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Abstract

Agri-food systems are essential for food security, yet they are major drivers of biodiversity loss
through land conversion, intensification, and related emissions, threatening long-term stability of
food production. To design food systems that sustain biodiversity while ensuring food provision,
biodiversity impacts must be systematically assessed at food system level. This study integrates a
food system model (SOLm) with biodiversity characterization factors from the global life cycle
impact assessment method (GLAM), enabling consistent biodiversity impact assessment across
multiple drivers. The analysis focuses on four drivers of biodiversity loss—land use, eutrophi-
cation, acidification, and climate change—and evaluates contributions to biodiversity impacts
across alternative production scenarios in Switzerland. Results show that all alternative scenar-

ios reduce biodiversity impacts from domestic production. Scenarios aligning livestock popula-
tions with grassland availability and reducing feed-food competition achieved the most substantial
reductions, driven by lower pressures from climate change, eutrophication, and acidification, while
maintaining calorie and protein supply. Land-use impacts decreased less, particularly in organic
systems, due to lower yields, risking externalization of biodiversity impacts through increased
imports. Impacts from imports were dominated by products such as coffee and cocoa, which exert
substantial external pressures, although biodiversity impacts per unit area were lower for organic
production than conventional. Thus, lower yields in organic systems necessitate additional mea-
sures, such as reducing feed-food competition and food loss and waste, to improve biodiversity
outcomes. Coupling production-side measures with food supply shifts and food loss and waste
reductions can lower biodiversity impacts without compromising food availability. The proposed
model for integrating biodiversity indicators with food system modelling provides a globally appli-
cable framework for analysing trade-offs between food supply and biodiversity. However, due to
lack of data, global biodiversity indicators lack relevant aspects, e.g. related to soil microbiome or
eco-toxicity from plant protection means. Assessing significance and potential bias from missing
aspects is required to ensure balanced conclusions.

© 2026 The Author(s). Published by IOP Publishing Ltd
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1. Introduction

Agri-food systems are essential for food security, but they are also major drivers of biodiversity loss,
which in turn undermines the long-term stability of food production (Hawes et al 2021). Land conver-
sion and intensification reduce habitat quality and quantity, causing species loss and ecosystem degra-
dation (Lanz et al 2018, IPBES 2019). Pesticide use negatively impacts biodiversity in agricultural land-
scapes, and also in natural habitats, due to wind drift and runoff (Tang et al 2025, Wan et al 2025).
Fertilizer and manure lead to nutrient surpluses in the environment, causing eutrophication and alter-
ing aquatic and terrestrial communities (Isbell et al 2013, Knorr et al 2023). Emissions of greenhouse
gas (GHG) and acidifying substances contribute to climate change and acidification, further threatening
biodiversity (Song et al 2025). Furthermore, eutrophication and acidification are a form of pollution by
nutrients and agriculture is responsible for a large proportion of nutrients in the environment (Liu et al
2020). To sustain food security in the long term it is therefore crucial to transition to agri-food systems
that decrease the threat to biodiversity, while providing food to the human population.

Alternative farming practices have been increasingly investigated and suggested to produce food with
lower environmental impacts (Lampkin et al 2016, Tasca et al 2017, Rockstrom et al 2020). However, one
of the main challenges in transitioning to more sustainable food production is the trade-off between
production intensity and environmental impacts. More extensive systems, for example organic farm-
ing, are associated with lower inputs of synthetic fertilizers and pesticides, and therefore often lower
environmental burdens per hectare (Hashemi et al 2024). On the other hand, yields in organic systems
are generally lower than in conventional, more intensive systems (Alvarez 2022, de la Cruz et al 2023).
These yield gaps need to be compensated if food demand remains unchanged, for example by increasing
imports to compensate for lower domestic production, thereby shifting environmental impacts to other
countries (see e.g. the study on climate change impacts of organic conversion of England and Wales
(Smith et al 2019)). Another issue are unsustainable livestock production systems with animal numbers
too high for the resources of a region or a country, where additional feed needs to be imported from
elsewhere. This means external nutrients are added to the system, causing damage to the environment
and biodiversity (Karlsson et al 2021). Especially in countries such as Switzerland with high amounts of
grass resources, limiting ruminant production to the availability of these resources is an option to reduce
impacts from livestock systems (Jaisli and Griiter 2024). Lastly, throughout the whole agri-food produc-
tion system, about a third of the production is lost as food loss or waste. This waste occurs during pro-
duction, processing, and at household stage. Efforts to reduce any of these losses and wastes result in less
overall production needed and therefore less impacts to the environment (Chen et al 2020, Kohli et al
2024).

