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Achieving European Green Deal (EGD) targets for carbon removal and

ecological restoration would reduce agricultural and forestry production
within the European Union yet simultaneously extend ecosystem impacts
elsewhere. Here we quantify such spillover impacts by coupling an
extended multi-regional input-output analysis with an agro-ecological
zones model. We find that EGD’s agricultural and forestry targets set for
2030 could resultina23.9 Mhaincrease in demand for agricultural land
outside the European Union, which in turn would lead to anincrease in
land-use-related carbon emissions by 758.9 MtCO,-equivalent (244.8%

of EGD’s carbon removal target in the land, land-use-change and forestry
sectors) and a biodiversity loss of 3.86 million mean species abundance
loss. Such spillover impacts far exceed the ecological benefits from EGD
conservation-based import policies, such as promoting deforestation-free
products and phasing out food-based biofuel. We then propose three
options beyond the primary targets of the EGD with the aim to mitigate
such spillover impacts. The assessment of these options reveals the critical
role of reducing meat and dairy consumption, highlighting the impact of
consumer behaviour on environmental outcomes. This raises questions
about public awareness, willingness to change diets and the role of policy in
influencing consumer behaviours.

To address climate change, sustainable development and biodiversity
conservation, the European Green Deal (EGD) was introduced in 2019".
While EGD targets may benefit the European Union ecologically, they
could cause environmentalimpacts beyond the EU borders, particularly
through imports of land-intensive goods’. Without understanding
these spillover impacts, EGD goals might unintentionally shift envi-
ronmental degradation to other countries®. This study quantifies the
unintentional outsourcing impacts of the EGD onland use, land-related

carbon emissions and biodiversity using the latest available data, ena-
bling a more comprehensive understanding of the EGD’s global envi-
ronmental implications.

Research on environmental impacts of EU consumption has
grown, focusing on trade flow analyses*® and consumption-based
environmental footprints”™". These studies show that EU consumption
patterns lead to larger land footprints than the world average, thus
triggering increased biodiversity loss”” ' and greenhouse gas (GHG)
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emissions, suchas CO,, CH,and N,0". These impacts often stem from
land-use changes, such as deforestation, and fertilizer use'®". The
European Union’s substantial food imports, due to its limited food
self-sufficiency’®, exacerbate these issues. Imports of animal feed,
wood-based products and biomass” contribute to environmental dam-
ages innon-EU countries. Notably, imports of cattle meat, soy, maize
and palm oil are linked to deforestation in tropical countries such as
Brazil and Indonesia***. Multiple studies have demonstrated that the
European Union, asanetimporter of embodied land-based emissions,
indirectly contributes to extraterritorial emissions®.

Part of the EGD’s aims were to address the environmental spillo-
ver impacts of EU consumption. The European Union’s overarching
objective is to substantially reduce emissions and become the first
climate-neutral continent by 2050. To achieve this, the EGD proposes
strategies such astrade policies tolimitimports of deforestation-linked
meat, feed and soy, as well as policies promoting terrestrial carbon
sinks and ecological management practices on 25% of agricultural
land within the European Union. However, it is uncertain whether the
EGD is sufficient to prevent or reduce ecosystem spillover impacts in
otherregions.

To address this crucial question, we explore possible scenarios
for 2030, including the EGD and plausible options to mitigate its
spillover impacts (Table 1). We specify three sets of scenarios: (1)
a business-as-usual (BAU) scenario reflecting the current trend of
land-use/land-cover changes, (2) scenarios incorporating the EGD poli-
ciesand theirimpacts onland use and (3) scenarios aimed at mitigating
EGD spillover effects and thus going beyond the primary targets of
the EGD. Scenario set (2) includes the EU Deforestation-Free Regula-
tion to stop importing deforestation-linked goods (D1-D4), bioen-
ergy developments (D5-D6), organic agriculture expansion within
the European Union (D7) and increasing carbon sinks by converting
low-productivity cropland into forest or grassland (D8). Scenario set
(3) includes narrowing the crop yield gapsin developing regions (M1),
phasing out food-based biofuelin the European Union (M2) and adopt-
ing EAT-Lancet Commission-recommended diets™ (M3).

We assess the impacts of these policies or scenarios on land-use
and land-related GHG emissions and biodiversity outside the
European Union. Our approach combines environmentally extended
multi-regional input-output (EEMRIO) analysis** with a global
agro-ecological zones (GAEZ) model”. EEMRIO analysis quantifies
the flows of goods and services and associated virtual flows of resource
use by calculating direct and indirect effects along global supply chains.
The GAEZ model simulates crop production and suitability at the
10 x 10 km grid-cell level. This combined approach allows us to allo-
cate EU outsourced productions across different regions of the world
according to cropping suitability, potential yield and current trade
patterns.

Environmental spillover effects

Figure 1 and Extended Data Table 1 present the potential additional
required cropland under the proposed eight EGD scenarios (Table 1)
from 2020 t0 2030, without considering changing circumstances from
climate change. Forestland would potentially increase by approxi-
mately 2.2 Mha due to EGD deforestation-free import policies on meat
(D1), animal feed (D2), soy (D3) and wood-based products (D4). Yet the
largest savings to forestland would result from therestriction of palm
oil-based biodiesel (D5), which would contribute to 48.8% of the total
forestland saving. By contrast, implementing EGD policies could also
potentially resultina23.9 Mha cropland demand increase outside the
European Union, which would amount to 73.5% of the outsourced EU
cropland footprint (32.5 Mha) in 2020 (Supplementary Table 1 and
Supplementary Fig. 1). In addition, EGD policies for bioenergy crops
(D6), theintroduction of organic agriculture (D7) and the introduction
of additional carbon sinks through afforestation (D8) would lead to a
decline in domestic food production and trigger a 26.1 Mha cropland

Table 1| The EGD scenarios and EGD mitigation scenarios

Category Scenario Description

BAU BAU Business as usual, shared socioeconomic

pathways (SSP2)

D1 Only deforestation-free meat is imported
into the European Union by 2030

D2 Only deforestation-free feed products are
imported into the European Union by 2030

D3 Only deforestation-free soy is imported into
the European Union by 2030

D4 Only deforestation-free wood-based
products are imported into the European
Union by 2030

D5 Phasing out all food-based biofuel import
into the European Union by 2030 (currently
phasing out palm oil-based biofuel)

EGD scenarios

D6 Bioenergy crops expansion by 9Mha in
the European Union by 2030 (8.1% of EU
cropland in 2020)

D7 Organic agriculture up to 25% of EU
cropland (about 27.7Mha, year 2020) by
2030

D8 Carbon sink (310 MtCQO,e) in the combined
land-use, forestry and agricultural sectors
in the European Union by 2030

M1 Narrowing yield gap by improving field
management to the intermediate input
level of the GAEZ model outside the

European Union by 2030
EGD mitigation P t4

scenarios M2

Complete phasing out of food-based
biofuels by 2030 in the European Union

M3 Adapting diets in the European Union to
align with the EAT-Lancet recommendation

increase outside the European Union, which would exceed the total
forestland savings caused by D1-D5 by 11.7 times. The expansion of
bioenergy crops planting area (D6) within the European Union alone
willdisplace grain production and resultin an outsourcing of 17.2 Mha
cropland outside the European Union, accounting for 65.8% of the total
cropland expansion triggered by D6-D8.

The impact of the EGD on different regions varies substantially
due to the European Union’s disproportional import structure of
agricultural and forestry commodities, as well as variations in crop
cultivation suitability and yield under different climates. The major-
ity of cropland expansion is projected to occur in regions with higher
cropyield underrainfed conditions, such as therest of Europe, Russia
and Canada (Extended Data Table 1). For example, the rest of Europe
is projected to expand cropland, via converting pasture/grassland to
cropland, by 10.36 Mha (D1-D8), whichis 43.4% of the total projected
cropland expansion outside the European Union. By contrast, aslight
extent of cropland expansion compared with an obvious forest saving
in South Africa and Indonesia (D1-D8) would reduce land demand by
0.36 Mha and 0.60 Mha, respectively.

Theimpact of EGD onforest protection also varies across regions.
The results presented in Extended Data Table 1 indicate that the EU
deforestation-free meat (D1) and feed import (D2) policies would
benefit the rest of Africa the most, potentially saving 31.7 Kha and
31.8 Kha (35.5% and 33.3% of the total forestland savings from D1 and
D2), respectively. Thisis followed by the rest of America (19.0 Khafrom
D1and 19.5 Kha from D2) and Brazil (14.4 Kha from D1 and 20.8 Kha
from D2). The EGD’s soy import policy (D3) will save 32.3 Kha and
9.8 Kha of forestland in Brazil and the United States (69.5% and 21.0%
ofthe D3 saved area), which are the top two soy exporters of the world.
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Fig.1|Additional cropland requirements under EGD scenarios by 2030
compared with 2020. The background map shows the projected outsourced
cropland. The pie charts show the fractions of land requirements associated with
grains, oil crops and cash crops. Details of EU outsourced agricultural land are

provided in Supplementary Fig.1and Supplementary Tables1and 2;

the corresponding regional hotspots are shown in Supplementary Fig. 2.
Abbreviations of the 20 countries/regions outside the European Union are given
inSupplementary Table 4.

