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Abstract

Decoupling global agricultural trade from biodiversity loss remains critical for international
environmental governance. We conducted a spatially explicit life-cycle assessment of 103,310 Brazilian
soy supply chains in 2004-2022, covering domestic consumption and exports to estimate terrestrial
(TBL) and aquatic (ABL) biodiversity footprints. The soy market caused a TBL of 0.123 PDF-yr and an
ABL of 0.601 PDF-yr. China, the EU, and Brazil's domestic consumption accounted for most of the
impacts (80% ABL; 84% TBL). While TBL decreased, due to reduced deforestation in EU-bound trade and
China's shift toward less sensitive biomes, ABL has steadily worsened due to synthetic fertiliser use. The
framework improves transparency by attributing biodiversity loss to trade routes, supply chain stages,
and traders. Our findings suggest that biodiversity governance should account for drivers beyond
deforestation and consider spatial heterogeneity in agricultural production and trade, as well as the
sensitivity of associated ecosystems, to achieve clean supply chains.

Introduction

Biodiversity loss stands as an urgent global environmental concern’2. Habitat loss due to land and sea
use change is the main direct driver of recent biodiversity loss worldwide, followed by direct exploitation
of natural habitats3, while the influence of other drivers, such as climate change and pollution, is
expected to increase progressively*®. Biodiversity loss influences climate change by weakening
ecosystems®’, while climate change alters species distributions and ecosystem functionality globally®.
This feedback effect emphasises the need for an integrated approach to address these interconnected
phenomena®. As a land- and resource-intensive activity, agricultural production contributes significantly
to both biodiversity loss and climate change, whether through the direct land occupation (LU) and
transformation (LUC)"? or through pollution™".

International trade in agricultural commodities also drives LUC and deforestation, leading to biodiversity
loss'213, particularly with products such as cocoa, oil palm, and soy, produced in tropical regions and

exported worldwide'*'°. In response, many zero-deforestation commitments now adopt market-based,
supply-chain approaches to enforce environmental governance and combat deforestation. The Amazon
Soy Moratorium (ASM) is an example of a successful voluntary initiative in Brazil, though it has recently

faced political and industry pressure'®. Effective policies require clear targets, broad market coverage,
robust monitoring, enforcement mechanisms, transparency, and alignment with public regulation’”. In
the European Union (EU), the EU Deforestation Regulation (EUDR) mandates companies to trace supply

chains and assess embodied deforestation impacts, establishing legally binding due diligence

obligations and penalties for non-compliance®.

Monitoring supply chains becomes key to preventing the impacts of deforestation-risk commodities and
assessing the effectiveness of such policies. Environmental footprint analysis provides a systematic
framework for measuring the impacts embodied in consumption and trade, which can then be attributed
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to both producers and consumers, depending on the perspective?’. However, assessing the biodiversity
footprint of commodities such as Brazilian soy faces several challenges. The first is selecting
quantitative indicators that capture biodiversity impacts at the production site?%?'. The most common
indicators reflect the loss of terrestrial species richness at the ecoregion level, linked to both LU and LUC
through habitat loss and degradation, 2223, This is usually done using the Countryside Species-Area
Relationship (SAR) models?4, where species decline depends on their affinity for converted versus
original habitats, and biodiversity gains occur only if land use is reversed to another LU with higher
affinity. Other indicators include the Biodiversity Intactness Index (BIl), which integrates richness and
abundance aspects based on PREDICTS?®; or the Mean Species Abundance (MSA) metric for

biodiversity intactness based on the GLOBIO model?®, considering multiple environmental pressures.
The endpoint indicator Potentially Disappeared Fraction of species over time (PDF-yr) measures
biodiversity loss in aquatic and terrestrial systems as the share of species lost over time due to land and
water use and pollution (e.g., eutrophication, acidification, climate change, etc). It is based on
regionalised characterisation factors (CFs) from LC IMPACT?/, a life cycle impact assessment (LCIA)
method used in LCA to capture supply-chain impacts beyond LU-LUC.

The aforementioned methods aim to provide spatially-explicit metrics, either at the grid-cell or site-
specific (PREDICTS, GLOBIO) or at the ecoregion level (LC IMPACT). However, they have limited ability to
capture the temporal ecological dynamics that determine biodiversity. GLOBIO measures biodiversity
impacts in discrete time steps, while PREDICTS measures biodiversity Bll as a steady-state response to
a pressure. The characterisation factors (CFs) used in life cycle assessment (LCA) are normally based
on long-term average conditions and represent steady-state impacts, often as potential damage.
Although many LCA studies use these CFs for product-based assessments, they typically offer low
spatial and temporal resolution, leading to simplified supply chain representations?®2°. While scientific
advancements in CFs aim to integrate high-resolution land-use and intensity data or to expand the taxa
covered, the complexity and variability of LUC and trade dynamics are often overlooked. As shown by
Escobar et al.0, differences in municipal-level LUC, crop management, and domestic transport routes
lead to significant variability in the carbon intensity of Brazilian soy exports depending on the specific
supply chain. This can translate into substantial differences in biodiversity impacts across Brazilian
biomes as well as in biodiversity footprints across importing countries.

The present work develops a spatially-explicit LCA to assess the aquatic and terrestrial biodiversity
footprints of the entire Brazilian soy market from 2004 to 2022, capturing nationwide variation in LUC
and crop management practices, domestic transport logistics, industrial processing, and international
shipping by combining detailed trade data, land use maps, and agricultural statistics. The life cycle
includes impacts from LUC prior to the crop establishment through the stage at which soybeans and
derivatives (cake, oil) enter the corresponding industry as intermediate inputs, whether in importing
countries or in Brazil, excluding downstream processes up to final consumption, as well as potential re-
exports. The LCA traces 103,310 supply chains, defined as combinations of 2,577 producing
municipalities, 47 export ports, and 149 destination countries (see Methods). Biodiversity footprints are
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estimated as PDF-yr for the period 2004-2022 and per year, at the municipal, state, regional, and
national levels, and for the traders involved. By integrating consumption and trade data with PDF
indicators, this framework improves transparency by attributing biodiversity loss to trade routes, supply
chain stages, and ultimately the actors involved.

