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The European Union and United Kingdom (EU+) remain heavily dependent on imported high-protein
feed, primarily soybeans, raising concerns about supply resilience and environmental impacts. We
assess three legume-based pathways —trade, policy support, and dietary shift—against a 2030
projection horizon, using integrated regional agro-economic, farm-level, and life cycle assessment
models. The trade pathway, simulating a complete interruption of protein imports, provides an
analytical upper bound for domestic EU+ legume production. It drives substantial land reallocation
(+1.5 million ha legume area) but fails to fully replace imports, resulting in higher prices (+150% for
soybeans) and reduced livestock output (-3%), exposing systemic vulnerabilities. Farm-level results
underscore economic incentives over agroecological potential. Policy support moderately increases
legume cultivation with limited market impacts but improves farm-level viability where conditions are
favourable. Dietary shifts increase pulse imports (+100%) but reduce global GHG emissions more
effectively than supply-side measures. Overall, the results highlight legumes’ potential, limits of self-
sufficiency, and the complementary roles of economic incentives and demand-side measures for

sustainable and resilient EU+ food systems.

Mounting concerns over greenhouse gas (GHG) emissions, environmental
degradation, and human nutrition bring the transition towards more sus-
tainable food systems increasingly into focus'™. In the European Union
(EU) and United Kingdom (UK) (hereafter EU+), aligning agriculture with
climate and sustainability objectives, and the broader ambition to build
resilient food systems, is a central feature of policy frameworks such as the
European Green Deal’, the EU’s Vision for Agriculture and Food®, and the
UK Environment Bill”

A critical component of this food system transformation involves
reducing the EU+"’s strategic dependence on imported high-protein sour-
ces, particularly soybeans and meals used in livestock production®’. While
the EU+ maintains a high overall self-sufficiency in feed protein—driven
largely by roughage (grass, silage maize, and forage legumes), which
accounts, for example, for 41% of the total EU protein balance’—this

aggregate figure obscures a critical structural deficit in concentrated high-
protein sources. Roughage is predominantly domestically produced and
nearly 100% self-sufficient, but it is high in fiber and suited primarily to
ruminants; it cannot serve as a primary protein substitute for monogastric
livestock. Ruminant sectors do utilize protein meals, particularly in
high-yield dairy and beef systems, but their reliance is comparatively limited
because forage-based diets can meet a substantial share of their nutritional
requirements. By contrast, monogastric sectors depend heavily on exter-
nally sourced concentrated high-protein feeds: poultry and pigs alone
consume approximately 67% of all high-protein feed used in the EU,
reflecting their more demanding amino-acid profiles and higher require-
ments for digestible protein. As a result, the EU imports approximately 95%
of its soybeans and meals (around 14 and 16 million tonnes annually’), while
the UK imports ~3 million tonnes of soybean derivatives'’. This structural
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dependency exposes EU+ producers and consumers to risks from global
price volatility and supply chain disruptions. Agri-food supply chain vul-
nerabilities were highlighted during recent global events, including the
COVID-19 pandemic' ™" and the war in Ukraine'*"”. Furthermore, esca-
lating geopolitical tensions, including US tariff measures and potential
retaliatory trade actions', threaten to fragment international trade, raising
costs, and reinforce concerns about the resilience of global supply chains.
High import concentration exacerbates this vulnerability: 50% of EU soy-
bean imports originate from Brazil and 35% from the US, while soybean
meal primarily originates from Brazil (46%) and Argentina (39%)"”. The UK
holds a similar pattern, sourcing soya primarily from Argentina (38%),
Brazil (31%), and the US (11%)".

Calls to reduce reliance on protein feed imports are also driven by
environmental considerations. Soybean production in South America is
closely associated with agricultural expansion and deforestation in ecolo-
gically sensitive regions, including the Amazon, Cerrado (Brazil), and Gran
Chaco (Argentina)'**'. Responding to deforestation concerns, the EU
deforestation-free regulation” and the UK Environment Act’ set out leg-
islative frameworks which require verification of deforestation-free supply
chains for imports of key commodities (including soy)”’. While these leg-
islations aim to reduce the environmental footprint of imports and incen-
tivise sustainable practices in exporting countries, they will also introduce
additional uncertainty into global supply chains.

Increasing EU+ domestic protein production, however, extends
beyond mitigating import-dependency. Enhanced integration of legume
crops, including soybeans and pulses such as peas, beans, and lupins, into
crop rotations is widely recognized as a key strategy for sustainable
agriculture’”. Legumes contribute to biological nitrogen fixation and
improved soil health, thereby enhancing productivity of subsequent
crops” . In addition, their cultivation offers potential environmental
benefits, such as reduced GHG emissions due to lower fertilization
requirements™ .

Beyond their agronomic benefits and use in animal feed, legumes also
hold substantial nutritional value and offer a sustainable alternative to
animal-based proteins in human diets’' . Pulses are rich in fiber, low in
glycaemic index, and associated with numerous health benefits, including
improved cardiovascular health, diabetes management, and reduced
obesity-related risks . Thus, shifting dietary patterns towards greater
consumption of plant-based proteins could improve public health and
mitigate environmental impacts associated with livestock production, while
reinforcing the agronomic benefits of legume integration into farming
systems™*>*,

Against this background, we assess three forward-looking legume-
based pathways for EU+ agriculture with a projection horizon of 2030. The
pathways are designed as a complementary set, spanning the spectrum from
a theoretical upper-bound stress test to empirically and institutionally
grounded near-term scenarios, thereby jointly covering the main mechan-
isms through which legume production and consumption in the EU+ could
be expanded or restructured. The three pathways are: (1) a trade pathway,
simulating a complete interruption of soybean and soya meal imports into
the EU+ (modeled as import restriction), aimed at establishing the theo-
retical upper bound for import substitution capacity and enhanced resi-
lience in the face of trade disruptions; (2) a policy support pathway, where all
EU+ countries allocate 2% of their direct payments to protein crop culti-
vation to enhance competitiveness and stimulate domestic production,
representing a feasible incremental adjustment within the existing agri-
cultural policy framework; and (3) a consumer dietary shift pathway,
modeling an 11% reduction in EU+ meat-protein consumption replaced by
plant-based alternatives, grounded in EU+ consumer preference surveys
and reflecting a short-term demand-side signal of realistic magnitude for
voluntary dietary substitution, consistent with broader public health and
sustainability objectives.

For the assessment, we apply a top-down analytical framework inte-
grating sectoral agro-economic modeling, farm-level analysis, and life cycle
assessment (LCA) to generate a comprehensive understanding of the

potential economic, agronomic, and environmental effects of the pathways.
All three pathways are assessed using the CAPRI model, which simulates
agricultural production and market effects across EU+ regions (Nomen-
clature of territorial units for statistics, NUTS 2) and globally. This is
complemented by the EFEM model, which provides a detailed farm-level
case study for Germany, illustrating how sector-level impacts translate into
farm-level outcomes, and identifying the specific opportunities and chal-
lenges farmers may face under each pathway. We selected Germany for its
diversity in farming systems and agro-climatic conditions, which are
broadly representative for the EU+. The analytical framework is further
complemented by an attributional LCA, which is conducted exclusively for
the trade pathway, comparing the environmental burdens of soybeans
production in Germany and Brazil. This focus is analytically justified
because a comparison of domestic versus imported soy production is most
meaningful under the scenario where large-scale domestic substitution of
soy imports is explicitly induced, and the environmental competitiveness of
domestically produced soy is therefore directly policy relevant.

Results
Land use and production
Across all three pathways, agricultural land allocated to legumes increases in
specific EU+ regions, though the extent and type of legume cultivation vary.
In the policy support and consumer dietary shift pathways, some countries
reallocate land between soybean and pulse crops in response to changes in
relative profitability. For example, France reduces its soybean area by 2%
while increasing pulses by 14%, reflecting changing economic incentives for
crop producers. In contrast, under the trade pathway, Poland expands
soybean (450,000 ha) and rapeseed (492,000 ha) areas, primarily for feed,
while reducing pulses by 11,000 ha. A particularly notable shift occurs in the
trade pathway, where 7.4% (0.7 million ha) of fallow land is brought back
into agricultural use, facilitating a 2.4 million ha increase in legume area,
compared to 0.9 million ha in the baseline. Countries such as Lithuania, UK,
and France exceed domestic pulses demand under the consumer pathway
(Fig. 1), indicating export-oriented production to meet EU demand.
Among the three pathways, the trade pathway shows the most sub-
stantial changes in land use and legume expansion. However, the overall EU
+ growth in legume production remains modest due to existing constraints
such as lower commercial competitiveness and coupled support ceilings.
Soybeans represent a partial exception in the trade pathway, as legume area
expands for domestic feed in response to the zero soy imports, slightly
displacing cereals, vegetables, and permanent crops. Additionally, total
utilized agricultural area increases slightly across the EU+, with France,
Italy, and Romania showing the greatest potential for significant soybean
expansion (Fig. 1, see also Table SI1 and Fig. SI1).

Trade and prices

The trade pathway results in a substantial surge in the EU+ soybean price
(up by 150%). This translates directly into a significant increase in feed costs,
leading to a 50% reduction in soybean feed use, constrained livestock pro-
duction (down by 2-3%), and increased EU+ meat imports between +4%
(beef) and +31% (poultry). Despite the legumes production increases in
France, Italy, and Romania, EU+ legume supply remains insufficient,
resulting in a deteriorated pulses trade balance, with a substantial increase in
imports (Fig. 2). This reflects challenges in securing alternative protein feed
sources to satisfy domestic demand. While EU+ feed costs rise, global
soybean prices increase only by 2%. This moderate price increase can be
attributed to limited global market disruption: EU-bound soybean exports
represent only 15% of the volumes exported to China, whose imports
remain relatively unaffected. Consequently, Brazilian agricultural land
contracts rather moderately (—0.14%, 0.4 million ha), with partial
reforestation.