Inaddition, therestriction on wood-productimports from deforested
areas (D4) would prevent deforestation mainly in South Africa (458.8
Kha, or 50.5% of the D4 saved forest) and therest of America (172.5 Kha,
0r19.0% of the D4 saved forest). Reducing palm oil demand triggered by
the bioenergy policy (D5) would translate into lowering the impactson
major exporters such as Indonesia (572.9 Kha, or 52.7% of the D5 saved
forest) and the the rest of Asia and Pacific (313.9 Kha, or 28.9% of the D5
saved forest), mainly Malaysia and Papua New Guinea.

The potential land-use change resulting from EGD will trigger a
(net) release of about 758.9 MtCO,-equivalent (CO,e) of GHGs and a bio-
diversity loss of 3.86 million mean species abundance loss (MSA-loss)
outside the European Union (Extended Data Tables 2 and 3). Although
the EGD holds ecosystem and forest protection policies (D1-D5) to
stop the imports of deforestation-related products and food-based
biofuel, the limited, potential benefits of carbon emissions reduc-
tion (-209.0 MtCO,e) and biodiversity conservation (-0.61 million
MSA-loss) would be offset by the much greater ecosystem loss resulting
fromthe D6-D8induced outsourcing of agricultural land (carbon emis-
sions 967.9 MtCO,e, biodiversity 4.5 million MSA-loss). Land displace-
ment caused by expansion of bioenergy crops within the European
Union (D6) would be the biggest contributor to the increase of GHG
emissions (66.9% of the D6-D8, 647.8 MtCO,e) and the biodiversity
loss (65.1% of the D6-D8, 2.91 million MSA-loss) outside the European
Union. Meanwhile, among all the EGD land-saving scenarios of D1-D5,
phasingout theimports of wood-based products (D4) would contribute
56.5% of the GHG emissions decline (-118.0 MtCO,e) and 37.8% of the
biodiversity gain (-0.23 million MSA-loss).

From a regional perspective, land use and land-use change in
biodiversity-rich and high carbon storage forestland is critical to
GHG emissions reduction and biodiversity conservation (Fig. 2 and
Extended Data Tables 1-3). For example, in the hotspot areas of the
rest of America, potential carbon sinks from even asmall area of forest
saving (396.8 Kha, 17.8% of the D1-D5 global forest saving) would con-
tribute a44.8 MtCO,ereduction (21.4% of the D1-D5 global emissions
reduction) and 215.1 thousand MSA-loss biodiversity gains (35.1% of
the D1-D5 global biodiversity gains). However, as shown in pie charts
inFig.2, agricultural expansioninthe rest of Americatriggered by the
land displacement of D6-D8 accounts for 20.7% of the total biodiversity
loss (0.92 million MSA-loss) with only 6.5% of the total land demand
(1.7 Mha). Restricting palm oil biodiesel imports (D5) and wood-based
products imports (D4) would reduce deforestation in major produc-
ers of Indonesia (0.57 Mha, or 52.7% of the D5 saved forest) and South

Africa(0.46 Mha, or 50.5% of the D4 saved forest). By contrast, the con-
siderably larger land demand inthe rest of Europe (43.4% of the D1-D8
totalland demand) has relatively smallerimpacts on local ecosystems
(10.9% of the D1-D8 total biodiversity loss) because land conversions
are mostly from pastureland.

Given the ongoing Russian invasion in Ukraine and the associ-
ated sanctions, and the destruction of agricultural land in Ukraine,
it becomes implausible to outsource cropland in the conflict zones
(Russia, Ukraine and Belarus). Therefore, we relocated those out-
sourcing croplands, which were originally assigned to Russia, Ukraine
and Belarus, to the rest of the exporters to the European Union. As
shown in Supplementary Tables 6-8, because of land productivity
difference, an additional cropland expansion of 0.47 Mhais needed to
compensate the loss of the EGD’s outsourcing cropland in the conflict
zones (5.12 + 0.47 Mha). This additional demand for cropland implies
additional carbon emissions of 20.0 MtCO,e and biodiversity loss of
0.46 million MSA-loss.

Possible options to mitigate the spillover effects

Toreduce the spillover impacts of the EGD, we propose the following
three mitigation strategies (Table 1), which are not (as of this writing)
targeted in the EGD: M1, substantially enhancing crop yield outside
the European Union; M2, phasing out all food-based biofuel within the
European Union; and M3, adapting diets in the European Union to
align with the EAT-Lancet recommendation. To assess the environ-
mental impacts of M1-M3, we assume that all the saved cropland
compared with 2020 would become fallow first before being turned
into grassland. Figure 3a and Extended Data Table 4 report that crop-
land savings from M1-M3 amount to 11.7 Mha, which is much smaller
than the additional outsourcing under the EGD scenarios (23.9 Mha).
However, dietary change will benefit more within the European Union,
resulting in a decreased demand for cropland of 15.7 Mha (Extended
Data Table 5). This leads to a mitigation effect of cropland savings by
3.5Mha, which can potentially contribute to a noticeable reduction
in agricultural-related GHG emissions and substantial restoration
in biodiversity, compared with the baseline year. More specifically,
shifting towards a diet with less meat and dairy products (Extended
DataTable 4, M3) will contribute the largest cropland savings, amount-
ing to 9.9 Mha, or 84.5% of cropland savings from M1-M3 outside the
European Union. Reducing pig-meat consumption alone (Extended
Data Table 6) can lead to a savings of cropland outside the Euro-
pean Union of 4.50 Mha (45.7% of the cropland savings from M3).
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Among the EGD’s sourcing regions, the United States and Brazil will
benefit most (Extended Data Table 4, M3), saving 3.0 Mha (26.0% of
M1-M3 cropland) and 2.5 Mha (21.0% of M1-M3 cropland), respec-
tively. Phasing out food-based biofuel within the European Union (M2)
can potentially reduce cropping areas for growing bioenergy crops
(1.75 Mha), mainly in the ecological hotspots of the rest of America
(0.90 Mha, 51.2% of cropland savings from M2). Effects from M1 are
very limited (0.06 Mha), however, because current crop yields in most
countries have already reached the best attainable levels under the
condition ofintermediate level of inputs and management as defined
by the GAEZ model. In addition, dietary changes will lead to cropland
fallowing, mainly in Spain (2.9 Mha), France (2.8 Mha) and Germany
(2.0 Mha) (Extended Data Table 5). Among all the potential benefits
from reducing animal-based product consumption, Spain will be
the biggest contributor in pig meat (24.9%, 1.7 Mha), poultry (19.4%,
0.37 Mha), eggs (20.8%, 0.12 Mha) and lamb (27.8%, 0.03 Mha). France
will dominate in dairy (19.4%, 0.73 Mha) and beef (23.6%, 0.57 Mha).

Figure 3b together with Extended Data Table 7 show that the
pattern of GHG emissions fromagricultural land-use changes outside
the European Unionis similar to that of the cropland demand changes
discussed in the preceding (Fig. 2). Compared with the net emissions
increase (758.9 MtCO,e) caused by the EGD scenarios, the three miti-
gationstrategiesin combination are able to reduce GHG emissions by
about 404.8 MtCO,e, including 338.8 MtCO,e from changes in diet
(M3) (83.7% of the total GHG emissions reduction under M1-M3),
65.3 MtCO2e from phasing out food-based biofuel (M2) and 0.7 MtCO,e
from crop yield promotion (M1), respectively. Dietary change (M3) will
also lead to a GHG emissions reduction of 330.2 MtCO,e within the
European Union (Extended Data Table 8).

From aregional perspective, the most substantial reduction in
GHG emissions, resulting from the combination of M1--M3 (Extended
Data Table 7), is expected from the United States (117.6 MtCO,e), the
rest of Europe (108.8 MtCO,e) and Brazil (53.2 MtCO,e). These regions
accountfor29.1%,26.9% and 13.2%, respectively, of the total reduction
in GHG emissions resulting from M1-M3. In more detail, the United
Statesis able to achieve the biggest emissions reduction under dietary
change scenario M3 (116.2 MtCO,e, representing 34.3% of the reduction
under M3), Therest of America leads in emissions reduction from the
biofuel scenario (M2) with34.8 MtCO,e and is the fifth biggest contribu-
tor in GHG reductions resulting from the diet change scenario (M3)
withareduction of10.8 MtCO,e, which accounts for 53.3% and 3.2% of
the emissionsreductionunder the M2 and M3 scenarios, respectively.
In Russia, promoting crop yields (M1) is expected to result in a slight
decrease of 0.5 MtCO,e, which constitutes 74.2% of the total decrease
under M1. As for the EU countries (Extended Data Table 8), Germany
will benefit the most, witha GHG emissions reduction of 89.2 MtCO,e,
followed by Demark (-56.4 MtCO,e) and Finland (-26.9 MtCO,e), which
accountfor27.0%,17.1% and 8.1% of the total GHG emissions within the
European Union.