Results

The biodiversity footprints of the Brazilian soy market are determined by both total traded volumes and
the impact intensity (i.e., impact per amount of commodity) of the underlying supply chains. The results
are expressed in soybean equivalents (soy-eq), or the flow of raw soybeans embodied in the derivatives
ultimately consumed (beans, oil, and cake), allowing comparison of biodiversity-loss intensities across
commodities while avoiding double-counting. The results are reported as median values and the 2.5th
and 97.5th percentiles (in brackets), based on the uncertainty analysis described in Methods (Dataset S1

in Zenodo3").

Evolution in market structure and biodiversity footprints

The Brazilian soy market reached 1,524.5 Mt, expanding by 144% from 2004 to 2022, or 5.5% per year
(Fig. 1a). The number of soybean-producing municipalities increased from 1586 to 2283, and that of
importing countries from 72 to 83. Most soy is traded as beans, up to 72.29% in 2018 (Fig. 1a), with
differences between destinations (Fig. 2). China imported mostly beans throughout the period (96.46%);
Brazil consumed mostly oil (60.11%) and cake (34.99%), while beans and cake dominated the EU, and
the remaining markets. The entire Brazilian soy market generated a potential terrestrial biodiversity loss
(TBL) of 1.23-10" ' PDF-yr [9.82-107% 1.45:10" '] and an aquatic biodiversity loss (ABL) of 6.01-10"
PDF-yr[5.12-10° 1-1.17]. Aligned with market growth, ABL increased by 146%, from 1.83-1 02 PDF-yr
[1.55-10723.99-107 %] in 2004 to 4.50-10” 2 PDF-yr [3.9-107 % 7.5-10™ %] in 2022 (Fig. 1b). TBL is more
variable due to underlying LUC, showing a 23% decline between 2004 and 2022, with peaks in 2005,
2015, and 2018, at around 9.43-10" 2 PDF-yr [6.99-107%; 1.14:10" 7] (Fig. 1c).

Brazilian soy trade was concentrated among a few nodes throughout the supply chain (Fig. 2). 79% of
total trade volume corresponded to five of the 23 producing states: Mato Grosso (28%), Parana (17%),
Rio Grande do Sul (14%), Goias (11%), and Mato Grosso do Sul (8%) (Video S1). Mato Grosso and Goids
exported mainly through the Santos port; whereas Parana and Mato Grosso do Sul exported via the
Paranagua port; and Rio Grande do Sul via the port of Rio Grande. These five states accounted for 79.7%
of total ABL (Figs. 3b and 5d) and 46% of total TBL (Figs. 3a and 5a); ABL is, therefore, more correlated
with traded volumes than TBL. Roraima shows the largest TBL footprint among states (21% of the total),
despite its negligible market share (0.1%). At the municipal level, nearly half of the total TBL (45%;
5.38-10™ 2 PDF-yr) was concentrated in just 1% of producing municipalities, notably Alto Alegre (13%),
Bonfim (4.36%) and Canta (2.74%) in Roraima, and Sorriso (2.12%) in Mato Grosso (Fig. 4a).
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China (36.1%) and the EU (18.1%) were the main international destinations of soy commodities (Fig. 2).
Together with Brazil's domestic market (26.4%), they represented 81% of total trade and were associated
with 80% of ABL and 84% of TBL (Figs. 3 and 6). Over time, both traded volumes and ABL increased
consistently by more than 100% in China, Brazil, and the rest of the world; whereas TBL is less correlated
with market volume. In contrast, the EU showed declining trends in imported soy volumes and in
embodied ABL, and especially TBL, between 2005 and 2008.

Drivers of biodiversity loss intensities

TBL exhibited marked spatial and temporal heterogeneity, due to variations in its impact intensity (iTBL)
(Figs. 4b, 5a, 5b). The highest iTBLs were found in the North and North-East, particularly in Maranhao,
Tocantins, Piaui, and Bahia (MATOPIBA), highlighting biodiversity loss in natural ecosystems and
rainforests beyond the Legal Amazon. Yet, the highest intensity was found in Roraima, indicating natural
habitat loss in the Amazon biome, despite the ASM. Lower iTBLs reflect a smaller contribution of land
transformation relative to other supply chain stages (Fig. 5a). This is observed in Southern states (Rio
Grande do Sul and Santa Catarina), where most LUC occurred in earlier decades, and CFs are lower than
in the Amazon. Across states, the relative importance of LUC declined, while the contributions of land
occupation, farming, and domestic transport increased; except for Roraima, where habitat
transformation consistently accounted for ~ 99% of iTBL (Video S4). As a result, total iTBL decreased
from 1.17-107 19 PDF-yr/t soy-Eq. [9.29-107'"; 1.36-10" '] in 2004 t0 3.69-10" "' PDF-yr/t [3.18:107";
4.55-10" ] in 2022 (Fig. 1e). Negative intensities should be interpreted as a reduction in potential
species loss (avoided impact) rather than as biodiversity restoration or species recovery, primarily driven
by net positive changes in soil organic carbon and above-ground biomass. This is observed in 192
municipalities, mainly in the states of Sdo Paulo (57.3%) and Minas Gerais (13.0%), linked to the Cerrado
and Atlantic Forest biomes; as well as in municipalities of Parand (16.7%), linked to the Pampa biome
(Video S3).

