1) 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 impactsin
the subsequent years). Impacts are shown from different perspectives: (a) land

= Net impacts

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. Anin-depth analysis on the supply chain is shown in Figure S6
for the year 2022.
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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 Séb, c for the year 2022).

Nature Sustainability


http://www.nature.com/natsustain

Analysis

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

Consumption by income group

High income Upper middle income
3%
n
o))
%3
c o o
£29
ne= 2%
5 - 2
sg R
EZa
o 2 E
289 1
Vo] (0]
2w s
g3 2
—'a o I
- il III I II|IIIIIII|||
[0}
0% III I I!- !I!IIIIIIIII [ ] =
o 04%
o
54
=y
T n
s 8 02%
= O
S E
m
£8
O8 00%
N O

19952005 2015 19952005 2015

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 from1995 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
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impacts from 1995 to 2022 and (2) cumulated land use change impacts from
1995t02022 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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use change impacts from 1995 to 2022 divided by HDI group of consumption The grey category refers to the impacts due to consumption of commodities
(columns) and HDI group of production (colors). (1) Biodiversity impacts produced within the same HDI group. The procedure of calculating these results
from land use in1995 plus cumulated land use change impacts from 1995 to 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. »* 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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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
Confirmed
The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)
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For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.
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For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

X X X

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  The zenodo repository (https://doi.org/10.5281/zenodo.10354283) includes the R code to compile the spatially-resolved global regionalized
biodiversity impact assessment (Figure 1) and the MATLAB code to compile the REX3 database and to calculate the results of this study
(Figure 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 (e.g., version 3.8.2). For this purpose, the data
from EXIOBASE3 (https://doi.org/10.5281/zenodo.3583070) 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 (Figure 1)" contains the R code to weight the land use data from the LUH2 dataset with the
ecoregion-specific species loss factors from UNEP-SETAC and to create the maps shown in Figure 1 of the study. For this purpose, the data
from the LUH2 dataset (transitions.nc, https://luh.umd.edu/data.shtml) need to be stored in the subfolder "LUH2 data". The folder "matlab
code to calculate MRIO results (Figure 2-5)" contains the matlab code to calculate the MRIO Results for Figures 2-5 of the study. The folder "R
code to illustrate sankeys — Figure 3-5, S11" contains the R code to visualize the flow charts of the research article.

Data analysis R studio (version 4.3.1) was used to calculate the results on the regionalized biodiversity impact assessment. Matlab (version 2023b) was used
to compile the REX3 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 (version 4.3.1), Tableau Desktop (version 2023.2), and powerpoint (version 16.78.3).

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

o)
Q
=r
C
o
i}
©}
=
g
5
@
i}
©}
=
2
«
(%)
C
3
3
Q
=
~

Lcoc Y210y




Data

Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:
- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

Further results of this study are presented in the Supplementary Information (SI_Biodiversity LUC.pdf). The data of the figures presented in this study are attached
to the SI (SI_Results.xlsx). The Source Data of all figures can be downloaded here: https://www.dropbox.com/scl/fo/fxj4jppavudizlj27j4q3/
AJYFo3TUQLWgkDIwmCWDtg0?rlkey=81uctpur94p76scrmtm3ugp2s&st=cb8h4140&dI=0. The data on land-use change are retrieved from the Land-Use
Harmonization 2 dataset (LUH2, https://luh.umd.edu/data.shtml) from Hurtt et al (from 1995 to 2015) and Chini et al with updates up to 2022. The biodiversity
impact assessment is based on the ecoregion-specific global species loss factors on land occupation from UNEP-SETAC (https://www.lc-impact.eu/
EQland_stress.html). The Resolved EXIOBASE version 3 (REX3, https://doi.org/10.5281/zenodo.10354283) is based on the approach from Cabernard & Pfister to
merge EXIOBASE3 (version 3.8) with Eora26 and integrate production data from FAOSTAT and bilateral trade data from the BACI database. The zenodo repository to
download REX3 contains the data for the year 1995 to 2022 (https://doi.org/10.5281/zenodo.10354283). REX3 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 version 3.8.2 (https://
zenodo.org/records/5589597) was used for this study, the REX3 database shared in the zenodo repository is based on Exiobase version 3.8 (https://zenodo.org/
records/4277368), as this is the earliest exiobase version that can be still shared via a Creative Commons Attribution 4.0 International License.

Human research participants

Policy information about studies involving human research participants and Sex and Gender in Research.

Reporting on sex and gender no studies involving human research participants were involved

Population characteristics n/a
Recruitment n/a
Ethics oversight n/a

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Ecological, evolutionary & environmental sciences study design

All studies must disclose on these points even when the disclosure is negative.

Study description This study i) assesses spatially-resolved global biodiversity impacts resulting from land-use conversions between 1995 and 2022 and
ii) identifies how shifts in supply chains contribute to land-use change impacts over time. To achieve these goals, we combine the
Land-Use Harmonization 2 (LUH2) dataset, providing global land conversions from 1995 to 2022, with ecoregion-specific global
species loss factors from UNEP-SETAC. This approach allows us to assess both increases in biodiversity impacts due to natural habitat
conversion (e.g., deforestation or other natural habitat conversion for agriculture) and decreases in biodiversity impacts from
restoration measures6 (e.g., reforestation or abandonment of agricultural land) at a high spatial resolution (15-minute arc resolution,
approximately 28 km). To consider the diminished quality of secondary compared to primary habitats, land converted from primary
habitat to agriculture was assigned a higher biodiversity impact than the decrease in biodiversity impacts by land abandonment of
the same area. We integrate this regionalized impact assessment into Resolved EXIOBASE3 (REX3, https://doi.org/10.5281/
zeno0do.10354283), a highly-resolved MRIO database that incorporates production and bilateral trade data of agricultural goods (189
countries x 163 sectors). Finally, we introduce a marginal allocation into MRIO to provide a more nuanced understanding of the
dynamic relationship between shifts in global supply chains and recent land-use change impacts.

Research sample n/a
Sampling strategy n/a

Data collection The data on land use change are retrieved from the Land-Use Harmonization 2 (LUH2) dataset from Hurtt et al (from 1995 to 2015)
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Data collection and Chini et al with updates up to 2022. The biodiversity impact assessment is based on the ecoregion-specific global species loss
factors on land occupation from UNEP-SETAC. The Resolved EXIOBASE version 3 (REX3) is based on the approach from Cabernard &
Pfister to merge EXIOBASE324 (version 3.8) with Eora26 and integrate production data from FAOSTAT and bilateral trade data from
the BACI database.

Timing and spatial scale  The study covers the period from 1995 to 2022.
Data exclusions No data were excluded.

Reproducibility The MATLAB and R code to compile the REX3 database and calculate the results of this study is available upon zenodo: https://
doi.org/10.5281/zenodo.10354283 (will be open access after publication of the research article) and can be used to reproduce the
results of this study.

Randomization No randomization was performed.

Blinding No blinding was performed.

Did the study involve field work? [ yes No

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies |:| ChlIP-seq
Eukaryotic cell lines |:| Flow cytometry
Palaeontology and archaeology g |:| MRI-based neuroimaging

Animals and other organisms

Clinical data
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