Figure 3c and Extended Data Table 9 indicate that implementing
these mitigation measures could result in vast cropland areas being
left fallow and then converted to grassland, pastureland or rangeland,
thus potentially reducing global biodiversity loss by about 4.3 million
MSA-loss. This reduction is about 1.1 times of the biodiversity loss
outsourced by the EGD (3.86 million MSA-loss), and all the countries
andregions will experience a net biodiversity increase with these miti-
gation measures. However, the potential gains vary greatly across coun-
triesand regions. The United States (-1.5 million MSA-loss), the rest of
Europe (-0.9 million MSA-loss) and Brazil (-0.7 million MSA-loss) stand
to benefit the most. Among mitigation scenarios, changesin diet (M3)
playsthe dominant role and contributes 97.9% (-4.2 million MSA-loss)
of the total benefits. Such changes include reducing consumption of
animal-based food, which would help protect ecosystems outside the
European Union, especially in the United States (-1.5 million MSA-loss),
the rest of Europe (-0.9 million MSA-loss) and Brazil (-0.7 million

MSA-loss), as all these areas have experienced agricultural expansion
for animal feeds and deforestation, thus severely impacting local eco-
systems. Biodiversity gains from M1 (-0.001 million MSA-loss, 0.03%
of the total biodiversity gains from M1-M3) and M2 (-0.09 million
MSA-loss, 2.0% of biodiversity gains from M1-M3) are relatively limited.
China and the rest of America, as major importers of EU food-based
biofuels, will see the most notable benefits from M2, at 0.028 mil-
lion MSA-loss (32.9% of biodiversity gains from M2) and 0.027 million
MSA-loss (32.4% of biodiversity gains from M2), respectively. While
organic agriculture could increase farmland biodiversity, estimating
suchimpacts onaglobal scale is challenging and beyond the scope of
our study. The European Union will also benefit from the dietary change
(Extended Data Table 10), with a total biodiversity gain of 4.7 million
MSA-loss. This gainis attributed mostly to theimprovementsin Spain
(1.3 million MSA-loss), France (1.1 million MSA-loss) and Germany
(0.7 million MSA-loss), which account for 26.9%, 24.1% and 15.9% of
the total biodiversity gains within the European Union, respectively.

Discussion

In this study, we provide a quantitative assessment of the global spillo-
ver effects of the EGD. We compare agricultural expansion outside the
European Union with land savings from importing deforestation-free
products and phasing out bioenergy. We also evaluate the impacts of
various EGD scenarios on land-related carbon emissions and biodiver-
sity under the currentimport structure of food and forestry products.
We propose three options to mitigate EGD spillover effects, estimate
theirimpacts and evaluate their effectiveness. Our wall-to-wall com-
parison approach offers a more detailed and accurate assessment of
land-use changes and theirimplications than previous studies. By show-
casing the spatial distribution of potential land-use changes, our find-
ings offer valuable insights for policymakers, enabling them to design
targeted interventions that more effectively address environmental
and socioeconomic challenges.

The spillover assessment shows that the EGD’s agricultural and
forestry objectives for 2030 would increase the demand for agricul-
tural land outside the European Union by 23.9 Mha. This could lead
to a substantial rise in land-use-related CO, emissions, estimated at
758.9 MtCO,e, which is 244.8% of the EGD’s carbon mitigation goal
(310 MtCO,e) intheland, land-use change and forestry sectors. In addi-
tion, this expansion could resultin a biodiversity loss of approximately
3.86 million MSA-loss, surpassing the environmental gains anticipated
fromEGD’s conservation-focused import policies. Toachieve the EGD’s
bioenergy plan, about 9 Mha of EU cropland would need to be con-
verted to bioenergy plantations, accounting for roughly 8.1% of the
European Union’s total cropland (year 2020). This conversion alone
would drive about 65.8% of the EGD-induced total agricultural land
outsourcing (D6-D8), leading to ecosystem damage and potential
carbonrelease outside the European Union.

By contrast, simulations of the three mitigation options, especially
the diet changes, provide more encouraging insights. Shifting dietary
patterns towards reduced consumption of animal-based products
emerges as the most effective way to lessen land-use stress and the
land-related GHG emissions and biodiversity loss associated with ani-
mal feed production. This shift could fully mitigate the EGD’s spillover
effect on cropland outside the European Union, the GHG emissions
resulting from agricultural land use and biodiversity degradation®?,
if considering benefits within the European Union as well. This finding
has twofold implications. First, it highlights the considerable effect of
consumer choices on land-use and environmental impacts, underscor-
ingtheimportance ofinforming the public onhow altering dietary pref-
erences can have aglobalimpact. Second, policies could be developed
to encourage dietary shifts, emphasizing the environmental benefits
of reducing meat and dairy consumption.

Adopting a dietary change strategy within the European Union
also enhances resilience against disruptions in international supply

Nature Sustainability


http://www.nature.com/natsustain

Analysis

https://doi.org/10.1038/s41893-024-01428-1

chains caused by geopolitical conflicts or global health crises. Such
disruptions threaten the successful implementation of EGD policies
and compromise food security in countries reliant onfood imports. For
example, the COVID-19 pandemic putimmense pressure on global food
markets®, with supply shortfalls from major food-exporting countries
such as Russiaand Ukraine causing food price surges and concerns over
global food-supply stability”. The European Union, heavily reliant on
importsfromthese countries for staples such as wheat, maize, and sun-
flower oil, is particularly vulnerable to shortages. Recently, to address
exportshortfalls from Ukraine and Russia, the European Union relaxed
its green agricultural policies, allowing the cultivation of fallow land
for animal feed production®. Aligning the EU diet with the EAT-Lancet
recommendations could substantially reduce reliance onimportsand
animal-based products, lessening the need for emergency agricultural
measures and enabling more consistentimplementation of sustainable
agricultural practices within the European Union.

While adrastic dietary shift is the most effective way to reduce the
European Union’s outsourced environmental impact, it faces several
great challenges®. These include entrenched practices in food pro-
duction, existing trade agreements, resistance to measures such as
a‘meat tax, difficulties in substituting dietary proteins, and the need
for increased public awareness and willingness among policymakers
andsociety. The delay in policyimplementation and land management
decisions furtherimpedes food system transformation. Despite these
challenges, promoting sustainable diets remains essential. Educational
programmes are crucial to raise awareness and foster behavioural
changes. These programmes should focus on the benefits of sustain-
able diets for health and the environment, while also addressing cul-
tural and economic barriers. By doing so, they can help create amore
informed and motivated populace, which is essential for driving the
policy changes needed to achieve the EGD goals. Engaging various
stakeholders, including governments, industries and communities,
inacoordinated effort will be key to overcoming these obstacles and
ensuring asuccessful transition to more sustainable food systems.

Theresults also show that phasing out food-based biofuel within
the European Union could drastically reduce cropping areas for bio-
energy cropsinecological hotspots, suggesting aneed to reevaluate
biofuel policies. Compared with land-intensive bioenergy, alterna-
tive renewable energy sources such as solar and wind power demand
less land®'. Replacing food-based biofuel with agricultural and
forestry biomass residues and biomass waste within the European
Union would reduce the spillover effects of the EGD and benefit
ecosystems globally.

The EGD, while ambitious, risks being perceived as a superficial
effort to assert global green leadership if it fails to achieve tangible
net benefits for the planet. Without a radical shift in dietary habits,
the EGD could result in a net loss for the global environment. Many
EGD targets focus primarily on agricultural production, land use and
biodiversity rather than dietary change and food consumption within
the European Union. In addition, the EGD’s implementation may lead
to higher food prices and threaten food security in poorer countries,
particularly in Africa and Asia. Internal conflicts between the targets
of different EU Directorate-Generals (EU-DG) further complicate the
EGD’s implementation. For example, the EGD promotes a transition
to renewable energy, which can potentially conflict in the short term
with maintaining industrial competitiveness and economic stability
(EU-DG GROW); the EGD’s environmental standards can conflict with EU
trade agreements (EU-DG TRADE); and subsidies for intensive farming
(EU-DG AGRI) can lead to increased GHG emissions, soil degradation
and water pollution, undermining the EGD’s environmental goals.
These conflicts highlight the need for a more integrated and holistic
approachto policymakingto ensure that the EGD’s goals are met with-
outexacerbating global environmental and food security challenges.