The ABL intensity (ABLi) across the period was 3.71-10" ' PDF-yr/t [3.15-107 1% 7.22:10" '°), remaining
nearly constant (Fig. 1d), with ~ 94% of the impact attributable to pollution and climate change, primarily
through fertiliser production (Figs. 1d and 5f). The highest municipal iABL was found in Nova Mamoré
(Rondénia), at 5.62:10™ 1% PDF-yr/t [5.43-107 10, 5.83-10" '°]. The lowest was in Videira (Santa Catarina),
at7.11-10" " PDF-yr/t [3.64-107'"; 4.38-107 ). iABLs were evenly distributed across municipalities
(Figs. 4d and 4e), partly due to the assumption of standardised agricultural and processing practices at
the state level, particularly regarding fertilisation rates (Methods).

iABL and iTBL are not necessarily correlated, given the different underlying drivers. iABL is largely driven
by the use of agricultural inputs and energy and the resulting emissions, while iTBL is mainly driven by
land-use dynamics prior to soy establishment. For instance, Mato Grosso, which has the largest market
volume, records the highest ABL despite its moderate iABL. However, it ranks second in TBL due to its
relatively low iTBL (Fig. 3). This relates to the timing of land transformation and to soil properties, which
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influence agricultural practices and determine iABL. The contribution of the processing stage to both
iTBL and iABL is negligible.

Biodiversity footprints of destination countries, traders, and supply
chains

From the destination perspective, the highest iTBLs were estimated for Brazil, El Salvador, Guatemala,
Honduras, Martinique, Mexico and Venezuela (Latin America and the Caribbean); Portugal, Spain, the
United Kingdom and Russia (Europe); Israel, Syria and Yemen (Asia); and Australia (Oceania), ranging
from 1.01-10 "9 PDF-yr/t [6.60-107 '"; 1.20-10" %] in Russia, to 2.20-10™ ' PDF-yr/t [1.82-107 1, 2.43-10"
10] in El Salvador (Fig. 6b). These countries sourced soy-eq. from municipalities recently linked to soy-
driven deforestation across Brazil. For instance, El Salvador’'s imports were mostly linked to high iTBL
supply chains, mainly from Bahia and Piaui. Regarding the major destination markets, China showed the
lowest iTBL at 5.49:10" ' PDF-yr/t [4.79-10""; 6.60-10" "], whereas Brazil and the EU had iTBLs 99%
and 49% higher than China’s, respectively. The iTBL of Brazil is associated with producing municipalities
in Roraima. Although China and the EU sourced their soy imports from similar states, EU's imports were
responsible for a larger deforested area (38%) in the biodiverse regions of Maranhao, Tocantins, and
Piaui. In contrast, the largest deforestation from China's soy supply chains was mainly concentrated in
less sensitive areas of Rio Grande do Sul and Mato Grosso (57%), with only 26% of it occurring in the
MATOPIBA regions. As for ABL (Fig. 6a), iABL values across countries were of the same order of

magnitude, with Peru exhibiting the highest value at 4.86:107 '° PDF-yr/t [4.11-107 1% 9.04-10™ 9]. China,
Brazil and the EU show non-significant differences between their iABLs, which account for 3.61-107 9
PDF-yr/t[3.01-107 1%, 7.14-107 9], 3.69:10" "° PDF-yr/t [3.09-:107 ', 7.86:10 '°], and 3.80-10" '° PDF-yr/t
[3.25:107 10, 6.95-107 9], respectively.

The framework allows mapping supply chain biodiversity footprints at the trader level (excluding the
uninformed domestic market), covering 2,023 exporters and 1,809 importer groups. International trade
was dominated by six groups acting both as exporters and importers: Bunge, Cargill, Amaggi, Louis
Dreyfus, Cofco, and Coamo. Together, they controlled nearly 50% of exports with a similar share of the
total ABL, equivalent t0 2.20-10" ' PDF-yr [1.88:10™'; 4.29-10™ '] and of the total TBL, equivalent to

3.71-10" 2 PDF-yr [2.96:107%1.54-10" '], with moderate impact intensities. Overall, the highest intensities
were observed among trading groups with low market share. It must also be noted that unknown
exporters accounted for 3% of volume (1% TBL, 3% ABL), while unknown importers accounted for 26% of
imports (26% ABL, 17% TBL) (Figs. 3 and 4).

At the supply-chain level, critical high footprints combine high market shares with high impact
intensities. According to this, 127 of the 103,310 supply chains (0.12%) were classified as critical (iTBL >

1.0-:107 1 PDF-yr/t), representing 5.2% of the market but 26.7% of the total TBL. Of these, 46 originated in
the South (45 in Rio Grande do Sul and 1 in Santa Catarina), 14 in the Central-West (12 in Mato Grosso
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and 2 in Goids), 53 in the North-East (22 in Maranhao, 20 in Bahia, and 11 in Piaui) and 14 in the North (6
in Tocantins, 5 in Parg, 2 in Roraima, and 1 in Rondénia). 56 of these critical supply chains ended in
China, 31 in the EU, and 30 in the Brazilian market, with the remainder distributed among other global
markets. The supply chain with the highest TBL — 1.53-10" 2 PDF-yr [9.03-10" 3; 1.86-10™ 2] — originated in
Alto Alegre (Roraima) and supplied the domestic market. Its iTBL was comparatively lower, ranking 22nd
overall at 2.96-10" 8 PDF-yr/t [1.75-107 8, 3.59-10" ).