By contrast, the policy pathway leads to an improved EU+ trade
balance for pulses. EU+ pulses exports increase by 0.1 million tonnes
(4+42.5%), mainly directed to Mediterranean countries (Tunisia, Algeria,
Egypt, Israel) and India. Lower pulses prices and improved production

Communications Sustainability | (2026)1:143


www.nature.com/commssustain

https://doi.org/10.1038/s44458-026-00144-5

Article

a) b)
EU +
5000 1000
?
2 4000
€ 750
L
g 3000
S 500
v, 2000
&
S 1000 20
0 0

Consumption Feed use Production ConsumptionFeed use Production
c) d)
EU + France
~10000
@ 2000
g
S 7500
= 1500
]
~ 5000
p 1000
<
o
% 2500 500
2 - - r —
= o

Consumption Feed use Production

Germany

INT TN |

ConsumptionFeed use Production

Spain United Kingdom

ConsumptionFeed use Production ConsumptionFeed use Production

Italy Romania

_a_l

ConsumptionFeed use Production

ConsumptionFeed use Production

Scenario .] Baseline . Trade-pathway . Policy-pathway Consumer-pathway

Fig. 1 | Total production, human consumption and feed use (in 1000 tonnes) of
pulses (top) and soybeans (bottom). Panels show data for the EU+ (a, ¢) and
respective top producers (b, d) in 2030 across four scenarios: baseline (business-as-

usual), trade pathway (no imports), policy pathway (protein crop subsidy), and
consumer pathway (dietary shifts).

efficiency make EU+ exports more competitive (=50% of Indian prices),
leading to reduced production and trade in some major global producing
and exporting countries (such as India). Increased production in Spain and
Germany and reduced imports result in a 7% decline in domestic pulses
producer prices. Nonetheless, these changes have only a minimal impact on
global prices (less than —1%) due to the relatively small share of pulses in
global agricultural trade compared to other agricultural products. Impor-
tantly, lower EU+ pulses prices incentivise substitution of cereals and oil-
seed cakes in feed rations, while livestock production remains stable,
indicating improved resilience of livestock production under the policy
pathway.

The consumer pathway triggers complex trade outcomes: pulses
imports into the EU+ more than double, particularly from North America
and Argentina, as EU+ demand for plant-based protein increases and non-
EU producers prioritize pulses for human consumption. Reduced EU+
meat consumption improves the region’s trade balance, while dairy con-
sumption increases due to favorable protein-price ratios. This trend,
alongside relatively higher producer margins in the dairy sector, leads to EU
+ dairy herd expansion. EU+ producer prices for pulses increase by 13%,
driven by higher demand and increased input costs from intensified pro-
duction, whereas soybean prices decrease slightly with reduced feed
demand.

GHG emissions

While the modest overall production changes under the policy pathway
cause minimal changes in EU+ agriculture GHG emissions, the consumer
and trade pathways result in relatively higher reductions. The extent of these
reductions primarily reflects changes in livestock production. At the EU+
level, the trade pathway generates a proportionally larger agricultural
emission reduction (—2.9%) than the consumer pathway (—1.4%), despite
the latter generating larger declines in meat output. This is explained by
differences in emission mechanisms: the trade pathway’s sharp rise in high-
protein feed costs creates strong incentives for the adoption of efficiency-
enhancing feeding practices, including feed additives, aimed at optimizing
feed rations and improving feed conversion efficiency”’. These optimized
rations reduce crude protein intake and, consequently, methane emissions
from ruminants and nitrous oxide emissions related to manure

management. However, this EU+ level comparison captures only a partial
picture. When global net mitigation is considered, the picture reverses: the
trade pathway’s domestic emission savings are largely offset by leakage, with
about 72% of EU+ emission savings being offset by increases in emissions in
non-EU+ countries (4-7.6 million tonnes CO,e), effectively diminishing the
EU+- net mitigation to —0.8%. This emission leakage is mainly due to lower
EU+ exports, which are replaced by more emission-intensive production in
other world regions. By contrast, the consumer pathway leads to net miti-
gation beyond the EU+: reduced EU+ meat demand leads to global pro-
duction decreases due to decreased meat imports and increased exports of
meat and cereals from the EU+ (Fig. 3), generating a global net reduction in
agriculture GHG emission of 18.8 million tonnes CO,e (compared to 2.9
million tonnes CO,e in the trade pathway), equivalent to an EU+ net
mitigation of -5.2% (Fig. 3).

Germany—a case study

To assess the pathways’ farm-level impacts, it is essential to account for
heterogeneity across regions and farm types. Legume cultivation depends on
agronomic suitability (climate and soil conditions) and relative competi-
tiveness with alternative crops in arable systems or alternative feedstuffs in
livestock farms. The representative farm model EFEM was employed,
reflecting typical farming systems and biophysical conditions across Ger-
many. The analysis focuses specifically on arable and pig fattening farms
(Table SI2). While poultry and ruminant sectors are significant protein
consumers, pig fattening represents the most analytically sensitive inter-
section for this study. Unlike ruminants, which can leverage forage-based
legumes, pigs are strictly dependent on high-density protein concentrates,
placing pig production at the center of the competition between domestic
grain legumes and imported soy. Furthermore, the prevalence of integrated
arable-and-pig systems in Germany allows for an assessment of internal
shadow prices and nutrient-cycling trade-offs, dynamics that are often
absent in the highly specialized and vertically integrated poultry sector.
Consequently, these farm types are the most sensitive to the structural and
price changes induced by the pathways, serving as a high-resolution proxy
for the broader challenges of an EU+ protein transition. Five regions were
selected to capture the diversity of growing conditions relevant to legume
cultivation (Table SI2 and Fig. SI2). Southern, western, and central Germany
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Fig. 2 | Soy product and pulse trade flows and producer prices. Import flows (in
1000 tonnes) of soy products and pulses into the EU+ from major producing and
exporting regions (a) and corresponding producer prices (in Euro/tonne) per

country or country block (b) in 2030 across four scenarios: baseline (business-as-
usual), trade pathway (no imports), policy pathway (protein crop subsidy), and
consumer pathway (dietary shifts).

offer favorable conditions for various crops, including soybeans. Conversely,
northern and eastern regions face climatic and edaphic constraints, limiting
soybean suitability but allowing beans and peas cultivation. Particularly in
the east, sandy soils and dry weather conditions reduce yield potential and
favor extensive cultivation systems. In pig fattening farms, livestock density
varies substantially by region, from <1 in the east to 2.5 livestock units/
hectare in the north, shaping the regional economic importance of pig
farming. Figure 4 shows the crop rotations and gross margins under the
baseline and the pathways, reflecting pathway-specific price dynamics.

The relative competitiveness of legumes and competing crops is
influenced differently by the three pathways, in line with their different
effects on agricultural product prices. The trade pathway induces the
strongest price increases, particularly for oilseeds and legumes, making
soybean cultivation highly profitable where agronomically viable and con-
strained only by rotation limits. In less suitable regions, pulses become
marginally more attractive, especially in eastern pig farms. Gross margins on
arable farms with substantial soybean areas increase markedly (40-100%).
However, pig farming, particularly in the north with high livestock density
and no on-farm soybean viability, faces rising feed costs. Gross margins on
these farms decline significantly (—40%), whereas southern and western pig
farms are able to partially offset feed cost increases through higher arable
production returns.

The consumer pathway yields negligible arable price changes, resulting
in limited changes in crop allocation and farm-level margins. Only the
northern arable farm responds to an 11% increase in field bean prices by
integrating beans into the rotation at a small scale. However, lower pork
prices reduce gross margins in pig farms by 12-15%, highlighting a weak
transmission of changing consumer preferences to farm-level incentives.
Although demand-side shifts reduce animal product prices, they do not
generate market signals strong enough to alter crop choices. Therefore,
arable farmers receive little economic motivation to adjust cultivation pat-
terns, despite evolving downstream demand structures.

The policy support pathway generates the smallest market price
changes but includes a €110/ha area payment for legume cultivation in
Germany. This support renders legume cultivation economically viable
across most farms. Arable farms with suitable soybean conditions expand
soybean areas up to rotational thresholds, while pig farms universally adopt

field beans or peas within rotational constraints. Given the relatively narrow
profit margins under this policy-driven incentive, overall farm contribution
margins remain largely unchanged. This outcome illustrates that modest
policy incentives can achieve legume uptake without substantial income
effects, provided that agronomic conditions are favorable.

Farm-level GHG emission reductions, including agricultural produc-
tion and upstream sectors (production of mineral fertilizers, plant protec-
tion products, seeds, and purchased feed) are largest under the trade
pathway: up to —22% in arable and —17% in pig farms (Table 1). These
reductions are directly related to the increased legume cultivation, which
lowers synthetic nitrogen fertilizer requirements and reduces feed pur-
chases. Notably, where pig farms such as in the west shift from feed to cash
crops cultivation, due to price incentives, external feed purchases rise,
leading to emission increases of around 17%. The policy pathway also leads
to a reduction in GHG emissions, particularly in central arable farms (up to
—17%), through increased legume cultivation. In contrast, the consumer
pathway has little impact on farm-level emissions due to unchanged crop-
ping patterns.