Itis worth noting that the European Commission and many EU
countries have recognized the importance of bioeconomy strategies

as amajor component for implementing the EGD. These strategies
involve the sustainable use of biological resources and the enhance-
ment of local ecosystems. They aim to meet targets set by regula-
tions such as Land Use, Land-Use Change, and Forestry and promote
deforestation-free products, both of which are key scenarios devel-
oped inthis study. To mitigate spillover impacts, bioeconomy policies
that encourage sustainable consumption, a circular economy and
adherence to the waste hierarchy are critical. For example, replac-
ing food-based biofuels (EGD mitigation M2 scenario) or bioenergy
crop-based biofuels (EGD D1 scenario) with biofuels derived from
recycled waste oil and animal fat within the European Union can sub-
stantially reduce land demand and associated spillover effects. Promot-
ing sustainable agricultural intensification and yield improvement
with financial and technological support, both within and outside
the European Union, is also an effective solution. This is particularly
important for EU trade partners that rely heavily on virtual cropland
imports (for example, the rest of America) and regions with relatively
low crop yields (for example, the rest of Africa). By implementing
these strategies, the European Union can enhance its bioeconomy,
supportglobal sustainability efforts and achieve the EGD’s ambitious
goals while mitigating negative externalities and promoting a more
sustainable global agricultural system.

Methods

Future scenarios

Table 1presents the specifications of eight EGD scenarios and three EGD
mitigation scenarios. The eight EGD scenarios are developed fromthe
EGD withthe aim to identify and quantify the policy impacts outside the
European Union*. They include importing deforestation-free products
from outside the European Union (D1-D4), phasing out imports of
palm oil biodiesel (D5), bioenergy crops expansion up to 8.1% of the
European Union’s current cropland (D6), putting 25% of current EU
cropland under organic agriculture (D7), and achieving a carbon sink
capacity of 310 Mt from afforestation by converting cropland with
low productivity to forestland within the European Union (D8). The
EGD mitigation scenarios include sustainably promoting crop yield
outside the European Union (M1), phasing out all food-based biofuel
(M2) and shifting EU residents’ diet according to EAT-Lancet recom-
mendation (M3).

With regard to the BAU scenario, we use the land-use change pro-
jection from the Land-Use Harmonization (LUH2) dataset® under the
SSP2 scenario (middle of the road), in which socioeconomic devel-
opment trends typical of recent decades will continue, with some
progress and some setbacks. This will provide a global baseline to
identify the land-use change caused by EU consumption, including
cropland expansion and deforestation. With regard to cropping and
rotation distribution across the globe, we consider the 26 crop types
of the GAEZ (Supplementary Table1).

EEMRIO analysis

The EEMRIOis apopulartop-downapproach for environmental impact
assessment based on monetary flows between sectors and regions. It
has been widely used to establish consumption-based accounts for
analysing complex interactions across the global supply chains and
to connect distal (teleconnected or telecoupled) natural and human
systems>*°, The EEMRIO approach considers the entire (global) econ-
omy asitssystem boundary andis thus able to model the entire global
production network. It distinguishes intermediate and final products
andincludesinter-sectoral flows in monetary values as well asin envi-
ronmental terms (referred to as virtual, embodied or embedded flows)
within and between countries. Therefore, environmental impacts
throughout global supply chains can be captured and allocated to
awide range of final products. In this research, we quantify various
environmental pressures and impacts associated with EU household
consumption. One drawback of the EEMRIO approach is the high
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level of sector aggregation and lack of detail at the intra-sector or
product level. Existing EEMRIO tables usually aggregate agricultural
products into a few larger categories depending on the purpose of
the analysis. However, sectoral aggregation becomes less of an issue
with recent developments and updates of EEMRIO databases such as
EXIOBASE (v.3.8.1)**, which is used in this study. EXIOBASE contains
more than 30 sectors for agricultural and forestry products. In more
detail, EXIOBASE provides annual MRIO tables over 1995-2022 for
44 countries (28 EUmember countries plus 16 other major economies)
and 5 rest-of-the-world regions (Supplementary Table 4), including
200 products from 163 economic sectors. Researchers had further
improved the environmental footprints assessment by disaggregating
the EXIOBASE regions (rest of Africa, rest of America) and the agricul-
tural sectors®*°, Although our estimation at coarser country and sector
resolution could notidentify the country-specificimpacts for smaller
countries, the forest-saving allocation at larger scale will maximize
the environmental benefits by selecting the grid cells with the biggest
environmental gains across the region and identify the environmental
hotspots. This will further improve the effects of deforestation-free
EGD scenarios by focusing on the countries with the greatest environ-
mental potentials and adjusting their deforestation-related trade with
the European Union.

GAEZ model

Conventional EEMRIO captures land appropriation and other environ-
mentalindicators only at the national level as trade flows are modelled
only between countries. Toaugment the EEMRIO approach for further
investigating geographical differences across grid cells, we couple the
EEMRIO with the GAEZ model (GAEZ v.4). The GAEZ modelis developed
by the International Institute for Applied Systems Analysis and the
Food and Agriculture Organization (FAO) of the United Nations®. The
GAEZ allows us to model up to 49 crops dependent on land and water
resources, soil types, slope and terrain, land cover, alternative input
and management levels and to explicitly consider protected areas
and changes in agro-climatic resources. The GAEZ includes a global
optimization module to spatially allocate the required crop production
to the most suitable areas. This enables us to produce global land-use
maps of, for example, biofuel crops distribution on the basis of their
reallocation and further aggregated by country. Results can then be
linked to the MRIO analysis to identify the major driving factors of land
demand changes. The GAEZ approachin combination with the global
MRIO enables us to explore scenarios such as the land implications of
increases in biofuel production or of organic agriculture at fine spa-
tial resolution. The GAEZ approach also considers water availability,
temperature and rainfall conditions in simulating crop growth dynam-
ics. With its built-in suitability analysis module, this model is able to
automatically match the best crop cultivars with the optimal planting
date under the given projected climate, land, soil conditions and dif-
ferent field management levels”. On the basis of simulated potential
yields of individual crops, crop suitability analysis and food import
demand from different EGD scenarios and EGD mitigation scenarios,
we are able to allocate the required crops to the best locations across
different regions of the world.

Global emissions analysis

Theland-based carbon emissionis estimated using the EX-Ante Carbon
Balance Tool (EX-ACT v.9.2)*. This tool follows the IPCC (Intergovern-
mental Panel on Climate Change) methodology for GHG emissions
inventories, whichis based on the land-use and management practices.
It accounts for the GHG emissions and biodiversity impact from agri-
culture, forestry and other land-use sectors, including specific project
inputs of field management, energy, infrastructure, soil and so on®.
Therefore, itis asuitable tool to estimate the land-use change caused
by GHG emissions in this study. The agricultural land expansion map
fromthe GAEZ modelis used to locate the land-cover transition grids

and determine the specificinput for the EX-ACT tool, suchas the IPCC
climate zone, soil type, ecological zone and water-table depth.

The EX-ACTisasmall-scale, project-level tool; we need to upscale
it for the regional land-based carbon emissions estimation. A few
assumptions are made for its upscaling: Under all future scenarios,
cropland expansion would be more likely to occur in mixed grids first
(grids mixed with agricultural land and other land cover), then the
surrounding pasture/grassland. But the expansion would not happen
onto existing forestland.

Please note that we assumed all the saved cropland from EGD
would fallow first and then turn into grassland; we estimated their
land carbon emissions difference using the FAO EX-Ante Carbon
Balance Tool.

Physical trade model

To estimate changes in demand for barley, rapeseed, maize, soybean
and wheat induced by dietary change in general and reducing
animal-based food consumption (beef, pork, poultry, lamb, eggs
and dairy) in particular, we applied a physical trade model*° to track
animal-based food trade flows. The physical trade model uses national
production and bilateral trade data to trace the consumption of agri-
cultural products throughout global supply chains.

To account for processed products in global trade, such as soy
cake made from soybeans, processed foods are converted into pri-
mary product equivalents. In the first step, the physical trade model
isapplied forindividual agricultural products and years. This step pro-
vides us with the yearlyamount and origin of these products consumed
inthe European Union. In the second step, we multiply the amount of
each product by yearly national yield to compute the extent of crop or
pastureland needed for the required production. This results inannual
land-use footprints of the EU consumption for individual agricultural
products and by country/region.

We use data from FAOSTAT* as inputs in the model. National pro-
duction values, as well as total national import and export values,
are taken from the commodity balances until 2013 and from the food
balance sheets from 2014 to 2018. If there are no data available in the
commodity balances and food balance sheets, we use national produc-
tion data directly from the national production accounts. Bilateral
trade data are sourced from the detailed trade matrix. Furthermore,
FAOSTAT provides national pastureland and cropland data.