Influence of market volume and impact intensity

We evaluated the trends in TBL and ABL by municipality of origin and country of destination,
decomposing changes into market volume and impact intensity (iTBL and iABL) (Fig. 7). Seven spatially-
explicit patterns emerged: growth in biodiversity footprints dominated by market volume; growth
dominated by impact intensity; growth driven by both components, which represents a scenario with
market expansion combined with an increasing impact intensity; decline through market volume
contraction; decline through reductions in impact intensity; decline through simultaneous decreases in
volume and intensity; and no clear trend due to the offsetting effects of the two components.

90 (3.5%) of the 2,577 municipalities of origin provided data for only one year and were therefore
excluded from this analysis. 62% and 35% of the remaining 2,487 municipalities showed a steady
upward trend in biodiversity footprint for ABL and TBL, respectively, driven primarily by increases in
market volume (Figs. 6a and 6c). 31.3% of municipalities with increasing TBL trends experienced
reductions in iTBL, thereby moderating the net impact increase. More than 70% of these cases were
found in municipalities in the South and South-East (Rio Grande do Sul, Sdo Paulo, Parang, Santa
Catarina, and Minas Gerais), where soy is mostly grown on long-established agricultural land. However,
most municipalities (52% or 1,330) showed no net trend in the TBL. In 322 of them — mainly in Rio
Grande do Sul, Goias, Mato Grosso, and Tocantins — this was due to an increase in market volume
combined with a decrease in the iTBL, indicating an offsetting effect. 34% of municipalities did not show
a clear trend in the ABL, either in market volume or iABL.

At the destination-country level (Figs. 7b and 7d), 28 (19%) countries had data for only one year and were
excluded. Most countries showed no trend (58 in ABL and 81 in TBL). Among those that showed
significant changes over the period, 29% exhibited increases in ABL and 14% in TBL, largely driven by
market volume growth. 12.8% of countries showed declining trends, driven mainly by volume reductions
for ABL and by decreases in both volume and impact intensity for TBL. Brazil's domestic consumption
showed growth in ABL, driven by market volume, while TBL showed no trend due to trade-offs between
volume and intensity. China exhibited increases in both, driven by market volume; although iTBL
declined, moderating TBL growth. In the EU, the Netherlands, France, and Germany experienced declines
in ABL, associated with reduced market volumes, as well as in TBL, reflecting the combination of lower
volume and intensity. Spain reduced its TBL footprint by decreasing iTBL, while ABL increased due to
market expansion; whereas Portugal showed no net trend, due to trade-offs between volume and iTBL.
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Discussion

Drivers of biodiversity loss beyond deforestation

While most biodiversity footprint studies have focused on deforestation as the primary driver of
biodiversity loss3%33, the proposed LCA framework enables the inclusion of downstream biodiversity
impacts in great detail. Although LUC accounted for the largest share of the 2004-2022 biodiversity
impacts, its relative contribution to the impact intensity declined over time. This shift reflects a
decreasing role of direct land conversion and a growing contribution from other supply chain stages,
such as farming and domestic transport, in iTBL. Agricultural and other polluting emissions are the main
drivers of iABL, especially in rainfed systems.

The concentration of trade in specific regions and the spatial variability of TBL suggest that policies
based solely on preventing deforestation, such as zero-deforestation commitments and the EUDR, are
unlikely to achieve substantial global biodiversity gains and can increase leakage risks343°. Our findings
question sustainability narratives and policy framings that equate environmental risk with deforestation
rates or total trade volumes. While deforestation remains a key contributor to biodiversity decline,
climate change and pollution also contribute to biodiversity loss in global supply chains®¢37. Addressing
LUC without simultaneously tackling pollution and climate change, therefore, risks shifting biodiversity
pressures across ecosystems. Our findings reinforce the view that biodiversity loss is inherently a multi-
driver phenomenon, requiring integrated governance responses that recognise spatial heterogeneity as a
defining feature of sustainability challenges.

Displacement of biodiversity loss along supply chains

Our results support the common claim that global trade externalises biodiversity loss from wealthier
consumer regions to ecologically rich regions of the Global South303236:3839 By making biodiversity loss
spatially explicit, the analysis reveals patterns often overlooked in country-level assessments?®. While EU
imports in 2004-2018 were associated with a decline in deforestation, China's imports showed the
opposite trend*®. However, our results show that China's deforestation did not lead to greater biodiversity
loss, as its impact on biodiversity is lower than that of the EU, due to the heterogeneity of biodiversity in
the affected regions.

China’s biodiversity footprint per tonne of soy-eq. is relatively low compared to other countries, such as
those in the EU. This pattern was previously identified in the carbon footprints of Brazilian soy exports in
2010-2015, which could be associated with long-standing EU trade links to deforestation-risk
municipalities®C. Thus, our results challenge governance approaches that rely on national averages or
proxy-based risk classifications, as these can mask localised biodiversity vulnerabilities and lead to
misdirected regulatory focus. A sustainable transition of global agri-food systems therefore demands
not only reductions in total environmental pressures, but also a reconfiguration of the spatial
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relationships through which those pressures, caused by different drivers along the supply chain, are
generated and displaced. This also highlights the need to consider land use leakage when targeting
deforestation, as specific trade policies and import restrictions can generate rebound effects through

global markets*'.

Corporate accountability and trader-level footprints

This is the first analysis to quantify soy traders' footprints, adding a new transparency dimension to the

consumer-versus-producer footprint debate*2. The framework also enables for a qualitative assessment
of the effects of policy and supply chain interventions in the Brazilian soy market, which directly impact
soy cultivation patterns and their links to deforestation*?#3. By linking impacts to producer and
consumer regions and traders, the approach provides insights into how governance measures, such as
the ASM, translate into reduced pressure in specific biomes and production systems. Traders’ footprints
are directly determined by their sourcing municipalities, highlighting their potential to influence
production practices, including LUC, beyond the export routes.