Environmental impacts of import substitution: a comparative
LCA of soybean production in Germany and Brazil

The Germany-focused analysis is further extended through an attributional
LCA comparing the environmental burdens of soybean production in
Germany and Brazil. This analysis is conducted exclusively for the trade
pathway, as the environmental competitiveness of domestically produced
soy relative to Brazilian imports is most analytically relevant under the
scenario in which large-scale import substitution is explicitly induced. This
LCA component directly enriches the trade pathway analysis by providing
an evidence base for evaluating whether import substitution achieves net
environmental benefits across the full supply chain, including land use
change emissions associated with soy expansion in Brazil.

The attributional LCA shows that environmental burdens associated
with imported Brazilian soybeans are two to three times higher than those of
domestically produced German soybeans across key impact categories,
including acidification, climate change, marine eutrophication, and fossil
fuels resource use (Table 2; full results in Tables SI5 and SI6). Land use
burdens are more comparable across the two systems, though they remain
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Fig. 4 | Crop rotations and gross margins of arable farms and pig farms in Germany in the baseline and for different pathways (see Table SI2 for the description of the
selected farms). Pig farming is a marginal activity in the Central Region; therefore, representative FADN data on pig farms is unavailable for this region.

still higher for Brazil. The only category in which German soybean pro-
duction performs worse is water scarcity, reflecting the specific irrigation
requirements or regional hydrological stress associated with the domestic
production context.

The comparatively higher environmental burden across most cate-
gories in Brazil is mainly due to land use change, including clear cutting of
primary forests for arable expansion. For instance, in Mato Grosso, which
produces 30% of Brazil’s soybeans, land use change contributes 39% of the
climate change burden, with 73% of that fraction attributable to forest
conversion. Soybeans from other Brazilian regions exhibit similar trends,
though with a lesser extent of land use change. Overall, the production of
one tonne of Brazilian soybean entails 1088 kg CO,e due to soil and biomass
carbon stock changes alone. It should be noted that additional emissions
from overseas transport and storage of imported soybeans are not included

within the LCA system boundary applied here; their inclusion would further
amplify Brazil’s comparative environmental footprint.

Discussion

The EU+ aims to align agriculture with climate and sustainability objectives
while enhancing the resilience and sustainability of food systems. In this
context, legumes represent a promising lever for achieving environmental
and agronomic goals. However, the current share of land allocated to legume
cultivation remains limited across the EU+-, while the region remains highly
dependent on imported soybean-based high-protein feed, making it vul-
nerable to global supply disruptions. We simulate three stylized pathways
(trade, policy support, and consumer dietary shift) to assess their implica-
tions for EU+ legume production, sectoral restructuring, and environ-
mental outcomes.
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Table 1 | GHG emissions of arable and pig farms in Germany and changes compared to the baseline.

Crop farms Pig farms

Norh East South West Central North East South West
Baseline (kg CO.eg/ha) 4137 3110 3855 2877 4215 12,419 4015 7953 5609
Policy pathway (% change) —0.2 1.7 -54 0.0 —-17.2 0.2 -9.9 —6.3 —1.1
Consumer pathway (% -0.2 0.0 0.0 0.0 0.0 0.0 -1.7 0.0 0.0
change)
Trade pathway (% change) 0.0 —-1.2 —20.6 0.0 —22.0 —-0.4 —6.1 —-17.3 17.0

Pig farming is a marginal activity in the Central Region; therefore, representative FADN data on pig farms is unavailable for this region. Emissions are modeled using EFEM and comprise both agricultural
non-CO, emissions and upstream process-related emissions. Agriculture emissions include direct N,O emissions from managed soils and manure management, and indirect NoO emissions from leaching,
runoff, and atmospheric nitrogen deposition. Upstream emissions include those from the production of mineral fertilizers, plant protection products, seeds, and purchased feed.

Table 2 | Selected environmental burdens associated with the
production of one tonne of soybeans in Germany and Brazil
(see Tables SlI4 and SI5 for the full results).

Parameters Germany Brazil
Acidification (mol H' ) 1.3 3.6
Climate Change (kg CO»e) 497 1600
Eutrophication, marine (kg Neg) 5.8 10
Land use (point) 87,917 95,600
Resource use, fossils (MJ) 1602 3110
Water scarcity (m® depriv.) 568 127

The trade pathway, simulating a complete disruption of EU+ soybean
imports, produces the most far-reaching systemic adjustments. This path-
way shows a significant land use reallocation within the EU+, primarily
from cereals and other crops towards domestic legume production, to
compensate for lost imports. However, domestic soybean production
remains insufficient to fully replace imported soybeans, leading to sub-
stantial declines in EU+- livestock production and price increases for soy-
beans, pulses, cereals, and meat. These results highlight the EU+‘s structural
dependence on external protein sources and the vulnerability of its livestock
sector to trade disruptions—a concern particularly pertinent in light of
recent geopolitical and economic instabilities. This pathway serves as a
critical analytical stress test, revealing the upper bounds of EU+ legume
production capacity and highlighting main vulnerabilities within the cur-
rent EU+ agri-food system related to high-protein import dependency.

At the regional level, results from the German case study illustrate the
limitations of interpreting sectoral model outcomes in isolation. Despite
favorable agroecological conditions in regions like southern Germany,
factors such as crop profitability, market access, and socio-technical path
dependencies strongly influence farm-level decisions. Farm-level modeling
results consistently confirm that legume uptake depends on market con-
ditions that make cultivation financially competitive with alternative crops.
This has concrete relevance beyond what the gross-margin optimization
framework alone implies: the agroecological benefits of legumes are insuf-
ficient on their own to drive adoption without corresponding economic
returns. Both CAPRI and EFEM account for biological nitrogen fixation by
reducing mineral fertilizer requirements and incorporating the pre-crop
yield benefits for subsequent crops. These modeled agronomic benefits
contribute to the emission reductions of up to —22% in arable farms under
the trade pathway, yet they do not independently close the gross-margin gap
with competing crops across many regions and rotations. Legume cultiva-
tion therefore increases substantially only when market signals (higher
prices under the trade pathway) or targeted subsidies (policy support
pathway) sufficiently improve gross margins relative to competing crops. By
contrast, the consumer pathway yields only modest legume expansion,
mainly pulses in regions such as northern Germany. It has to be noted that
additional agronomic benefits of legumes, including phytosanitary effects,

improved soil conditions, and nutrient mobilization, as well as the broader
ecosystem services they provide, are not incorporated by default. These
effects are highly context-dependent, varying across crop rotations, loca-
tions, and growing seasons, which constrains their systematic integration
into farm-level modeling. Their inclusion, where empirically traceable,
would likely improve the modeled competitiveness in individual cases.

The trade pathway also demonstrates the highest agricultural GHG
mitigation potential at the EU+ level, primarily through production
decreases. However, the increase in the costs of high-protein feed also
incentivises more efficient feeding practices, including feed additives and
feed ration optimization, lowering emissions from enteric fermentation and
manure management. The contraction in EU4- cereals and meat production
leads to substantial emission leakage, with 72% of the mitigated agriculture
GHG emissions offset by emission increases outside the EU+-. Conversely,
the reduced EU+ meat consumption under the consumer pathway also
leads to production decreases in non-EU+- regions, substantially adding to
global GHG reductions. The LCA showcases that the environmental burden
per tonne of soybean production is considerably lower (by a factor of two to
three across key impact categories) within the EU+- compared to Brazil. This
finding reinforces the environmental case for import substitution under
conditions of large-scale domestic expansion.

The integrated sectoral and farm-level analysis also highlights sig-
nificant distributional consequences. Under the trade pathway, arable farms
benefit from higher soybean prices, substantially increasing gross margins,
whereas livestock farms, such as pig farms, face economic losses across the
scenarios due to rising feed costs and lower producer prices. This divergence
underscores that transitions towards more sustainable and resilient food
systems, while broadly desirable, may entail significant socio-economic
trade-offs across farm types and regions.

Our analysis reveals the significant potential, yet practical limitations,
of expanding domestic legume production within the EU+. The trade
pathway effectively illustrates the extent of EU+ protein dependency and
the substantial structural adjustments required to approach higher self-
sufficiency, alongside environmental gains (GHG emissions) and rather
unintended economic consequences (livestock contraction). The regional
analysis highlights the critical role of economic incentives and local context
in realizing aggregate potential. Our results complement biophysical
assessments (e.g., ref. 38) by integrating economic drivers and market
dynamics, offering a more comprehensive understanding of the EU+-’s
potential to transition towards greater protein self-sufficiency. The results
regarding the impact of trade interruptions align with studies assessing
broader disruptions within the EU+ agri-food chain™". Furthermore, the
LCA comparing environmental burdens of soybean production in the EU+
and Brazil underscores the need for enhanced international coordination to
foster globally sustainable food supply chains™.

The robustness of results should be interpreted in the context of three
principal sources of model uncertainty. First, escalating geopolitical tensions
and retaliatory trade measures could further destabilize global soy supply
chains and amplify price volatility, altering the baseline conditions against
which the trade pathway is assessed, potentially bringing realistic scenarios
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closer to the upper-bound stress test than the current baseline implies.
Second, macroeconomic shocks, including oil price increases and transport
cost volatility, affect the relative competitiveness of domestic versus
imported protein crops. Higher transport costs would tend to favor
domestic supply-side measures and strengthen the case for domestic pro-
duction and demand-side strategies. Third, climate-related uncertainty,
particularly the increasing frequency of extreme weather events, could affect
both domestic and non-EU+ legume production in ways that are not well-
captured by the trend-based yield projections used in the 2030 baseline.
Directionally, none of these uncertainties reverses the principal conclusions
of the analysis: in each case they would tend to reinforce rather than con-
tradict the finding that domestic substitution capacity is structurally limited
and that demand-side measures achieve more robust and geographically
broader emission reductions than supply-side interventions alone.