Land-use data

The LUH2* is employed to obtain the land-use maps from 2020 to
2030. The LUH2 aims at preparing a harmonized set of land-use sce-
narios that connect the historical reconstructions of land use with
the future projections. It estimates the fraction of each land-use type
and land-use transition in each grid cell at the spatial resolution of
0.25°. The major land-use types include forest, pasture, rangeland,
annual crops (C3 and C4 crops), perennial crops (C3 and C4 crops),
nitrogen-fixing crops and urban. The forest and non-forestland uses
are subdivided into primary and secondary. The primary land refers
to natural vegetation that has never been impacted by human activi-
ties such as agriculture or wood harvesting since the beginning of
our simulation. In this study, we use the LUH2 annual data from 2020
t0 2030 to obtain the land-use transition between different land-use
types, and the agricultural expansion under the SSP2 scenario during
the study period defines the BAU baseline.

Crop harvest areadata

Theglobal girdded crop dataset* (GAEZ+_2015) is employed to obtain
the annual crop harvest area. The GAEZ+_ 2015 provides globalirrigated
andrainfed cropping areas of 26 different crops/crop categories (Sup-
plementary Table 3) in 2015 with a spatial resolution of 5 arcmin. This
dataset is based on national statistics of 160 crops from FAOSTAT and
developed from the GAEZ model simulations, providing more recent
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data on production, yield and harvest area. In this study, we use the
gridded harvest area data to obtain the country-level cropping sys-
tem, including share of harvest area and multiple cropping index.
The multiple cropping index is estimated by dividing all the crops’
harvest area with the cropland area in each country. We also assume
agricultural expansion follows the same cropping systemin potential
grid cells within a country.

Sector allocation onto grid cells

We need to allocate the EU outsourced deforestation footprint onto
grid cells. This is done by the following four steps (Supplementary
Fig.4a). (1) We use the LUH2 data to obtain the map of the deforested
area caused by cropland expansion under BAU (2020-2030), including
primary forest and secondary forest converted to annual crops (C3 and
C4 crops), N-fixing crops and perennial crops (C3 and C4 crops). (2) We
compute the share of each sector’s land footprint that is required for
EU consumption using the MRIO analysis and the EXIOBASE dataset
for 2020. We also assume that the trade structure across countries/
regions will remain the same during the study period; thus, the sectoral
shares of the European Union’s land footprint willbe unchanged. (3) We
regroup the EXIOBASE sectors to match the LUH2 land-use types, espe-
cially the crop types between the EXIOBASE and LUH2 and calculate
the EU share under the regrouped sectors. (4) Finally, the deforested
areafromstep (1) and sectoral land footprint shares from steps (2) and
(3) are used to obtain the deforested area driven by EU consumption
on each deforestation grid cell. In the case of allocating forest saving
(under D1-D5), we prioritize grid cells within the EXIOBASE country/
region that have the biggest potential for environmental gains in the
projected deforestation area. This approach maximizes the benefits
from the deforestation-free EGD scenarios.

For allocating the EGD outsourced agricultural expansion, we
adopt the following rule of priority (Supplementary Fig. 4b). (1) We
compute the crop productionloss fromthe EGD scenarios of bioenergy
expansion, organicagriculture and carbonsink and then calculate the
additional food import from EU trade partners using the Physical Trade
Model. (2) In each EU importer, the mixed grid cells of cropland and
potential land-use types (except for primary and secondary natural
forest) willbe converted into cropland first. (3) If the food production
from all the mixed grid cellsin a country/region still could not meet the
European Union’s additional demand, then current managed pasture
or rangeland grid cells near the existing cropland will be taken for
agricultural expansion, starting from the grid cell with the highest
yield. (4) No expansion will occur on other land-use types than the
ones listed in steps (1)-(3).

The specific crop selection and land expansion order of the grid
cells in each EXIOBASE country/region follows the GAEZ suitability
classification maps and best attainable yield levels, and only those
above the level of ‘suitable’ are considered. The potential land is used
for main crops first (cereal crops, oil crops, sugar crops), followed
by vegetables and other perennial plants (for example, fruit and nut
trees). The rule of priority is to allocate each crop to the best avail-
able suitability class on the potential land until meeting the European
Union’s additional demand. However, if the European Union’s addi-
tional demand cannot be metin the country by the preceding allocation
procedure, the remaining food import quantity will be redistributed to
other countries/regions according to European Union’s current food
importstructure.

For allocating the cropland’s fallowing and conversion into grass-
land, rangeland or pastureland, the following rules are adopted (Sup-
plementaryFig.5). (1) Ifexisting cropland is converted to potential land
options of grassland, rangeland and pastureland, we use the average
biodiversity of each potential land option withina country to represent
the biodiversity after land conversion. On each existing cropland grid
cell, the potential land conversion with the biggest biodiversity gains is
selected. (2) The extent of land savings is equal to the reductioninthe

quantity of export to the European Union divided by the sustainably
promoting crop yield. The food demand change is estimated under
the EGD mitigation scenarios of phasing out all food-based biofuels
(M2) and EUresidents’ dietary change (M3) and is redistributed to EU
agricultural trade partners. (3) A new index of ‘biodiversity gains per
unit of crop yield’ on each cropland grid cell is developed to identify
the cropland retirement priority, where the cells with relatively low
yield but high biodiversity gains will be taken first.

Compared with similar studies that combine the economictrade
model with a physical crop model**, our model includes cropping
adaptationto guide the cropland expansion onmore suitable grid cells
with higher attainable crop yield, thus minimizing the land demand
and the corresponding GHG emissions as well as the biodiversity loss.
Similarly, the selection of forest-saving grids on the lower yield ones
will optimize the potential benefits of biodiversity preservation.

MSA

TheMSA s applied to determine theimpacts of land use onbiodiversity
lossinduced by changesin Europeanimports under the EGD scenarios
and the mitigation scenarios. The MSA measures local impacts of
pressures, such as land use in this study, on biodiversity®. For each
species presentin thelocal environment, its abundance after applying
the pressure is divided by its abundance in an undisturbed, pristine
situation to receive its relative abundance, as a value between 0 and
1. Subsequently, the mean abundance, or MSA, of all present species
inthelocal environmentis computed. Ifanapplied pressureresultsin
anincrease of an opportunistic species, the value is fixed at 1 to avoid
misleading effects on the MSA*°. Hence, an MSA value of 1 describes
an undisturbed environment, while high pressure from land use will
result in lower MSA values. Biodiversity loss/gain in a larger area is
measured as MSA-loss by multiplying the specific land-cover change
areabetweennon-cropland and cropland with the corresponding MSA
loss per hectare (between O and 1) in each grid cell, then aggregating
all the grid cells’ MSA losses within the study region. The biodiversity
change coefficients (MSA-loss ha™), which translate land use into bio-
diversity impacts, are applied to the results of the GAEZ model. The
agricultural land expansion maps under different EGD scenarios are
used to overlap with the MSA-loss map and extract the biodiversity loss
in each EXIOBASE region/country. However, because the ecosystem
restoration is agradual but complex process, when assessing the bio-
diversity impact of the EGD mitigation scenarios, we assume that the
cropland would become fallow first and then converted into the nearby
grassland, rangeland or pastureland with the biggest biodiversity gains
within each country.

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

Data availability

Global MRIO table, final demand data and environmental extensions,
including the EU member countries, are from the EXIOBASE v.3.8.1
database (https://zenodo.org/record/4588235) (ref. 47). The agricul-
tural statistics, including the national crop production, food import
and export, are from the commodity balance sheets from FAOSTAT
(https://www.fao.org/faostat/en/), Thebilateral trade data are from the
detailed trade matrix from FAOSTAT. The spatial dataset of the mean
species abundance (MSA) in year 2015 and the land-use datain year
2020 are from the GLOBIO4 scenario data (https://www.globio.info/
globio-data-downloads). The global gridded crop dataset, including
the annual rainfed andirrigated crops harvest area, was collected from
the GAEZ+_2015 dataset (https://dataverse.harvard.edu/dataverse/
GAEZ_plus_2015). The global land-use projections for specific crops
between 2020 and 2030 under SSP2 were obtained from the Land-Use
Harmonization (LUH2; https://luh.umd.edu/). For creating maps,
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shapefiles from National Geomatics Center of China (https:/www.ngcc.
cn/dIxxzy/gjjcdixxsjk/) and the ArcGIS (v. 10.5) software were used.
The GAEZ v.4 model anditsinputs under intermediate input level and
highinputlevel are available from the GAEZ portal (https://www.gaez.
iiasa.ac.at/, https://gaez.fao.org/). The mainresults are availablein the
Extended Data tables and Supplementary Information.