This may also be related to the stickiness between specific traders and suppliers with high soy-driven
deforestation risk**. In view of the increasing need for approaches to track trade-driven deforestation®®,
this spatially explicit LCA framework measures the biodiversity impacts of producers, traders, and
importing countries. It aligns with calls for enhanced supply chain traceability and transparency as
prerequisites for effective intervention.

Methodological limitations

The spatially-explicit LCA framework is presented as an accountability tool for the retrospective analysis
of the impacts of biodiversity loss embodied in soy trade. The trade data used in the life cycle inventory
(Methods) tracks soy-eq. flows until the first country of import, not until the final consumption country.
Thus, the resulting footprints are not consumption-based footprints as estimated with other
methods?2"4 Notably, re-exports are not taken into account, which may be relevant in cases such as the
Netherlands, resulting in larger biodiversity footprints for re-exporting countries than expected when

adopting a consumption-oriented perspective'®.

Other limitations are related to the selection of CFs for biodiversity loss, which must be global but also

|47

regionalised to reflect ecosystem interactions with sufficient spatial detail®’. We used two of the most

up-to-date and widely accepted LCIA methods?3?/. However, these methods focus on the effects on

species richness and its vulnerability, neglecting dimensions such as species abundance, species
composition, or phylogenetic diversity; and drivers such as invasive species and overexploitation*34. |t
must be noted that the damage to biodiversity by pesticides, reported in the literature as high®%®!, has
not been accounted for due to insufficient detailed data. Methodologically, this approach underscores

the need to develop regionalised life cycle inventories, thereby enhancing the accuracy of product-level
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assessments within conventional LCA frameworks. Extending this level of spatial and temporal
resolution to other commodities may be constrained by data availability and reporting limitations.

Materials and Methods

Our study applies an attributional Life Cycle Assessment (LCA) approach®?~>* Following an accounting

decision context®®, the impact on biodiversity of the most critical activities along a key global supply
chain is assessed, specifically soy from Brazil, which is transported to various destinations.

The impacts on biodiversity are estimated based on the volume of soybean, cake, and oil exported
annually from 2004 to 2022, considering the municipality of origin, the export route, and the country of
destination. The functional unit (FU) is the mass of soy commodities traded. In this respect, two
reference flows are used: the total quantity traded per supply chain from the origin (Brazil) to a
destination country, and one ton of the soy commodity (soybean, cake, and oil) marketed, as well as the
soybean equivalent (soy-eq.). Soy-eq. is an integrated unit defined as the quantity of raw soybeans
embedded in the oil, cake, and bean flows that are ultimately generated at the end of each supply chain.
The flow of soy-eq. results from the allocation of soybeans among derivatives (oil and cake) based on
data on individual shipments leaving Brazilian ports, soy production in the corresponding municipalities,
and the subsequent crushing and storage facilities®®. It is assumed that soybean crushing delivers soy

cake and oil in proportions of 80% and 19%, respectively, accounting for losses®C. It allows comparing
different life cycles regardless of the product imported, and is the unit commonly used by Trase®’

database to quantify the global flows of soy and its derivatives.

Under an attributional LCA approach, the environmental assessment consists of transforming activity
data into environmental impacts using CFs, a scientific basis that serves as coefficient factors in a linear
relationship with the activity data to estimate the respective impact (Eq. 1).

Impact = CF - activity_data

.

System description

Biodiversity impacts are quantified from cradle to destination country, starting with land transformation
for soybean farming to the stage at which soybeans and derived products are delivered domestically or
to importing countries. Hence, the system boundaries encompass the sub-stages depicted in Fig. 8: land
transformation (related to LUC), land occupation (LU), soybean farming, soybean crushing into oil and
cake (when soy is processed in Brazil), domestic transportation, and international transportation.

Each supply chain embedded in the soy export volume is characterised by the municipality where the
crop is produced, the Brazilian ports from which soybeans and derivatives are exported, and the
destination country’s ports of arrival. This study examined 103,310 supply chains, comprising the unique
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links between 2,577 municipalities in Brazil that produce soybeans or their derivatives (cake and oil), 43
ports from which soy commodities are exported from Brazil, and 149 importing countries, between 2004
and 2022. These supply chains are identified from the Trase platform®’. In addition, as detailed in the
sections below, other data sources are used to quantify emissions and resource consumption from the
cradle to the factory gate for domestic-market shipments, or from the cradle to the destination port for
export shipments.

Life cycle inventories

At the beginning of the supply chain, habitat degradation and emissions from direct land transformation
and occupation are included, following Scherer et al.?® and the IPCC guidelines®®°, respectively. Land
transformation refers to land conversion from previous natural habitat uses into crop production and
land occupation to cropland remaining productive, in this case, soybean. These land cover changes

translate into changes in natural habitat and carbon stocks (above and below-ground biomass, litter,

dead wood, and soil), ultimately affecting existing biodiversity.

MapBiomas®? are used to identify land use prior to soybean production, with a resolution of 30 m. For

each pixel with soybean areas in a given year “t," it was considered that in the year “t-3" the land was
cleared for soybean production, assuming that this is the time required for the crop to be established®°.
Based on the use in “t-3", pixels were classified into land occupation or land transformation, depending
on whether soy is observed in a pixel where there was previously a natural habitat or an anthropogenic
use (i.e., soy or another temporal crop), respectively. The share of pixel areas undergoing habitat
transformation and occupation was later used to allocate the environmental pressures at the municipal
level.