Specific policy implications emerge from the pathway analysis. The
policy pathway shows that coupled support improves the competitiveness of
legume production, but its impact on overall EU+ protein self-sufficiency
remains limited. The trade pathway illustrates that sole reliance on
domestically produced legumes would substantially impact EU+ livestock
production, particularly pork and poultry. However, this pathway also
reveals significant potential for reducing protein needs in animal feed by
improving feed rations and feed conversion efficiency in the EU+, but
realizing this potential requires economic or regulatory incentives. The trade
pathway’s analytical value extends beyond the specific case of total import
interruption, because any realistic partial restriction, whether arising from
geopolitical trade disruptions, the EU Deforestation Regulation, or volun-
tary sourcing constraints, generates impacts that fall proportionally between
the baseline and trade pathway results, scaled approximately to the share of
imports effectively curtailed. The trade pathway therefore defines the outer
bound against which more granular, policy-specific assessments can be
interpreted, without requiring additional scenario runs.

Consistent with other studies™>*, the consumer pathway further
demonstrates that demand-side changes, particularly shifts in dietary pat-
terns, can effectively complement supply-side adjustments, with positive
effects on global sustainability by influencing production patterns within
and beyond the EU+. Importantly, the 11% meat-protein reduction
modeled in the consumer pathway sits substantially below the reductions
recommended under current normative dietary frameworks, such as the
EAT-Lancet 2.0 Commission. As demonstrated by various studies, dietary
shifts of the EAT-Lancet scale would generate substantially larger
reductions in land-use pressures, livestock output, and agricultural GHG
emissions than those observed in our consumer pathway. Our results
therefore function as a conservative empirical lower bound: if an 11%
behavioral shift already produces measurable effects on legume demand,
production, and global emissions, alignment with full EAT-Lancet targets
would generate considerably more profound systemic transformation. Of
the three pathways assessed, the consumer pathway is therefore the most
systematically transformative, operating directly on the root drivers of soy
import dependency and livestock-related emissions rather than managing
them through supply-side substitution or policy incentives.

Methods

This study integrates a sector agro-economic model (CAPRI) and a farm-
level model (EFEM) within a top-down analytical framework to explore the
impacts of three legume production pathways on EU+ agriculture. Results
from each pathway are compared with a 2030 business-as-usual baseline to
determine impacts at both the sectoral and farm levels. Additionally, we
conduct an attributional Life Cycle Assessment (LCA) exclusively for the
trade pathway, comparing the environmental burdens associated with
soybean production in Germany and Brazil.

Models

CAPRI. The Common Agricultural Policy Regional Impact Analysis
(CAPRI) model is a global, comparative static, multi-commodity, partial
equilibrium model for the agricultural and the primary processing

sectors. CAPRI is frequently used to analyze impacts of agricultural,
environmental, climate change, and trade-related policies and scenarios,
both at the EU and global levels* . One of the main strengths of CAPRI
is the highly detailed and disaggregated representation of regional agri-
cultural production and supply within the EU+. Specifically, the CAPRI
EU+ supply module comprises about 280 independent optimization
models that represent regional agricultural production activities at the
EU+ NUTS2 level. Although CAPRI’s spatial framework also covers
Norway and Switzerland, these countries are not included in the EU+
grouping. Norway’s soy demand is driven primarily by salmon aqua-
culture, which falls outside the agricultural scope and modeling frame-
work of this study, while Switzerland’s monogastric sector and aggregate
soy import dependency are substantially smaller in absolute terms. The
CAPRI regional supply models reflect profit-maximizing behavior of
representative farms, taking into account constraints related to land
availability, nutrient balances for cropping and animal activities, and
policy restrictions. CAPRI includes a dedicated feed module that deter-
mines the allocation of feed inputs. This allocation specifies the quan-
tities, measured in kilograms, of various feed categories (such as cereals,
rich protein, rich energy, and other feed) or specific feed materials (e.g.
fodder maize, grass, arable fodder crops, and straw) used per animal
activity level. The input allocation is guided by nutrient requirement
functions, which ensure that the feeding rations satisfy the energy, pro-
tein, and other essential nutrient needs of livestock. The input coefficients
underlying this allocation are calibrated to align with these nutritional
requirements, thereby ensuring biologically consistent feed rations across
animal activities. The EU+ supply models are interlinked with a global
multi-commodity model of agricultural markets, where the production
of about 60 primary and processed agricultural products from the supply
module is covered for 77 countries in 40 trade blocks (single countries or
country groups). Bilateral trade flows and prices are modeled based on
the Armington assumption of quality differentiation. The behavioral
functions in the market model represent supply and demand for primary
agricultural and processed commodities (including human and feed
consumption, biofuel use, and import demand from multilateral trade
relations), as well as balancing constraints and agricultural market policy
instruments (i.e., import tariffs, tariff rate quotas, producer and con-
sumer support estimates, etc.). The supply and market modules iterate
until they converge to an equilibrium (i.e. prices and quantities) in all
agricultural markets for all products.

Regarding GHG emissions accounting, CAPRI aligns with Sector 3
(Agriculture) of the UNFCCC Common Reporting Format (CRF). This
scope primarily comprises non-CO, emissions, specifically nitrous oxide
(N,O) from soils and manure management, and methane (CH,) from
enteric fermentation and manure. CO, emissions and removals from land
use, land-use change, and forestry (LULUCEF), as well as CO, emissions
from on-farm energy use, upstream input processing (e.g., mineral fertilizer
production), and transport, are attributed to other CRF sectors and are not
included in the CAPRI emission accounts in this study. Agriculture emis-
sions are endogenously calculated based on inputs and outputs of pro-
duction activities, following IPCC guidelines. The model also includes a set
of technical and management-based GHG mitigation options for the EU
agricultural sector. These include livestock-related interventions (e.g., feed
additives, improved precision feeding) and crop-based options (e.g., pre-
cision farming, nitrification inhibitors). The regional adoption and intensity
of the options are endogenous variables, and adoption occurs only if an

option leads to an increase in marginal profit”*,

EFEM. The Economic Farm Emission Model (EFEM) is a comparative
static linear optimization model employing a bottom-up approach,
applicable at farm and regional levels*~*'. The model simulates farm-level
management decisions and optimizes farm organization and the allo-
cation of available farm capacities with the objective of maximizing total
gross margin. It accounts for regionally typical conditions, including
climate parameters and typical yields in arable farming, grassland, and

Communications Sustainability | (2026)1:143


www.nature.com/commssustain

https://doi.org/10.1038/s44458-026-00144-5

Article

livestock production systems. Producer and factor prices, as well as the
agricultural and environmental policy framework, are treated as exo-
genous parameters.

As a comparative-static framework, EFEM captures rather short-term
competitive adjustments within existing farm structures, i.e. changes in the
scale and intensity of production given fixed farm capacities. Structural
reallocation between animal species, which requires capital investment and
involves complex, multi-dimensional business decisions, lies outside the
scope of this modeling framework. This is a defensible constraint in the
context of this study given its 2030 projection horizon, over which such
species-level structural transitions are unlikely to materialize at scale, and
over which short-run competitive responses within existing structures
represent the primary margin of policy-relevant change.

EFEM incorporates all major arable crops, grassland production sys-
tems, and livestock husbandry types relevant to conventional agriculture in
Germany. Regarding plant production, the model differentiates between
food and feed crop activities on arable land and grassland, varying by fer-
tilization strategies, production intensity, and soil management practices. For
the purpose of this study, EFEM has been extended to include new legume
cultivation and legume-based feed systems™, taking into account biological
N-fixation as well as agronomic effects of legumes for the subsequent crop.

In this study, EFEM is applied exclusively at the farm level, without
regional upscaling. Typical farm models for various farm types and regions
in Germany are constructed using individual farm data from the EU Farm
Accountancy Data Network (FADN). These models represent average
conditions by farm type, following FADN typologies, and are constrained by
factor endowments and crop rotation limits within the optimization pro-
cess. The selected study regions and farm models in Germany are presented
in the supplementary Table SI1.

The EFEM GHG emissions boundary spans agriculture emissions and
upstream process emissions, but excludes LULUCF emissions and
removals, as well as transport, distinguishing it from both the narrower
CAPRI accounting and the broader LCA system boundary. Agriculture
emissions include direct N,O emissions from soils and manure manage-
ment, as well as indirect N,O emissions from leaching, runoff, and atmo-
spheric nitrogen deposition®. Upstream emissions include those from the
production of mineral fertilizers, plant protection products, seeds, and
purchased feed™.

To simulate the pathway effects, a soft linkage between CAPRI and
EFEM was established. The primary data transferred comprise product and
factor price changes under each pathway. The policy pathway also incor-
porates a fixed area-based coupled payment of 108 EUR per hectare for
legume cultivation. Furthermore, to ensure consistency in technical pro-
gress assumptions, CAPRI-derived projections of yield growth to 2030 were
incorporated into EFEM. EFEM assesses the farm-level implications of the
three legume production pathways by incorporating these sectoral price
changes modeled by CAPRI (Table SI2), along with the assumed protein
crop payment of 108 €/ha for Germany. To account for spatial heterogeneity
in the suitability for soybean cultivation, EFEM integrates additional
regional crop rotation constraints, derived from the cultivation suitability
map (Fig. SI1), in addition to general agronomic limits. As a threshold
criterion for whether soybeans can be cultivated in a region, soybean cul-
tivation was only permitted in regions where at least 10% of the arable land is
classified as having “good” or “very good” suitability. Based on this criterion,
soybean cultivation is excluded in Brandenburg and Schleswig-Holstein.