Code availability

Code was developed in MATLAB to process and analyse the primary
data, which will be available from the corresponding authors on rea-
sonablerequest. The sequential quantitative analyses were conducted
using ArcGIS (v.10.5) and Microsoft Excel (v.2021) software.
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Extended Data Table 1| Cropland expansion and forest saving area (thousand ha) and share (%) outside the EU under
the EGD

Cropland expansion area (thousand ha)

EGD WE RU CA Us WA WL WF ZA D BR ROW Total
D6 7036.02 2587.04 1784.44 1067.31 1097.85 113622 661.97 58.98 2.65 415.34 1330.98 17178.81
D7 2477.98 925.31 706.47 443.30 484.93 326.87 27660  25.61 1.20 86.77 521.49 6277.02
D8 882.91 305.74 199.47 134.00 173.66 242.80 251.81 18.43 0.88 68.84 371.57 2650.11

Total 10396.91 3818.09  2690.38  1645.11 1756.43 1705.89 119038 103.03 4.73 570.96 2224.04 26105.94

Forest saving area (thousand ha)

EGD WE RU CA Us WA WL WF ZA D BR ROW Total
D5 0.00 0.00 0.00 0.00 -313.86  -18432  -1430 0.00 -572.91 -1.81 -0.02 -1087.22
D4 -29.00 0.00 -36.92 -67.16 -38.11 -172.49 2794 -458.81 -25.72 -13.26 -38.46 -907.86
D2 -3.29 -3.76 -0.26 -71.53 -5.55 -19.45 3178 0.00 -1.13 -20.81 -1.83 -95.38
D1 -3.42 -3.81 -1.50 -7.17 -5.35 -19.00 -31.72 0.00 -1.16 -14.42 -1.79 -89.34
D3 -0.14 -0.14 -1.65 -9.78 -0.23 -1.50 -0.16 0.00 -0.24 -32.32 -0.34 -46.50

Total -35.85 -7.71 -40.35 -91.64 36310 -396.75 -105.90 -458.81 -601.15  -82.62 -42.43 -2226.31

Total (D1-D8)  10361.06  3810.38  2650.04 155347 139333  1309.14 1084.48 -35578 -596.42  488.34 218161 23879.63

Cropland expansion area (%)

EGD WE RU CA Us WA WL WF ZA D BR ROW Total
D6 40.96%  15.06%  1039%  6.21% 6.39% 6.61%  3.85% 034%  0.02%  2.42% 7.75% 65.80%
D7 39.48% 14.74% 11.25% 7.07% 7.73% 521% 4.41%  0.41% 0.02% 1.38% 8.31% 24.04%
D8 3332% 11.54%  7.53% 5.06% 6.55% 9.16%  9.50% 0.70%  0.03%  2.60% 14.02% 10.15%

Total 39.83% 14.63% 1031%  6.30% 6.73% 6.53%  4.56% 039%  0.02%  2.19% 8.52% 100.00%

Forest saving area (%)

EGD WE RU CA Us WA WL WF ZA D BR ROW Total
D5 0.00%  0.00%  0.00%  000%  28.87% 1695% 132% 000% 52.69% 0.17% 0.00% 43.34%
D4 3.19% 0.00% 4.07% 7.40% 4.20% 19.00%  3.08% 50.54%  2.83%  1.46% 4.24% 40.78%
D2 3.44% 3.94% 0.27% 7.89% 5.82%  2039% 3332% 0.00%  1.18%  21.82% 1.92% 4.28%
DI 3.82%  426%  1.68%  8.03%  599%  2127% 35.50% 0.00%  130% 16.14% 2.00% 4.01%
D3 0.31% 0.30% 356%  21.03%  0.49% 322%  035% 0.00%  051% 69.52% 0.73% 2.09%

Total 161%  035% _ 181%  4.12%  1631%  17.82% 4.76% 20.61% 27.00% 3.71% 1.91% 100.00%

Total (D1-D8) 4339%  1596% 11.10%  6.51% 5.83% 548%  454% -149%  -2.50%  2.05% 9.14% 100.00%

Note. The abbreviations of country and region names are presented in Supplementary Table 4. ROW refers to Rest of the World.
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Extended Data Table 2 | Land-related GHG emissions change amount (thousand-ton CO,-e) and share (%) outside the EU

under the EGD

GHG emissions changes from cropland expansion (thousand ton CO,-¢)

EGD WE RU CA Us WL WF CN BR D ZA ROW Total
D6 32724538 120323.24 82994.42  41560.89 4424424 1442437 328212 9050.36 7271 166.93 4404.25 647768.90
D7 115250.68 43036.03  32857.92 17281.55 1272835 6027.16 114745 1890.79 32.81 72.48 1774.45 232099.68
D8 41064.10  14220.09 927727 521810 945472  5486.85  651.31  1499.99 24.15 52.17 1113.09 88061.83

Total 483560.16 177579.36 125129.61 64060.54 6642731 2593838 5080.88 12441.14 129.67 291.57 7291.80 967930.41

GHG emissions changes from forest saving (thousand-ton CO,-¢)

EGD WE RU CA US WL WF CN BR D ZA ROW Total
D4 -5691.19 0.00 -5491.41  -949330 -24383.05 -3410.48 -1816.22 -1588.69 -3280.99 -55212.95  -7662.18  -118030.46
D5 0.00 0.00 0.00 0.00 -14727.15  -726.74 -1.32 -87.85  -28886.08 0.00 -16025.97  -60455.12
D2 -644.63 -738.29 -38.96 -1064.39  -2748.95 -3879.29 -205.56 -2493.92 -143.76 0.00 -697.26 -12654.99
D1 -670.44 -747.25 22373 -1014.21 -268593 -3871.52 -199.20 -1728.31 -148.43 0.00 -674.89 -11963.90
D3 -28.20 -27.20 -246.02  -1382.37  -211.46 -19.71 -47.99  -3874.07  -30.06 0.00 -26.25 -5893.32

Total -7034.46  -1512.74  -6000.12 -12954.27 -44756.53 -11907.74 -2270.29 -9772.83 -32489.32 -55212.95 -25086.55  -208997.80

Total (D1-D8) 476525.70 176066.62 119129.49 51106.27 2167078 14030.64 2810.60 2668.30 -32359.66 -54921.37  -17794.75  758932.62
GHG emissions changes from cropland expansion (%)

EGD WE RU CA Us WL WF CN BR D ZA ROW Total
D6 50.52%  1858%  12.81% 6.42% 6.83% 2.23% 0.51% 1.40% 0.01% 0.03% 0.68% 66.92%
D7 49.66%  18.54%  14.16% 7.45% 5.48% 2.60% 0.49% 0.81% 0.01% 0.03% 0.76% 23.98%
D8 46.63%  16.15%  10.53% 5.93% 10.74% 6.23% 0.74% 1.70% 0.03% 0.06% 1.26% 9.10%

Total 49.96%  1835%  12.93% 6.62% 6.86% 2.68% 0.52% 1.29% 0.01% 0.03% 0.75% 100.00%

GHG emissions changes from forest saving (%)

EGD WE RU CA Us WL WF CN BR D ZA ROW Total
D4 4.82% 0.00% 4.65% 8.04% 20.66% 2.89% 1.54% 1.35% 2.78%  46.78% 6.49% 56.47%
D5 0.00% 0.00% 0.00% 0.00% 24.36% 1.20% 0.00% 0.15% 47.78%  0.00% 26.51% 28.93%
D2 5.09% 5.83% 0.31% 8.41% 21.72%  30.65% 1.62% 19.71% 1.14% 0.00% 5.51% 6.06%
D1 5.60% 6.25% 1.87% 8.48% 22.45%  32.36% 1.66% 14.45% 1.24% 0.00% 5.64% 5.72%
D3 0.48% 0.46% 4.17% 23.46% 3.59% 0.33% 0.81% 65.74% 0.51% 0.00% 0.45% 2.82%

Total 337% 0.72% 2.87% 6.20% 21.41% 5.70% 1.09% 4.68% 15.55%  26.42%  12.00% 100.00%

Total (D1-D8) 62.79%  2320%  15.70% 6.73% 2.86% 1.85% 0.37% 0.35% -4.26%  -7.24% -2.34% 100.00%

Note. The abbreviations of country and region names are presented in Supplementary Table 4. ROW refers to Rest of the World.
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Extended Data Table 3 | Land-related biodiversity change amount (thousand MSA-loss) and the share (%) outside the EU

under the EGD

Biodiversity changes from cropland expansion (thousand MSA-loss)

EGD RU WL Us WE WA CA WF BR ZA D ROW Total
D6 53890  616.06 42984  286.41 27636 22479 105.29 105.58 9.58 0.62 315.60 2909.04
D7 192.75 177.23 178.73 100.87 122.07 89.00 44.00 22.06 4.16 0.28 123.82 1054.97
D8 63.69 131.65 53.97 35.94 43.72 25.13 40.05 17.50 2.99 0.21 89.12 503.96

Total 79534 92494 66254 42322 44215 33892 18934 145.14 16.73 1.11 528.55 446797

Biodiversity changes from forest saving (thousand MSA-loss)