Based on Tier 1 of the IPCC guidelines®®°?, activity data on changes in carbon stocks in above-ground

biomass and soil organic carbon (SOC) were estimated. In addition, carbon changes in litter and dead
organic matter were only considered when the land cover in “t-3” was natural forest, assuming that the
carbon in these pools is zero or negligible in other land cover types. In contrast, dead organic matter and
litter were not considered for crop-to-crop transitions. The associated difference in carbon stocks is
converted into CO,-eq. Additionally, non-CO, greenhouse gas emissions (CH,4, N,0O, and NO,) from
biomass burning were considered when, in the period “t-3”, the pixels with natural vegetation cover were
linked to fire disturbances. This approach required Brazilian raster layers at a 30 m resolution as raw
data for land cover (collection 9), soil carbon stocks in the first 30 cm of soil (collection 2 beta), and
(collection 3) from Mapbiomas®0~62.

Besides LUC and LU implications, agricultural emissions from soil preparation, fertiliser application, and
fuel combustion during on-field operations, as well as those from the production of agricultural inputs
(i.e., seeds, soil correctors, fertilisers, phytosanitary products, and fuel), were used as inventory data to
assess the impacts of the farming stage, from cradle to farm gate. Information on average farming
practices at the state level was obtained from LCA studies (see Sl References). All of them represent
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rainfed soybean production with no-tillage practices. When inventory data for a specific state was
unavailable, the regional average (North, North-East, Centre-West, South-East, and South) was used.
Fertilisation and limestone application release CO, and N,O emissions, estimated using the IPCC Tier 1

factor emissions®®°. To estimate NH; and NO, emissions, the Tier 1 emission factors from the

European Environmental Agency®? are applied. Nitrate leaching and phosphorus emissions are not
estimated because of phosphorus's low mobility and the negative nitrogen and phosphorus balances in
Brazilian soils®*. On-field emissions from pesticide application are not considered because most
pesticides are unspecified in the literature reviewed. Machinery use (common to the previous activities)
is also considered, translating into additional emissions from fuel combustion.

As to the processing stage, inventory data on inputs (fuel, hexane, water, electricity, natural gas, etc.) per
FU were obtained from the same literature as for the farming stage, using consumption at the country
level for the impact calculations. Emissions from fuel combustion for crushing were taken from the
reference global process in the Sphera database®®. Data on emissions and resource consumption from

energy and chemical inputs used in soy farming and processing were obtained from Ecoinvent v3.10%°
and considered average for the state or region.

Finally, domestic and international transoceanic transport emissions were estimated by obtaining
transport distances in each supply chain and multiplying them by the average impact per t-km from
Ecoinvent v3.10. Transport distances were estimated using an optimisation algorithm (cost
minimisation). For domestic transport, the ORS tool®” was used to estimate the distance between the
supply and intermediate nodes based on realistic routes travelled by terrestrial vehicles transporting

heavy goods. For international transoceanic transport, the distances along maritime routes between
origin ports and demand countries were calculated using the Least Cost Path®. From this algorithm,
optimised lines were projected from the ports of origin in Brazil to the biggest freight port in each
destination country. The algorithm avoids transit through land areas to approximate the actual routes
travelled by transoceanic vessels. ORS was also used to calculate international terrestrial routes in some
cases where trade happened between Brazil and any South American country. The ORS tool and the
Least Cost Path were run in QGIS 3.34.0-Prizren®®.

Biodiversity impact method

This study assesses biodiversity pressures associated with the Brazilian soy market using the LC-
IMPACT method v1.3%7. LC-IMPACT is an LCIA method specifically developed to assess impacts on
biodiversity. It enables the simultaneous assessment of biodiversity impacts arising from direct land use
(land transformation and land occupation), climate change, pollution (including ozone formation,
acidification, freshwater eutrophication, marine eutrophication, and terrestrial ecotoxicity), and water
stress. LC-IMPACT evaluates impacts on both terrestrial and aquatic biodiversity at a global scale,
expressing biodiversity loss as PDF-yr. Although PDF is used as a common impact unit across
biodiversity compartments, it is recommended that impacts on different biodiversity types (e.g.,
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terrestrial, freshwater, and marine) be reported separately?’. Among the modelling alternatives provided
by LC-IMPACT based on cultural perspective theory?’, an intermediate approach was adopted,
encompassing all impacts over a 100-year time horizon, in line with current LCA practice. Consistent with
the principles of attributional LCA, average or linear CFs were utilised, except for biodiversity loss related
to terrestrial acidification and water stress, for which LC-IMPACT exclusively provides marginal CFs.

For the assessment of impacts associated with land use demand (land transformation and land
occupation), the CFs originally provided in LC-IMPACT were replaced with those developed by Scherer et
al.?3. These updated factors follow the same conceptual framework as LC-IMPACT but address several
limitations of earlier approaches, notably by explicitly accounting for the effects of habitat
fragmentation. Impacts from upstream unit processes within the studied supply chains, such as fertiliser
production for agricultural activities, electricity generation for processing stages, and transport-related
processes, were derived from the Ecoinvent v3.10. Unit impacts were calculated based on the reference
flows of each unit process using SimaPro software (v9.3) and subsequently linked to the corresponding
activity data.

Filling data gaps and allocation procedures

Data imputation and allocation processes were conducted to align the input data with the goal and
scope of the study, taking into account the units of analysis, the indicators to be estimated, and the
characteristics of the production systems and reference units. It must be noted that Trase also includes
trade flows for which either the municipality or the state of origin is unknown, or the country of
destination is unknown. The first procedure involved imputing missing data to conveniently identify
missing nodes (i.e., origin municipality, origin port, and destination country) to characterise the full
supply chain, as well as the associated land use. Out of the 103,310 supply chains evaluated, 2,818
(93.6%) required no imputation for any variable, 141 (4.7%) required imputation for municipality
identification, and 50 (1.7%) required imputation for both the origin municipality and the destination
country. The procedure follows a deterministic and iterative data assignment based on retrospective
analysis or proportional reasoning derived from soy-eq. data.