LCA. The attributional Life Cycle Assessment (LCA) was performed
using OpenLCA v.1.10.3** with the Ecoinvent 3.11 Cut-Off database as
the source of background data® The environmental burdens associated
with the production of one tonne of soybean from the DE21 South region
in Germany (no fertilizer inputs) were compared with those from the
market process of soybean provision from Brazil from the Ecoinvent 3.11
“market for soybean, Brazil” process. The processes associated with the
German soybean cultivation system are recorded in Table SI4. Emissions
of nitrous oxide (N,O) to air and nitrate to water (NO3_) arising from

crop residues were calculated according to the Intergovernmental Panel
on Climate Change guidelines™. Nitrogen oxides to the air were calcu-
lated according to ref. 57. The impact assessment followed the “EF v.3.0”
method™. Results were normalized using person-year equivalents, based
on factors from the European Commission™, to express impacts as a
proportion of average annual per-capita burdens to allow comparison
across impact categories of differing units and magnitudes.
Impact categories assessed:

* Climate change: quantified as Global Warming Potential (GWP) in
CO, equivalents, this indicator measures the radiative forcing impacts
of over 100 years.

* Ozone depletion: assessed as Ozone Depletion Potential (ODP) in kg
CFC-11 equivalents, reflecting the release of halogenated compounds
(e.g. CFCs, HCFC:s) that degrade stratospheric ozone.

* Human toxicity, cancer effects and non-cancer effects: toxic emissions
are evaluated in Comparative Toxic Units for human toxicity (CTUh),
representing the projected increase in disease cases per unit emissions.
Carcinogenic (e.g. chromium, nickel) and non-carcinogenic (e.g.
cadmium, mercury) effects are assessed separately.

* Jonizing radiation, human health: expressed as Human exposure
relative to U™, this category captures health risks from high-energy
particle emissions from nuclear and fossil-based activities.

* Photochemical ozone formation, human health: measured in methane,
carbon monoxide, and non-methane volatile organic compounds
(NMVOCs) equivalents, this reflects ground-level ozone (smog) from
VOCs, NOx, and sunlight, with implications for respiratory health.

e Acidification (terrestrial and freshwater): assessed as Accumulated
Exceedance (mol H" equivalents), indicating acid deposition from
atmospheric reactions involving SO,, NOx, and NHj, affecting eco-
systems and soil chemistry.

* Eutrophication (terrestrial, freshwater, and marine): nutrient over-
loads, mainly N and P, are captured through: Terrestrial: Accumulated
Exceedance (N eq); Freshwater: P-equivalent nutrient transfer; Marine:
N-equivalent nutrient transfer. Eutrophication leads to biodiversity
loss and oxygen depletion in aquatic systems.

 Freshwater ecotoxicity: measured in Comparative Toxic Unit for
ecosystems (CTUe), this reflects potential harm to aquatic species from
toxic discharges (e.g. heavy metals, pesticides).

* Resource use (minerals, metals, fossil fuels): abiotic depletion is
quantified in antimony equivalents (minerals/metals) and Mega Joules
(fossil fuels), representing resource extraction relative to scarcity.

 Water scarcity: expressed in m® world equivalent, this indicator mea-
sures the potential deprivation of water in a given area after all local
withdrawals.

« Land occupation: evaluated with the LANCA® tool®, which considers
five land function disruptions per functional unit: Erosion resistance
(soil loss), mechanical filtration (particle retention), physicochemical
filtration (cation exchange capacity), groundwater replenishment
(infiltration potential), and biotic production (biomass yield potential).

o Particulate matter (respiratory inorganics): quantified as disease inci-
dence per unit of fine particulate matter (PM, 5), linked to emissions of
nitrogen oxides, sulfur oxides, and ammonia.

With respect to GHG emissions, the LCA analysis extends the emission
boundary to its widest scope compared to CAPRI and EFEM, explicitly
incorporating agricultural production emissions, fossil fuel use, and
LULUCEF emissions associated with soybean production in both Germany
and Brazil. This makes the LCA the only framework in the study that
captures land-use change emissions, which are particularly relevant for the
Brazil comparison given the association between soy expansion and
deforestation in South American production regions. However, it needs to
be noted that additional emissions from overseas transport and storage of
imported soybeans are not included within the LCA system boundaries
applied here.
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Scenarios

We assess three forward-looking legume-based pathways for EU+ agri-
culture against a business-as-usual baseline, with a projection horizon of
2030. The three pathways are designed to operate at deliberately different
points on the spectrum from theoretical stress-testing to empirically
grounded realism, providing complementary rather than symmetric ana-
lytical coverage of the mechanisms through which domestic legume pro-
duction and consumption in the EU+ could be expanded or restructured.

Baseline. The baseline scenario corresponds to the CAPRI projection for
2030, calibrated to the European Commission’s Medium-term Outlook
for agricultural markets, which is itself grounded in the OECD-FAO
Agricultural Outlook®. This provides a consistent and internationally
recognized set of assumptions for agricultural commodity markets,
including soybeans and pulses, within a coherent modeling framework.
Macroeconomic drivers, such as GDP growth, exchange rates, crude oil
prices, inflation, and population growth, are derived from external
sources, consistent with the OECD-FAO Agricultural Outlook. The
baseline scenario reflects a business-as-usual trajectory to 2030, incor-
porating agricultural, environmental and trade policies approved and in
force at the time of modeling. It represents the current conditions of
agricultural production and markets as well as policies, prices, demand,
and trade. The baseline serves as the reference point for assessing the
impacts of the alternative legume-focused pathways, each of which
introduces targeted changes to selected drivers while holding other
assumptions of the baseline constant.

Trade pathway. The trade pathway simulates a scenario in which soy-
bean and soymeal imports into the EU+- are entirely disrupted. Thus, this
scenario presents a hypothetical condition in which the EU+ is forced to
increase its domestic soybeans and pulses production to satisfy
the demand of the EU+ livestock industry. The objective of this pathway
is to establish the theoretical upper bound of import substitution capacity
to stress-test the system’s resilience to external trade shocks and global
market volatility. Technically, this pathway is implemented by imposing
a prohibitively high import tariff on soybeans and soymeal, rendering
imports economically unviable within the model. Production conditions
and policies outside the EU+ remain unchanged, isolating the domestic
supply-side response to this specific trade shock.

Policy pathway. This pathway examines changes in direct support
payments to EU+ farmers to incentivize increased domestic legume
production under the current agricultural policy rules. Specifically, it is
assumed that all EU Member States and the UK fully exploit the option to
allocate 2% of their direct payment envelope to support for protein crop
production. While the option to provide coupled support for protein crop
production is already employed in several EU Member States, the path-
way generalizes its use across the entire EU+ region. The scenario
assumes a budget-neutral reallocation within the direct payment envel-
ope, i.e., an increase in coupled support is offset by a corresponding
reduction in decoupled income support. The supported crops include
soybeans and pulses (peas, beans, lupins, etc.), whereas fodder legumes
are not included. This pathway assesses the potential for production
expansion under existing policy flexibility and highlights the differential
incentives for protein crop cultivation under an alternative payment
structure.

Consumer pathway. This pathway simulates a demand-side shift in
dietary preferences within the EU+ population, consistent with nutri-
tional guidelines promoting a higher intake of plant-based protein
sources. We model a voluntary transition among consumers towards
healthier and more sustainable dietary patterns, operationalised as an
11% reduction in EU+ meat consumption replaced by plant-based
protein alternatives. This parameter is derived from EU+ consumer
preference surveys® *, documenting willingness to substitute meat with

plant-based protein among European consumers. Thus, the 11% figure
presents a behaviorally realistic near-term demand-side signal rather
than a normative target, reflecting also the different temporal scope of our
study compared to other frameworks such as the EAT Lancet. The dietary
shift is implemented in the CAPRI model only for the EU+ region and is
grounded in Nutrient Density Unit (NDU) estimates®, which provide a
nutritionally consistent basis for converting reduced meat consumption
into equivalent plant-based protein demand. Specifically, the model
converted the substituted meat consumption (Meat) to additional pulses
demand (APulse), such as:

11%x Meatx 1.33/1.99 = APulse

where the ratio 1.33/1.99 reflects the relative nutrient density of pulses to
meat expressed in NDU terms. The resulting additional pulses demand is
added to the baseline level of pulses demand to complete the substitution
process of plant-based protein in the model.

This pathway captures the implications of changing consumption
patterns for legume demand, agricultural production, and land use. It
provides insights into the role of consumer behavior in shaping protein crop
development and sustainability transitions.

Data availability

The data supporting the findings of this study are available in the Supple-
mentary Information and Supplementary Datafiles 1 and 2. The complete
database of CAPRI is open source and is publicly accessible at https://www.
capri-model.org. EFEM is calibrated using data from the EU Farm
Accountancy Data Network (FADN), which is subject to confidentiality
restrictions under EU legislation and is not publicly available; access is
governed by the relevant European Commission regulations (https:/
agriculture.ec.europa.eu/data-and-analysis/farm-structures-and-
economics/fadn_en). This constraint limits full external replication of the
EFEM results, though the model structure, parameterization, and key
assumptions are described in the “Methods” section to allow methodolo-
gical scrutiny. The complete foreground inventory for the German soybean
LCA system, including all inputs and outputs and the exact names of cor-
responding Ecoinvent 3.11 background processes, is reported in Table SI4 of
the Supplementary Information, enabling reconstruction by any user with
access to the Ecoinvent database. The Brazilian soybean market system
requires no separate foreground inventory: it is represented entirely by the
Ecoinvent 3.11 market process, which can be directly accessed and repro-
duced within the same database.