EGD RU WL Us WE WA CA WF BR ZA D ROW Total
DS 0.00 -99.94 0.00 0.00 -79.01 0.00 -2.27 -0.46 0.00 -134.51 0.00 -316.20
D4 0.00 -93.52 -27.05 -1.18 -9.59 -4.65 -4.44 -3.37 -74.51 -6.04 -7.30 -231.66
D2 -0.78 -10.54 -3.03 -0.13 -1.40 -0.03 -5.06 -5.29 0.00 -0.26 -0.22 -26.76
D1 -0.79 -10.30 -2.89 -0.14 -1.35 -0.19 -5.04 -3.67 0.00 -0.27 -0.22 -24.86
D3 -0.03 -0.81 -3.94 -0.01 -0.06 -0.21 -0.03 -8.22 0.00 -0.06 -0.04 -13.38

Total -1.61 -21512  -36.91 -1.46 -91.40 -5.08 -16.84 -21.00 -74.51 -141.14 -1.71 -612.86

Total (D1-D8) 793.74  709.82 62563  421.76  350.75  333.84 172.49 12414  -57.78  -140.03 520.77 3855.11
Biodiversity changes from cropland expansion (%)

EGD RU WL Us WE WA CA WF BR ZA D ROW Total
D6 18.53%  21.18% 1478%  9.85% 9.50% 7.73% 3.62%  3.63%  0.33% 0.02% 10.85% 65.11%
D7 18.27% 16.80% 16.94%  9.56% 11.57%  8.44% 417%  2.09%  0.39% 0.03% 11.74% 23.61%
D8 12.64%  26.12% 10.71%  7.13% 8.67% 4.99% 7.95%  3.47%  0.59% 0.04% 17.68% 11.28%

Total 17.80%  20.70% 14.83%  9.47% 9.90% 7.59% 4.24%  3.25%  0.37% 0.02% 11.83% 100.00%

Biodiversity changes from forest saving (%)

EGD RU WL Us WE WA CA WF BR ZA ID ROW Total
D5 0.00% 31.61% 0.00% 0.00%  24.99%  0.00% 0.72%  0.15%  0.00%  42.54% 0.00% 51.59%
D4 0.00% 40.37% 11.68%  0.51% 4.14% 2.01% 1.92% 1.45%  32.17% 2.61% 3.15% 37.80%
D2 2.93% 39.41% 1133%  0.50% 5.22% 0.12%  18.89% 19.77%  0.00% 0.99% 0.83% 4.37%
D1 3.19% 41.44% 11.62%  0.56% 5.42% 0.76%  2029% 14.74%  0.00% 1.10% 0.88% 4.06%
D3 0.22% 6.06% 29.43%  0.04% 0.43% 1.56% 0.19%  61.39%  0.00% 0.41% 0.27% 2.18%

Total 0.26% 35.10% 6.02% 0.24% 1491%  0.83% 2.75%  3.43% 12.16%  23.03% 1.27% 100.00%

Total (D1-DS) 20.59% 18.41% 16.23%  10.94% 9.10% 8.66% 4.47%  322%  -1.50% = -3.63% 13.51% 100.00%

Note. The abbreviations of country and region names are presented in Supplementary Table 4. ROW refers to Rest of the World.
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Extended Data Table 4 | Cropland saving area (thousand ha) and share (%) outside the EU under EGD mitigation scenarios

Cropland saving area (thousand ha)

EGD

mitgation S BR WE WL cA AU oN RU D WA ROW Total
M3 299645 244392 232700 27850 93887 69060  -1356 7242 -0.06 4896 5027 986562
M2 37.67 -1.09 2096 -897.04 0.00 228 28434 7400 -12968 5461 25156 -1753.22
M1 0.00 -0.03 228 -0.79 0.00 -0.01 000  -1149 000 376 -40.72 -59.09
Total  -303412 245005 235024  -117634  -93887  -69280 29791 -15791 -12975  -10733 34254  -11677.93
Cropland saving area (%)
EGD Us BR WE WL CA AU CN RU D WA ROW Total
mitigation
M3 3037%  24.82%  2350%  282% 9.52% 700%  0.14%  073%  000%  0.50% 0.51% 34.48%
M2 2.15% 0.06% 120%  5117%  0.00% 0.13%  1622%  422%  740%  3.11%  1435%  1501%
M1 0.00% 0.05% 3.86% 134% 0.00% 002%  000%  1944%  001%  637%  6891% 0.51%
Total  2598%  2098%  20.13%  1007%  8.04% 593%  255%  135%  111%  092% 293%  100.00%

Note. The abbreviations of country and region names are presented in Supplementary Table 4. ROW refers to Rest of the World.
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Extended Data Table 5 | Cropland saving area (thousand ha) and share (%) within the EU under EAT-Lancet diet scenario (M3)

Cropland saving area (thousand ha)

EAT-Lancet  po FR DE PL DK RO HU I cz sg RestofEU o
diet scenario countries
Pigmeat  -172708  -100487 95186  -537.09 67057 34266 30393 -15692 -15350 11685 93049 693583
Dairy 28184 72886 57694 -31478 28262 -15649  -15840 22462  -12585 -11148 79005  -3752.03
Beef 36623 -56655 28616 18218 -12809  -9677 8212 -10724  -59.18  -7246  -45531 240229
Poulty ~ -373.68  -31819  -15237  -20036  -10718  -9873  -12196 6750  -51.86 2820  -31248  -192251
Ege 11864 -10402 6058 -43.07 2664 3122 2878 2312 <1432 -20.05 9945  -569.88
Lamb 3423 2427 253 361 3385 1018 4351 -L10 212 -166 3130 -12337
Total 00170 276676 203545 137109 -121805 73605 69880 58051 40683 35071 263907 -
15705.91
Cropland saving area (%)
palancet g FR DE PL DK RO HU I cz SE if&;ﬁ S ol
Pemeat  2490%  1478%  13.72%  7.74% 967% A99%  438%  226%  221%  168%  1370%  44.16%
Dairy 7.51% 1943%  1538%  839% 7.53% 417%  422%  599%  335%  297%  21.06%  23.89%
Beef 1524%  23.58%  1191%  7.58% 5.33% 403%  3.42%  446%  246%  3.02%  1895%  1530%
Poulty — 19.44%  1655%  793%  15.10%  5.58% 5.14%  634%  351%  270%  147%  1625%  12.24%
Egg 2082%  1825%  1063%  7.56% 4.67% 5.48%  505%  406%  251%  352%  17.45%  3.63%
Lamb 2775%  1968%  611%  2.93% 3.12% 825%  285%  089%  172%  135%  2537%  0.79%
Total 1848%  1762%  1296%  8.73% 776% 469%  445%  370%  25%  223%  1680%  100.00%

Note. The abbreviations of country and region names are presented in Supplementary Table 4.
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Extended Data Table 6 | Cropland saving area (thousand ha) and share (%) outside EU under EAT-Lancet diet scenario (M3)

Cropland saving area (thousand ha)

Aniinal: Rest of the

based Us BR WE CA AU WL RU WA IN CN Total
World

products

Pig meat -1383.24 -1187.46 -1044.23 -398.94 -305.63 -118.41 -26.18 -15.57 -13.91 -5.32 -5.31 -4504.21
Dairy -705.45 -480.98 -523.05 -226.49 -159.84 -74.37 -22.15 -15.36 -7.95 -4.00 -6.84 -2226.49
Beef -451.20 -374.03 -342.27 -162.26 -117.41 -41.87 -12.00 -9.25 -5.30 -2.39 271 -1520.70

Poultry -330.40 -290.08 -308.40 -108.28 -74.00 -31.09 -8.41 -5.10 -4.06 -1.25 -2.06 -1163.14
Egg -101.73 -89.29 -82.55 -32.64 -24.04 -9.39 -2.64 -1.95 -1.11 -0.45 -0.55 -346.34
Lamb -24.43 -27.08 -26.50 -10.25 -9.67 -3.37 -1.04 -1.73 -0.30 -0.16 -0.23 -104.75
Total -2996.45 -2448.92 -2327.00 -938.87 -690.60 -278.50 -72.42 -48.96 -32.62 -13.56 -17.71 -9865.62

Cropland saving area (%)

AAnimals Rest of th

based Us BR WE CA AU WL RU WA ™ oN eSOLe  Total
World

products
Dairy 30.71% 26.36% 23.18% 8.86% 6.79% 2.63% 0.58% 0.35% 0.31% 0.12% 0.12% 45.66%
Beef 31.68% 21.60% 23.49% 10.17% 7.18% 3.34% 1.00% 0.69% 0.36% 0.18% 0.31% 22.57%
Poultry 29.67% 24.60% 22.51% 10.67% 1.72% 2.75% 0.79% 0.61% 0.35% 0.16% 0.18% 15.41%