Estimating export flows of soybean derivatives as soy-eq units requires clearly identifying the allocation
of soy input to each derivative. As mentioned above, soy-eq integrates soybeans, soy cake (including
cake from soy cake and from whole beans), and soy oil, with 1 ton of soy-eq equivalent to 1.03 tons of
soybeans®®. While soybeans are the primary output of farming, crushing them is necessary to produce
soy cake and oil. Thus, the impact associated with the processing stage was allocated to each supply
chain using an economic approach, considering the commercial value of the commodities based on data
from the ABIOVE association’? share of the soy market between the origin municipality and the
destination country for exported soy cake and oil. Besides, ABIOVE data for the domestic market, and
export data from the MDIC-Comex platform’? for the international one, detailing exports per municipality
of origin and importer country, were useful for approximating the quantities of each soy commodity
(soybeans, cake from beans, soy cake, and oil) traded across supply chains.
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Another assumption was needed to represent double-cropping practices at the municipality level. In
Brazil, soy is often double-cropped with maize within the same year, depending on the season and the
specific region of production. When this occurs, the inventory data on farming practices and their
associated impacts must be properly allocated between the two crops. This was done based on the
duration of the harvest cycle for soy and maize, respectively, throughout the year3®/2. Since both crops
occupy the land area for approximately the same number of months (i.e., between September/December
and January/April for soy, and between January/March and June/July for maize), the impacts per
hectare were allocated 50%-50% to the two crops. This includes the area of transformed habitat,
emissions from changes in carbon stocks and input consumption, and emissions related to soil pH
correction. The allocation was applied only to the share of soybean area that is double-cropped, based
on harvested area statistics’3. Double cropping was assessed in municipalities where the harvested area
in the first maize season was smaller than that in the second, assuming that soy is produced before
maize. Consequently, the double-cropping surface area was estimated as the difference between the
harvested areas of the second and first maize seasons. In contrast, the area under a single soy crop was
determined as the difference between the total harvested soy crop area and the area used for double

cropping.
Uncertainty assessment

The data-intensive nature of LCA, the broad scope of the study, and the type of data used can introduce
uncertainty into the results, which, whenever possible, was modelled to improve the robustness of the
assessment. In particular, the uncertainty latent in some activity data, the parameters to estimate the
activity data and allocate the impact, and the CFs were modelled. The modelling design consisted of a
Monte Carlo simulation that used a triangular distribution for the data, with explicit dispersion statistics.
Additionally, the bootstrap technique was applied when multiple data replicas were available for the
same unit of analysis. A full description of the modelling choices for the uncertainty assessment are
shown in the supplemental information, namely uncertainty of parameters to estimate emissions from
change in the biomass stocks (Dataset S2, Table S2); uncertainty in CO, emissions due to changes in
organic carbon stocks in the soil (Dataset S2, Table S3); uncertainty in inputs consumption in farming
and processing stages (Dataset S2, Table S4); uncertainty in on-field emissions due to fertiliser and
limestone application during farming (Dataset S2, Table S5); and uncertainty in the characterisation
factor to assess biodiversity loss direct associated with land used in farming (Dataset S2, Table S6). As
a result of the uncertainty assessment, a pool of statistics (i.e., mean, median, standard deviation,
coefficient of variation, interquartile range, percentiles 2.5 and 97.5, minimum and maximum values) on
the biodiversity impact of the S_BR_EUs, corresponding to the total soy trade and for the trade of 1 kg
soy eq. commodity is presented.
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The data supporting this study are available in the supplemental information and in a dedicated public
repository. The supplemental information accompanies the main text grouped as: (i) Dataset S1
(available on Zenodo®") provides the complete results of the biodiversity loss evaluation across the
integrated soy supply chain market (expressed in soy-eq.), as well as for individualised commodities
including soybeans, meal from beans, cake, and oil, and can be filtered by municipality, state, destination,
etc; (ii) Dataset S2 details the background processes utilised to integrate the life cycle inventory data,
alongside a comprehensive description of the factors and parameters incorporated into the uncertainty
analysis; iii) and Supplemental references presents the literature used to elaborate the inventories of soy
farming and processing at the Brazilian state level; (iii); and Dataset S2 details the background
processes utilised to integrate the life cycle inventory data, alongside a comprehensive description of the
factors and parameters incorporated into the uncertainty analysis.

Videos S1 to S6 display the temporal trends of the results shown in Figures 2 to 6. In addition to these
files, all raw input datasets and intermediate computational outputs generated during the modelling and
evaluation are openly accessible in Zenodo®'.

Code availability

The integration of all components involved in the impact estimation process was carried out using a
custom R script implemented in RStudio, which constitutes an integral part of this study.

Due to the multi-terabyte size of the high-resolution geospatial LCA and the corresponding datasets
(spanning 2004-2022), the complete analytical infrastructure exceeds the standard storage limits of
platforms such as GitHub and Zenodo. To ensure open science, transparency, and computational
reproducibility, we implemented a decoupled hybrid data-sharing architecture consisting of:

e The R implementation accessed via GitHub at https://github.com/NKSS9027/Biodiversity-loss-of-
the-Brazilian-soy-market or through its dedicated Zenodo’4.