Code availability

The CAPRI model codebase is publicly accessible at https://www.capri-
model.org. The specific model version used in this study is available upon
request via registration on the Subversion (SVN) server hosted at the
University of Bonn; access contact: https://www.capri-model.org/dokuwiki/
doku.php?id=capri:contact. The EFEM and LCA model codes are available
upon request from the corresponding author; note that the FADN-based
input data used for calibration cannot be shared due to the confidentiality
restrictions described above.

Received: 15 September 2025; Accepted: 18 August 2026;
Published online: 07 September 2026

References

1. Poore, J. & Nemecek, T. Reducing food’s environmental impacts
through producers and consumers. Science 360, 987-992, https://
doi.org/10.1126/science.aaq0216 (2018).

2. Clark, M. A., Springmann, M., Hill, J. & Tilman, D. Multiple health and
environmental impacts of foods. Proc. Natl. Acad. Sci. USA 116,
23357-23362, https://doi.org/10.1073/pnas.1906908116 (2019).

3. Rockstrom, J. etal. Planet-proofing the global food system. Nat. Food
1, 3-5, https://doi.org/10.1038/s43016-019-0010-4 (2020).

Communications Sustainability | (2026)1:143


https://www.capri-model.org
https://www.capri-model.org
https://agriculture.ec.europa.eu/data-and-analysis/farm-structures-and-economics/fadn_en)
https://agriculture.ec.europa.eu/data-and-analysis/farm-structures-and-economics/fadn_en)
https://agriculture.ec.europa.eu/data-and-analysis/farm-structures-and-economics/fadn_en)
https://www.capri-model.org
https://www.capri-model.org
https://www.capri-model.org/dokuwiki/doku.php?id=capri:contact
https://www.capri-model.org/dokuwiki/doku.php?id=capri:contact
https://doi.org/10.1126/science.aaq0216
https://doi.org/10.1126/science.aaq0216
https://doi.org/10.1126/science.aaq0216
https://doi.org/10.1073/pnas.1906908116
https://doi.org/10.1073/pnas.1906908116
https://doi.org/10.1038/s43016-019-0010-4
https://doi.org/10.1038/s43016-019-0010-4
www.nature.com/commssustain

https://doi.org/10.1038/s44458-026-00144-5

Article

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Crippa, M. et al. Food systems are responsible for a third of global
anthropogenic GHG emissions. Nat. Food 2, 198-209, https://doi.
org/10.1038/s43016-021-00225-9 (2021).

EC. The European Green Deal. Communication from the Commission
to the European Parliament, The European Council, The Council, The
European Economic and Social Committee and the Committee of the
Regions. COM(2019) 640 final (European Commission, 2019).

EC. A Vision for Agriculture and Food: Shaping together an Attractive
Farming and Agri-food Sector for Future Generations.
Communication from the Commission to the European Parliament,
The European Council, The Council, The European Economic and
Social Committee and the Committee of the Regions. COM(2025) 75
final (European Commission, 2025a).

UK Environment Act. UK Environment Act 2021, Schedule 17 Use of
forest risk commodities in commercial activity. https://www.
legislation.gov.uk/ukpga/2021/30/schedule/17 (2021).

Duluins, O. & Baret, P. V. A systematic review of the definitions,
narratives and paths forwards for a protein transition in high-income
countries. Nat. Food 5, 28-36, https://doi.org/10.1038/s43016-023-
00906-7 (2024).

DG AGRI. EU Feed Protein Balance Sheet. European Commission,
DG Agriculture and Rural Development. https://agriculture.ec.europa.
eu/data-and-analysis/markets/overviews/balance-sheets-sector/
oilseeds-and-protein-crops_en (2024).

Efeca. UK Roundtable in Sustainable Soya: Annual Progress report
2028. Prepared for the UK Roundtable on Sustainable Soya. https://
www.efeca.com/wp-content/uploads/2023/12/UK-Soya-Annual-
Progress-Report-2023-.pdf (2023).

Hobbs, J. E. Food supply chains during the COVID-19 pandemic. Can.
J. Agric. Econ. 68, 171-176, https://doi.org/10.1111/cjag.12237 (2020).
Chenarides, L., Manfredo, M. & Richards, T. J. COVID-19 and food
supply chains. Appl. Econ Perspect. Policy 43, 270-279, https://doi.
org/10.1002/aepp.13085 (2021).

Mallory, M. L. Impact of COVID-19 on medium-term export prospects
for soybeans, corn, beef, pork, and poultry. Appl. Econ. Perspect.
Policy 43, 292-303, https://doi.org/10.1002/aepp.13113 (2021).
Laber, M. et al. Shock propagation from the Russia-Ukraine conflict
on international multilayer food production network determines global
food availability. Nat. Food 4, 508-517, https://doi.org/10.1038/
s43016-023-00771-4 (2023).

Devadoss, S. & Ridley, W. Impacts of the Russian invasion of Ukraine
on the global wheat market. World Dev. 173, 106396. https://doi.org/
10.1016/j.worlddev.2023.106396 (2024).

EC. Commission proposal to impose trade countermeasures against
US obtains necessary support from EU Member States. Statement
European Commission, https://ec.europa.eu/commission/
presscorner/detail/en/statement_25_1025 (2025b).

DG AGRI. Monitoring Agri Trade Policy. Thematic Analysis:
Diversification of EU Agri-Food Trade (European Commission, DG
Agriculture and Rural Development, 2023).

Fehlenberg, V. et al. The role of soybean production as an underlying
driver of deforestation in the South American Chaco. Glob. Environ.
Change 45, 24-34, https://doi.org/10.1016/j.gloenvcha.2017.05.001
(2017).

da Silva, R. F. B. et al. Socioeconomic and environmental effects of
soybean production in metacoupled systems. Sci. Rep. 11, 18662.
https://doi.org/10.1038/s41598-021-98256-6 (2021).

Song, X. P. et al. Massive soybean expansion in South America since
2000 and implications for conservation. Nat. Sustain. 4, 784-792,
https://doi.org/10.1038/s41893-021-00729-z (2021).

Pendrill, F. et al. Disentangling the numbers behind agriculture-driven
tropical deforestation. Science 377, 661, https://doi.org/10.1126/
science.abm9267 (2022).

EUDR. Regulation (EU) 2023/1115 of the European Parliament and of
the Council of 31 May 2023 on the making available on the Union

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

market and the export from the Union of certain commodities and
products associated with deforestation and forest degradation and
repealing Regulation (EU) No 995/2010. (2023).

de Oliveira, S. E. M. C. et al. The European Union and United
Kingdom’s deforestation-free supply chains regulations: implications
for Brazil. Ecol. Econ. 217, 108053. https://doi.org/10.1016/j.
ecolecon.2023.108053 (2024).

Voisin, A. S. et al. Legumes for feed, food, biomaterials and bioenergy
in Europe: areview. Agron. Sustain. Dev. 34, 361-380, https://doi.org/
10.1007/s13593-013-0189-y (2014).

Watson, C. A. et al. Chapter four— Grain legume production and use in
European agricultural systems. Adv. Agron. 144, 235-303, https://doi.
org/10.1016/bs.agron.2017.03.003 (2017).

Rodriguez, C. et al. Combining crop diversification practices can
benefit cereal production in temperate climates. Agron. Sustain. Dev.
41, https://doi.org/10.1007/s13593-021-00703-1 (2021).

Zhao, J. et al. Global systematic review with meta-analysis reveals yield
advantage of legume-based rotations and its drivers. Nat. Commun. 13,
4926. https://doi.org/10.1038/s41467-022-32464-0 (2022).

Ditzler, L. et al. Current research on the ecosystem service potential of
legume inclusive cropping systems in Europe. A review. Agron.
Sustain. Dev. 41, 26. https://doi.org/10.1007/s13593-021-00678-z
(2021).

lannetta, P. P. M. et al. A multifunctional solution for wicked problems:
value-chain wide facilitation of legumes cultivated at bioregional
scales is necessary to address the climate-biodiversity-nutrition
nexus. Front. Sustain. Food Syst. 5, 692137. https://doi.org/10.3389/
fsufs.2021.692137 (2021).

Oliveira, M., Castro, C., Coutinho, J. & Trindade, H. Grain legume-
based cropping systems can mitigate greenhouse gas emissions
from cereal under Mediterranean conditions. Agric. Ecosyst. Environ.
313, 107406. https://doi.org/10.1016/j.agee.2021.107406 (2021).
Garnett, T. Plating up solutions. Can eating patterns be both healthier
and more sustainable? Science 353, 1202-1204, https://doi.org/10.
1126/science.aah4765 (2016).

Ferreira, H., Pinto, E. & Vasconcelos, M. W. Legumes as a cornerstone
of the transition toward more sustainable agri-food systems and diets
in Europe. Front. Sustain. Food Syst. https://doi.org/10.3389/fsufs.
2021.694121 (2021).

Willett, W. et al. Food in the Anthropocene: the EAT-Lancet
Commission on healthy diets from sustainable food systems. Lancet
393, 447-492, https://doi.org/10.1016/S0140-6736(18)31788-4
(2019).

Hall, C., Hillen, C. & Robinson, J. G. Composition, nutritional value,
and health benefits of pulses. Cereal Chem. J. 94, 11-31, https://doi.
org/10.1094/CCHEM-03-16-0069-FI (2017).

Springmann, M. et al. Health and nutritional aspects of sustainable
diet strategies and their association with environmental impacts: a
global modelling analysis with country-level detail. Lancet Planet.
Health 2, e451-e461, https://doi.org/10.1016/S2542-5196(18)
30206-7 (2018).

Ferreira, H., Vasconcelos, M. W., Gil, A. M. &Pinto, E. Benefits of pulse
consumption on metabolism and health: a systematic review of
randomized controlled trials. Crit. Rev. Food Sci. Nutr. 61, 85-96,
https://doi.org/10.1080/10408398.2020.1716680 (2021b).