Pig meat 28.41% 24.94% 26.51% 9.31% 6.36% 2.67% 0.72% 0.44% 0.35% 0.11% 0.18% 11.79%
Lamb 29.37% 25.78% 23.84% 9.42% 6.94% 2.71% 0.76% 0.56% 0.32% 0.13% 0.16% 3.51%
Eggs 23.32% 25.85% 25.30% 9.79% 9.23% 3.22% 0.99% 1.65% 0.29% 0.15% 0.22% 1.06%
Total 30.37% 24.82% 23.59% 9.52% 7.00% 2.82% 0.73% 0.50% 0.33% 0.14% 0.18% 100.00%

Note. The abbreviations of country and region names are presented in Supplementary Table 4.
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Extended Data Table 7 | Greenhouse gases emission amount (thousand ton CO,-e) and share (%) caused by cropland saving

outside the EU under EGD mitigation scenarios

GHGs emissions change (thousand ton CO,-¢)

EGD mitigation Us WE BR WL CA CN RU D AU WA Rest of the World Total
M3 -116172.42 -107740.27 -53215.13 -10797.62 -43469.50 -525.88 -3352.95 -1.70 -1919.86 -1063.95 -528.67 -338787.94
M2 -1460.33 -970.32 -23.69  -34778.33 0.00 -11023.98 -3426.20 -3545.41 -6.33 -28.94 -10003.62 -65267.14
Ml 0.00 -105.61 -0.68 -30.73 -0.08 0.00 -53187  -0.12 -0.03 -1.99 -46.04 -717.16
Total -117632.75 -108816.20 -53239.50 -45606.67 -43469.58 -11549.86 -7311.02 -3547.23 -1926.22 -1094.88 -10578.32 -404772.24
GHGs emissions change (%)
EGD mitigation Us WE BR WL CA CN RU D AU WA Rest of the World Total
M3 34.29% 31.80% 15.71% 3.19% 12.83% 0.16% 0.99%  0.00%  057%  0.31% 0.16% 83.70%
M2 2.24% 1.49% 0.04% 53.29% 0.00% 16.89%  525%  543%  0.01%  0.04% 15.33% 16.12%
M1 0.00% 14.73% 0.10% 4.28% 0.01% 0.00% 74.16%  0.02% 0.00% 0.28% 6.42% 0.18%
Total 29.06% 26.88% 1315%  1127%  10.74% 2.85% 1.81%  0.88%  0.48%  027% 2.61% 100.00%

Note. The abbreviations of country and region names are presented in Supplementary Table 4.
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Extended Data Table 8 | Greenhouse gases emission amount (thousand ton CO,-e) and share (%) caused by cropland saving
within EU under EAT-Lancet diet scenario (M3)

EAT-Lancet
diet DE DK FI cz SE LT PL AT IE NL Restof U p g
Scenatid countries

Amount  -89193.30  -56437.28  -26877.42  -183836.33  -16237.77 -14548.49 -14108.48 -13348.63 -9619.20 -9321.99  -61690.06 -330218.95
27.01% 17.09% 8.14% 5.70% 4.92% 4.41% 4.27% 4.04% 2.91% 2.82% 18.68% 100.00%

Share

Note. The abbreviations of country and region names are presented in Supplementary Table 4.

Nature Sustainability


http://www.nature.com/natsustain

Analysis https://doi.org/10.1038/s41893-024-01428-1

Extended Data Table 9 | Biodiversity change (thousand MSA-loss) and share (%) caused by cropland conversion outside the
EU under EGD mitigation scenarios

Biodiversity change (thousand MSA-loss)

EGD mitigation Us WE BR CA AU WL RU CN WA N Rest of the World Total
M3 -1462.84 -941.15 -713.10  -506.82  -366.00 -87.75 -35.79 -8.34 -28.33 -15.55 -5.33 -4171.00

M2 -1.71 -0.55 -0.02 0.00 -0.04 -27.98 -1.44 -28.37 -1.55 -0.37 -24.36 -86.38

M1 0.00 -0.06 0.00 0.00 0.00 -0.02 -0.22 0.00 -0.11 -0.90 -0.06 -1.38
Total -1464.55 -941.76 -713.12  -506.82  -366.04 -115.75 -37.45 -36.71 -29.98 -16.83 -29.74 -4258.76

Biodiversity change (%)

EGD mitigation Us WE BR CA AU WL RU CN WA N Rest of the World Total
M3 35.07% 22.56% 17.10% 12.15% 8.77% 2.10% 0.86% 0.20% 0.68% 0.37% 0.13% 97.94%

M2 1.98% 0.63% 0.02% 0.00% 0.04% 32.39% 1.66% 32.85% 1.79% 0.43% 28.20% 2.03%

M1 0.00% 4.33% 0.04% 0.00% 0.01% 1.80% 16.22% 0.00% 7.74% 65.62% 4.23% 0.03%
Total 34.39% 22.11% 16.74%  11.90% 8.60% 2.72% 0.88% 0.86% 0.70% 0.40% 0.70% 100.00%

Note. The abbreviations of country and region names are presented in Supplementary Table 4.
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Extended Data Table 10 | Biodiversity change (thousand MSA-loss) and share (%) caused by cropland saving within EU under
EAT-Lancet diet scenario (M3)

EAT-Lancet
diet ES FR DE PL RO SE DK LT IE gg  RestofBU
Scenstio countries
Amount 127044 113676 74771 30718 16306 13803 11740 9556 8503 8410 57149 471676
Shae  2093%  2410%  1585%  631% 3.46% 293%  249%  203%  180%  178%  1212%  100.00%

Note. The abbreviations of country and region names are presented in Supplementary Table 4.
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Global MRIO table, final demand data and environmental extensions, including the EU member countries, were from the EXIOBASE v.3.8.1 database (https://
zenodo.org/record/4588235). The agricultural statistics, including the national crop production, food import and export, are from the Commodity Balance Sheets
from FAOSTAT (https://www.fao.org/faostat/en/), The bilateral trade data is also from the Detailed Trade Matrix from FAOSTAT. The spatial dataset of the Mean




Species Abundance (MSA) in year 2015 and the land use data in year 2020 were from the GLOBIO4 scenario data (https://www.globio.info/globio-data-downloads).
The global gridded crop dataset, including the annual rainfed and irrigated crops harvest area, was collected from the GAEZ+_2015 dataset (https://
dataverse.harvard.edu/dataverse/GAEZ_plus_2015). The global land use projection for specific crop between 2020 and 2030 under SSP2 were obtained from the
Land Use Harmonization (https://luh.umd.edu/). For creating maps, shapefiles from National Geomatics Center of China (https://ngcc.cn/ngcc/) and the ArcMap
software were used. The GAEZ model and its inputs under intermediate input level and high input level are available from GAEZ portal (https://
www.gaez.iiasa.ac.at/, https://gaez.fao.org/). The main results are available in the Extended Data and Supplementary Information.
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Ecological, evolutionary & environmental sciences study design
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Study description Achieving European Green Deal targets may benefit the EU ecologically but increase global environmental impacts. This study
quantifies such external impacts and suggests ways to minimize them. We examine three scenarios: (1) a 'business-as-usual' scenario
continuing current land-use trends; (2) scenarios incorporating EGD policies, assessing their impact on land use; and (3) scenarios
aimed at offsetting the EGD's spillover effects. Scenario set (2) includes measures like anti-deforestation trade policies, bioenergy
advancements, ecological agriculture expansion in the EU, and converting low-productivity farmland into carbon sinks. Scenario set
(3) proposes optimizing crop yields in developing regions, phasing out food-based biofuels in the EU, and advocating EAT-Lancet
Committee-recommended diets. Our analysis employs an environmentally extended multi-regional input-output (EMRIO) analysis
and a global agro-ecological zones (GAEZ) model. This dual approach tracks global supply chain effects, simulates crop production,
and evaluates crop suitability, enabling a detailed assessment of the EGD's external impacts on land use, emissions, and biodiversity.

Research sample 44 countries (28 EU member countries plus 16 other major economies) and five rest of the world regions; 200 products from 163
economic sectors.

Sampling strategy We use the full population of data.

Data collection EXIOBASE v.3.8.1 database at https://zenodo.org/record/4588235. The Commodity Balance Sheets from FAOSTAT at https://
www.fao.org/faostat/en/. The Detailed Trade Matrix from FAOSTAT. The spatial dataset of the Mean Species Abundance (MSA) in
year 2015 and the land use data in year 2020 were from the GLOBIO4 scenario data (https://www.globio.info/globio-
datadownloads). The GAEZ+_2015 dataset at https://dataverse.harvard.edu/dataverse/GAEZ_plus_2015. The Land Use
Harmonization database at https://luh.umd.edu/. The GAEZ data portal at https://www.gaez.iiasa.ac.at/, https://gaez.fao.org/.

Timing and spatial scale  2020-2030, global coverage.

Data exclusions The datasets we employed have a global coverage.
Reproducibility Results can be reproduced using these publicly available data and our modeling approach.
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Materials & experimental systems Methods
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