* The reproducibility dataset accessed via Zenodo®' functions as the core package for workflow
validation. It provides an optimised, lightweight subset, including tabular databases, shapefiles,
intermediate outputs, and specific raster layers, designed to fully execute and verify the pipeline for
a default reference year (2019) and a single selected municipality.

e Some datasets necessary to obtain the full, comprehensive results of the study are omitted from
Zenodo®! due to storage limitations or restrictive licensing, as detailed in the GitHub README file. In

particular, original data are taken from the Ecoinvent v3.10 database®®, by using Sphera software
(https://gabi.sphera.com/international/software/). To avoid copyright issues, the original values
were replaced with 1 (non-real values). To replicate the environmental impact estimations, those
values should be replaced with the real ones by accessing the aforementioned databases.
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Brazilian soy market and its total footprints of terrestrial and aquatic biodiversity loss in 2004-2022. a)
Trends in the global market for Brazilian soybean and derivatives (beans, cake, and oil), including the
domestic market share. b) total aquatic (ABL) and c) terrestrial (TBL) biodiversity loss as Potentially
Disappeared Fraction of species over time (PDF-yr), broken down by supply chain stages from cradle to
factory gate. d) ABL intensity and e)TBL intensity, as PDF-yr per t of soy-eq, broken down by supply chain

stages from cradle to factory gate.
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Total flows of Brazilian soy commodities, covering the entire soy-eq. market, 2004-2022. Flow colour
indicates the type of derivative commercialised at the factory gate for the domestic market in Brazil and
at the import port gate for the international market. Flows distinguish soy processed and consumed
domestically in Brazil from exported volumes. To avoid clutter, the figure is truncated at a level that
represents ~98% of the total traded volume. In the PDF version of this article, please click anywhere on
the figure or caption to play the vide of the temporal evolution of this chart in a separate window, Video

S1.
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Figure 3

Total flows of terrestrial biodiversity loss (TBL) (a) and aquatic biodiversity loss (ABL) (b) embedded in
the Brazilian soy market in 2004-2022, expressed as potential disappeared fraction of species over
time (PDF-yr). The flows indicate the origin of soy (aggregated at the state level), port of export, exporter
group, importer group and destination country. Node size represents the magnitude of absolute TBL and
ABL. Node colour reflects the impact intensity of each actor (PDF-yr/t soy-eq) within each respective
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panel, varying from green (low) to red (high). Flows distinguish the impact of soy processed for domestic
use in Brazil from that of soy exported. To avoid clutter, the figure is truncated at levels that represent
~99% of the total impact from TBL and ~98% of the total impact from ABL. In the PDF version of this
article, please click anywhere on the figure or caption to play the video of the temporal evolution of this
chart in a separate window, Videos S2 for TBL and S3 for ABL.
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Figure 4

Producer-based biodiversity footprints of the municipalities of origin, expressed as potential
disappeared fraction of species over time (PDF-yr), associated with their total output of soybean and
derivatives (beans, oil, cake) in 2004-2022. a) total and b) marginal terrestrial biodiversity loss
associated with soy-eq sourced from each municipality. ¢) total and d) marginal aquatic biodiversity loss
associated with soy-eq sourced from each municipality. In the PDF version of this article, please click
anywhere on the figure or caption to play the video of the temporal evolution of this chart in a separate
window, Video S4.
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Figure 5

Producer-based biodiversity footprints at the state, region and country levels, expressed as potential
disappeared fraction of species over time (PDF-yr), associated with their total output of soybean and
derivatives (beans, oil, cake) in 2004-2022. Terrestrial biodiversity loss (TBL) at the state (a), region (b)
and country (c) levels, respectively, attributed to the soy volume sourced from each spatial unit. Aquatic
biodiversity loss (ABL) at the state (d), region (e) and country (f) levels, respectively, attributed to the soy
volume sourced from each spatial unit. Pie charts in a, b, d and e, and the upper pie charts in cand f,
represent the biodiversity impact intensity of each spatial unit (i.e., per tonne of soy-eq); pie size
indicates the relative magnitude of each spatial unit, and colour indicates the contribution of each
supply-chain stage. The lower pie charts in ¢ and f show the relative contribution of impact drivers to the
intensity of biodiversity loss. In the PDF version of this article, please click anywhere on the figure or
caption to play the video of the temporal evolution of this chart in a separate window, Video S5.
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Figure 6

Biodiversity footprints of destination countries associated with their demand for Brazilian soy and
derivatives in 2004-2022, including Brazil's domestic market, expressed as potential disappeared
fraction of species over time (PDF-yr). a) Terrestrial biodiversity loss attributed to each country’s
demand. b) Aquatic biodiversity loss attributed to each country’s demand. Pie charts represent the
country's biodiversity footprint per tonne of soy-eq. at the farm gate; pie size indicates the relative
impact intensity, and colour denotes the contribution of each supply-chain stage. In the PDF version of
this article, please click anywhere on the figure or caption to play the video of the temporal evolution of
this chart in a separate window, Video Sé6.
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Figure 7

Temporal trends of biodiversity loss (BL) footprints of producing municipalities and destination
countries, expressed as the potential disappeared fraction of species over time (PDF-yr), associated
with the Brazilian soy market in 2004-2022.0bserved patterns in terrestrial biodiversity loss (TBL)
dynamics from the producer (a) and destination (b) perspectives. Observed patterns in aquatic
biodiversity loss (ABL) dynamics from the producer (c) and destination (d) perspectives. Positive values
(red palette) indicate an increasing trend, whereas negative values (blue palette) indicate a decreasing
trend. Spatial units shown in yellow indicate a non-linear trend, while those in green indicate that data
were available for a single year. Linear trends in TBL and ABL, and their components (market volume, MV,
and impact intensity, iBL), were estimated using simple linear regressions over time. Trends were
classified as increasing or decreasing when the time coefficient was positive or negative and statistically
significant (p < 0.05; 95% Confidence Interval). Only models meeting assumptions of residual normality
and homoscedasticity (Shapiro-Wilk and Breusch-Pagan tests) were considered valid; all others were
classified as showing no linear trend.
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Figure 8

System analysed for the global Brazilian soy commodities marketed. Soy-eq. is an integrated unit
defined as the quantity of raw soybeans embedded in the oil, cake, and bean flows that are ultimately
generated at the end of each supply chain.
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