Fellmann, T. et al. Greenhouse gas mitigation technologies in
agriculture: regional circumstances and interactions determine cost-
effectiveness. J. Clean. Prod. 317, 128406. https://doi.org/10.1016/].
jclepro.2021.128406 (2021).

Karlsson, J. O. et al. Halting European Union soybean feed imports
favours ruminants over pigs and poultry. Nat. Food 2, 38-46, https://
doi.org/10.1038/s43016-020-00203-7 (2021).

Deppermann, A. et al. The market impacts of shortening feed supply
chains in Europe. Food Sec. 10, 1401-1410, https://doi.org/10.1007/
s$12571-018-0868-2 (2018).

Communications Sustainability | (2026)1:143

10


https://doi.org/10.1038/s43016-021-00225-9
https://doi.org/10.1038/s43016-021-00225-9
https://doi.org/10.1038/s43016-021-00225-9
https://www.legislation.gov.uk/ukpga/2021/30/schedule/17
https://www.legislation.gov.uk/ukpga/2021/30/schedule/17
https://www.legislation.gov.uk/ukpga/2021/30/schedule/17
https://doi.org/10.1038/s43016-023-00906-7
https://doi.org/10.1038/s43016-023-00906-7
https://doi.org/10.1038/s43016-023-00906-7
https://agriculture.ec.europa.eu/data-and-analysis/markets/overviews/balance-sheets-sector/oilseeds-and-protein-crops_en
https://agriculture.ec.europa.eu/data-and-analysis/markets/overviews/balance-sheets-sector/oilseeds-and-protein-crops_en
https://agriculture.ec.europa.eu/data-and-analysis/markets/overviews/balance-sheets-sector/oilseeds-and-protein-crops_en
https://agriculture.ec.europa.eu/data-and-analysis/markets/overviews/balance-sheets-sector/oilseeds-and-protein-crops_en
https://www.efeca.com/wp-content/uploads/2023/12/UK-Soya-Annual-Progress-Report-2023-.pdf
https://www.efeca.com/wp-content/uploads/2023/12/UK-Soya-Annual-Progress-Report-2023-.pdf
https://www.efeca.com/wp-content/uploads/2023/12/UK-Soya-Annual-Progress-Report-2023-.pdf
https://www.efeca.com/wp-content/uploads/2023/12/UK-Soya-Annual-Progress-Report-2023-.pdf
https://doi.org/10.1111/cjag.12237
https://doi.org/10.1111/cjag.12237
https://doi.org/10.1002/aepp.13085
https://doi.org/10.1002/aepp.13085
https://doi.org/10.1002/aepp.13085
https://doi.org/10.1002/aepp.13113
https://doi.org/10.1002/aepp.13113
https://doi.org/10.1038/s43016-023-00771-4
https://doi.org/10.1038/s43016-023-00771-4
https://doi.org/10.1038/s43016-023-00771-4
https://doi.org/10.1016/j.worlddev.2023.106396
https://doi.org/10.1016/j.worlddev.2023.106396
https://doi.org/10.1016/j.worlddev.2023.106396
https://ec.europa.eu/commission/presscorner/detail/en/statement_25_1025
https://ec.europa.eu/commission/presscorner/detail/en/statement_25_1025
https://ec.europa.eu/commission/presscorner/detail/en/statement_25_1025
https://doi.org/10.1016/j.gloenvcha.2017.05.001
https://doi.org/10.1016/j.gloenvcha.2017.05.001
https://doi.org/10.1038/s41598-021-98256-6
https://doi.org/10.1038/s41598-021-98256-6
https://doi.org/10.1038/s41893-021-00729-z
https://doi.org/10.1038/s41893-021-00729-z
https://doi.org/10.1126/science.abm9267
https://doi.org/10.1126/science.abm9267
https://doi.org/10.1126/science.abm9267
https://doi.org/10.1016/j.ecolecon.2023.108053
https://doi.org/10.1016/j.ecolecon.2023.108053
https://doi.org/10.1016/j.ecolecon.2023.108053
https://doi.org/10.1007/s13593-013-0189-y
https://doi.org/10.1007/s13593-013-0189-y
https://doi.org/10.1007/s13593-013-0189-y
https://doi.org/10.1016/bs.agron.2017.03.003
https://doi.org/10.1016/bs.agron.2017.03.003
https://doi.org/10.1016/bs.agron.2017.03.003
https://doi.org/10.1007/s13593-021-00703-1
https://doi.org/10.1007/s13593-021-00703-1
https://doi.org/10.1038/s41467-022-32464-0
https://doi.org/10.1038/s41467-022-32464-0
https://doi.org/10.1007/s13593-021-00678-z
https://doi.org/10.1007/s13593-021-00678-z
https://doi.org/10.3389/fsufs.2021.692137
https://doi.org/10.3389/fsufs.2021.692137
https://doi.org/10.3389/fsufs.2021.692137
https://doi.org/10.1016/j.agee.2021.107406
https://doi.org/10.1016/j.agee.2021.107406
https://doi.org/10.1126/science.aah4765
https://doi.org/10.1126/science.aah4765
https://doi.org/10.1126/science.aah4765
https://doi.org/10.3389/fsufs.2021.694121
https://doi.org/10.3389/fsufs.2021.694121
https://doi.org/10.3389/fsufs.2021.694121
https://doi.org/10.1016/S0140-6736(18)31788-4
https://doi.org/10.1016/S0140-6736(18)31788-4
https://doi.org/10.1094/CCHEM-03-16-0069-FI
https://doi.org/10.1094/CCHEM-03-16-0069-FI
https://doi.org/10.1094/CCHEM-03-16-0069-FI
https://doi.org/10.1016/S2542-5196(18)30206-7
https://doi.org/10.1016/S2542-5196(18)30206-7
https://doi.org/10.1016/S2542-5196(18)30206-7
https://doi.org/10.1080/10408398.2020.1716680
https://doi.org/10.1080/10408398.2020.1716680
https://doi.org/10.1016/j.jclepro.2021.128406
https://doi.org/10.1016/j.jclepro.2021.128406
https://doi.org/10.1016/j.jclepro.2021.128406
https://doi.org/10.1038/s43016-020-00203-7
https://doi.org/10.1038/s43016-020-00203-7
https://doi.org/10.1038/s43016-020-00203-7
https://doi.org/10.1007/s12571-018-0868-2
https://doi.org/10.1007/s12571-018-0868-2
https://doi.org/10.1007/s12571-018-0868-2
www.nature.com/commssustain

https://doi.org/10.1038/s44458-026-00144-5

Article

40. Thom, F., Goch, A. & Grethe, H. EU agriculture under an import stop
for food and feed. World Econ. https://doi.org/10.1111/twec.13537
(2023).

41. Frank, S. et al. Agricultural non-CO2 emission reduction potential in
the context of the 1.5 °C target. Nat. Clim. Change 9, 66-72, https://
doi.org/10.1038/s41558-018-0358-8 (2019).

42. Rockstrém, J. et al. The EAT-Lancet Commission on healthy,
sustainable, and just food systems. Lancet 406, 1625-1700, https://
doi.org/10.1016/S0140-6736(25)01201-2 (2025).

43. Kozicka, M. et al. Feeding climate and biodiversity goals with novel
plant-based meat and milk alternatives. Nat. Commun. 14, 5316.
https://doi.org/10.1038/s41467-023-40899-2 (2023).

44. Fellmann, T. et al. Major challenges of integrating agriculture into
climate change mitigation policy frameworks. Mitig. Adapt. Strateg.
Glob. Change 23, 451-468, https://doi.org/10.1007/s11027-017-
9743-2 (2018).

45. Himics, M. et al. Does the current trade liberalization agenda
contribute to greenhouse gas emission mitigation in agriculture?
Food Policy 76, 120-129, https://doi.org/10.1016/j.foodpol.2018.01.
011 (2018).

46. Klinnert, A. et al. Landscape features support natural pest control and
farm income when pesticide application is reduced. Nat. Commun.
15, 5384. https://doi.org/10.1038/s41467-024-48311-3 (2024).

47. Bielza, M., Weiss, F., Hristov, J. & Fellmann, T. Impacts of reduced
livestock density on European agriculture and the environment. Agric.
Syst. 226, 104299. https://doi.org/10.1016/j.agsy.2025.104299 (2025).

48. Fellmann, T. et al. Scenar 2040—A Scenario Study on the Common
Agricultural Policy, https://data.europa.eu/doi/10.2760/7381366
(Publications Office of the European Union, 2025).

49. Krimly, T., Angenendt, E., Bahrs, E. & Dabbert, S. Global warming
potential and abatement costs of different peatland management
options: a case study for the Pre-alpine Hill and Moorland in Germany.
Agric. Syst. 145, 1-12. https://doi.org/10.1016/j.agsy.2016.02.00
(2016).

50. Petig, E., Rudi, A., Angenendt, E., Schultmann, F. & Bahrs, E. Linking a
farm model and a location optimization model for evaluating energetic
and material straw valorization pathways—a case study in Baden-
Wouerttemberg. GCB Bioenergy 11, 304-325, https://doi.org/10.1111/
gcbb.12580 (2018).

51. Petig, E. et al. Downscaling of agricultural market impacts under
bioeconomy development to the regional and the farm level—an
example of Baden-Wuerttemberg. GCB Bioenergy 11, 1102-1124,
https://doi.org/10.1111/gcbb.12639 (2019).

52. Costa, M. P. et al. Environmental and land use consequences of
replacing milk and beef with plant-based alternatives. J. Clean. Prod.
424, 138826. https://doi.org/10.1016/j.jclepro.2023.138826 (2023).

53. Neufeldt, H. & Schéfer, M. Mitigation strategies for greenhouse gas
emissions from agriculture using a regional economic-ecosystem
model. Agric. Ecosyst. Environ. 123, 305-316, https://doi.org/10.
1016/j.agee.2007.07.008 (2008).

54. GreenDelta. OpenLCA. https://www.openlca.org/ (2022).

55. Wernet, G. et al. The ecoinvent database version 3 (part I): overview
and methodology. Int. J. Life Cycle Assess. 21, 1218-1230, https://
doi.org/10.1007/s11367-016-1087-8 (2016).

56. Intergovernmental Panel on Climate Change. 2019 Refinement to the
2006 IPCC Guidelines for National Greenhouse Gas Inventories,
Volume 4, Agriculture, Forestry and Other Land Use, https://www.
ipcc-nggip.iges.or.jp/public/2019rf/vol4.html (Intergovernmental
Panel on Climate Change, 2019).

57. Nemecek, T., Ké&gi, T., Blaser, S. Life cycle inventories of agricultural
production systems, Data v2.0, Ecoinvent Report No. 15 (2007).

58. European Commission. Product Environmental Footprint Category
Rules Guidance, Version 6.3, https://eplca.jrc.ec.europa.eu/
permalink/PEFCR_guidance_v6.3-2.pdf (Publications Office of the
European Union, 2018).

59. Fazio, S. et al. Supporting information to the characterisation factors
of recommended EF Life Cycle Impact Assessment methods, EUR
28888 EN, European Commission, Ispra, https://doi.org/10.2760/
671368 (2018).

60. Bos, U., Horn, R., Beck, T., Linder, J. P. & Fischer, M. LANCA®
Characterization Factors for Life Cycle Impact Assessment — Version
2.0 (Fraunhofer Institute for Building Physics, 2016).

61. European Commission. EU Agricultural Outlook, https://agriculture.
ec.europa.eu/system/files/2023-01/agricultural-outlook-2020-
report_en_0.pdf (DG Agriculture and Rural Development, European
Commission, 2020).

62. Toma, T. et al. Behavioural analysis of farmers’ uptake and
consumers’ choice. Deliverable (D) 6.2 (D37) for the EU-H2020
project, ‘TRansition paths to sUstainable legume-based systems in
Europe’ (TRUE), funded under Grant Agreement Number 727973,
https://doi.org/10.5281/zenodo.3731711 (2020).

63. Profeta, A. et al. Consumer preferences for meat blended with plant
proteins—empirical findings from Belgium. Future Foods 4, 100088.
https://doi.org/10.1016/j.fufo.2021.100088 (2021a).

64. Profeta, A. et al. Preferences of German consumers for meat products
blended with plant-based proteins. Sustainability 13, 650, https://doi.
org/10.3390/su13020650 (2021b).

65. Saget, S. et al. Comparative life cycle assessment of plant and beef-
based patties, including carbon opportunity costs. Sustain. Prod.
Consum. 28, 936-952, https://doi.org/10.1016/j.spc.2021.07.017
(2021).

Author contributions

S.S., M.H,,B.Z,, E.A,, and T.F. designed the research and performed the
scenario development. M.H., J.H., S.S., T.F. (CAPRI), E.A., B.Z., E.P. (EFEM),
and So.S., M.P.C., D.S. (LCA) carried out the technical implementation,
scenario simulations, and first analysis of the results. S.S. and T.F. led the
writing of the paper. All authors provided feedback and contributed to the
interpretation of the results and to writing the paper.

Funding

S.S.,EA,B.Z,E.P,So.S.,M.P.C., and D.S. were supported by the project
‘Transition paths to sustainable legume-based systems in Europe’, funded
by the EU Framework Programme for Research and Innovation H2020,
Grant Agreement number 727973. We confirm that this paper is an original
work and has not been published elsewhere.

Competing interests

The authors declare that no competing interests exist. The views expressed
are purely those of the authors and do not represent an official position of the
European Commission.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s44458-026-00144-5.

Correspondence and requests for materials should be addressed to
Thomas Fellmann.

Peer review information Communications Sustainability thanks the
anonymous reviewer(s) for their contribution to the peer review of this work.
Primary Handling Editors: Chenchen Ren, Mengjie Wang. A peer review file is
available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Communications Sustainability | (2026)1:143

11


https://doi.org/10.1111/twec.13537
https://doi.org/10.1111/twec.13537
https://doi.org/10.1038/s41558-018-0358-8
https://doi.org/10.1038/s41558-018-0358-8
https://doi.org/10.1038/s41558-018-0358-8
https://doi.org/10.1016/S0140-6736(25)01201-2
https://doi.org/10.1016/S0140-6736(25)01201-2
https://doi.org/10.1016/S0140-6736(25)01201-2
https://doi.org/10.1038/s41467-023-40899-2
https://doi.org/10.1038/s41467-023-40899-2
https://doi.org/10.1007/s11027-017-9743-2
https://doi.org/10.1007/s11027-017-9743-2
https://doi.org/10.1007/s11027-017-9743-2
https://doi.org/10.1016/j.foodpol.2018.01.011
https://doi.org/10.1016/j.foodpol.2018.01.011
https://doi.org/10.1016/j.foodpol.2018.01.011
https://doi.org/10.1038/s41467-024-48311-3
https://doi.org/10.1038/s41467-024-48311-3
https://doi.org/10.1016/j.agsy.2025.104299
https://doi.org/10.1016/j.agsy.2025.104299
https://data.europa.eu/doi/10.2760/7381366
https://data.europa.eu/doi/10.2760/7381366
https://doi.org/10.1016/j.agsy.2016.02.00
https://doi.org/10.1016/j.agsy.2016.02.00
https://doi.org/10.1111/gcbb.12580
https://doi.org/10.1111/gcbb.12580
https://doi.org/10.1111/gcbb.12580
https://doi.org/10.1111/gcbb.12639
https://doi.org/10.1111/gcbb.12639
https://doi.org/10.1016/j.jclepro.2023.138826
https://doi.org/10.1016/j.jclepro.2023.138826
https://doi.org/10.1016/j.agee.2007.07.008
https://doi.org/10.1016/j.agee.2007.07.008
https://doi.org/10.1016/j.agee.2007.07.008
https://www.openlca.org/
https://www.openlca.org/
https://doi.org/10.1007/s11367-016-1087-8
https://doi.org/10.1007/s11367-016-1087-8
https://doi.org/10.1007/s11367-016-1087-8
https://www.ipcc-nggip.iges.or.jp/public/2019rf/vol4.html
https://www.ipcc-nggip.iges.or.jp/public/2019rf/vol4.html
https://www.ipcc-nggip.iges.or.jp/public/2019rf/vol4.html
https://eplca.jrc.ec.europa.eu/permalink/PEFCR_guidance_v6.3-2.pdf
https://eplca.jrc.ec.europa.eu/permalink/PEFCR_guidance_v6.3-2.pdf
https://eplca.jrc.ec.europa.eu/permalink/PEFCR_guidance_v6.3-2.pdf
https://doi.org/10.2760/671368
https://doi.org/10.2760/671368
https://doi.org/10.2760/671368
https://agriculture.ec.europa.eu/system/files/2023-01/agricultural-outlook-2020-report_en_0.pdf
https://agriculture.ec.europa.eu/system/files/2023-01/agricultural-outlook-2020-report_en_0.pdf
https://agriculture.ec.europa.eu/system/files/2023-01/agricultural-outlook-2020-report_en_0.pdf
https://agriculture.ec.europa.eu/system/files/2023-01/agricultural-outlook-2020-report_en_0.pdf
https://doi.org/10.5281/zenodo.3731711
https://doi.org/10.5281/zenodo.3731711
https://doi.org/10.1016/j.fufo.2021.100088
https://doi.org/10.1016/j.fufo.2021.100088
https://doi.org/10.3390/su13020650
https://doi.org/10.3390/su13020650
https://doi.org/10.3390/su13020650
https://doi.org/10.1016/j.spc.2021.07.017
https://doi.org/10.1016/j.spc.2021.07.017
https://doi.org/10.1038/s44458-026-00144-5
http://www.nature.com/reprints
www.nature.com/commssustain

https://doi.org/10.1038/s44458-026-00144-5

Article

Open Access This article is licensed under a Creative Commons
Attribution-NonCommercial-NoDerivatives 4.0 International License,
which permits any non-commercial use, sharing, distribution and
reproduction in any medium or format, as long as you give appropriate
credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if you modified the licensed material. You
do not have permission under this licence to share adapted material
derived from this article or parts of it. The images or other third party
material in this article are included in the article’s Creative Commons
licence, unless indicated otherwise in a credit line to the material. If material
is notincludedin the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted use,
you will need to obtain permission directly from the copyright holder. To
view a copy of this licence, visit http://creativecommons.org/licenses/by-
nc-nd/4.0/.

© The Author(s) 2026

Communications Sustainability | (2026)1:143

12


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
www.nature.com/commssustain

	Legume-based pathways reveal opportunities and limits of protein self-sufficiency in the EU and UK
	Introduction
	Results
	Land use and production
	Trade and prices
	GHG emissions
	Germany—a case study
	Environmental impacts of import substitution: a comparative LCA of soybean production in Germany and Brazil

	Discussion
	Methods
	Models
	CAPRI
	EFEM
	LCA

	Scenarios
	Baseline
	Trade pathway
	Policy pathway
	Consumer pathway


	Data availability
	Code availability
	References
	Author contributions
	Funding
	Competing interests
	Additional information