The links between the global food system and biodiversity loss have already been investigated in
literature. Large-scale modelling studies have shown how global land-use and climate scenarios could
impact biodiversity in the future, emphasizing the need for ambitious conservation strategies coupled
with measures such as lower animal product intake and reduced food waste (Kok et al 2023, Pereira
et al 2024). Other studies have revealed how consumption in high-income countries intensifies biodiver-
sity pressure in developing nations, especially through the import of agricultural commodities (Lenzen
etal 2012, Hoang et al 2023). These studies often identify livestock production and the trade of tropical
products like coffee and cocoa as key drivers (Lenzen et al 2012). However, while these global analyses
reveal crucial global patterns, assessments of how specific nationally implementable production strate-
gies, such as a shift to grass-based feeding or an expansion of organic farming, affect national food
security and biodiversity impacts remains a gap. Food system modelling that endogenously models the
biomass- and nutrient-flows within agricultural production has predominantly focused on assessing
GHG emissions and land use of different systems and scenarios (e.g. Muller et al 2017, van Zanten et al
2023), while a consolidated set of biodiversity indicators or proxies for such models has been lacking.

In contrast, in life cycle impact assessment (LCIA) studies, biodiversity indicators have been developed
and applied (Song et al 2025) and suggestions such as the global life cycle impact assessment method
(GLAM) (Global Guidance for Life Cycle Impact Assessment Indicators and Methods (GLAM)—Life Cycle
Initiative 2023) aim at harmonizing and improving LCIA methods, including those for biodiversity.
LCIA methods translate environmental pressures (e.g. emissions), so-called midpoint indicators, into
endpoint damage categories (e.g. damage to the ecosystem) (Souza et al 2015). GLAM and other LCIA
methods use characterization factors (CFs) for this translation from midpoint to endpoint, i.e. to quan-
tify the impact of specific drivers (e.g. land use, acidification) on biodiversity (Global Guidance for Life
Cycle Impact Assessment Indicators and Methods (GLAM)—Life Cycle Initiative 2023, Verones et al 2022).

In this study, food system modelling was combined with the consistent biodiversity impact assess-
ment method developed in GLAM for the first time. We use Switzerland as a case study to illustrate this
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methodological development, representing a high-income country with a diverse agricultural sector that
combines extensive grassland resources with an already well-developed organic sector, representing one
of the highest organic market shares in Europe (Bio Suisse 2022, Willer et al 2024). At the same time,
Swiss food consumption heavily relies on food imports (Agristat and Schweizer Bauernverband (SBV)
2022, Ritzel et al 2024), meaning that a substantial share of the environmental impacts associated there-
with, including biodiversity impacts, is effectively externalized to other regions. This combination of
domestically available grass resources, a politically relevant policy context for organic and extensive pro-
duction systems, and diets that are strongly intertwined with global supply chains makes Switzerland

an informative case study for studying how large-scale production-side changes influence biodiversity
outcomes. To investigate the trade-offs between agricultural production, production intensity, and biodi-
versity impacts, we modelled three scenarios that focused on (i) grass resources, (ii) organic production,
and (iii) a combination thereof.

2. Material and methods

2.1. Model and general assumptions

The calculations were performed using the latest version of the model SOLm (Muller et al 2017, Frehner
et al 2022), coded in R (R Core Team 2025). SOLm is a biophysical mass- and nutrient flow model that
can be applied at any spatial scale where aggregate data on production and consumption are available
(e.g. countries or NUTS2 regions) to calculate inputs, outputs, and impacts of an agricultural production
and food system (s. Figure 1 for a visual overview of the modelling framework). As a primary input to
the model, crop areas and yields are needed to derive plant production. Part of the plant production is
subsequently used as feed to derive animal numbers and amounts of animal products. Manure and by-
products can be used as secondary inputs as fertilizer and feed. Further, some animal (co-)products (e.g.
whey from cheese production) are used as feed. Primary outputs of land-based and animal production
units are processed into commodities with help of a commodity tree. Imports are added, exports sub-
tracted and stock changes accounted for at each occurring level. This results in the domestically available
quantities of all commodities derived from land-based agricultural production. Data on products and
their various utilization (e.g. as food, feed, etc) are taken from FAOSTAT supply utility accounts (SUA)
and food balance sheets (FBS) (FAO 2022). The FAO commodity trees and information on the technical
conversion factors together with the SUA/FBS are used to derive the shares of each commodity that go
into various processing chains as well as the respective extraction rates per chain, in the end resulting in
the quantities per commodity available for food, feed, waste, etc.

This study focuses on the Swiss food system for the baseline year 2022, especially on land-based agri-
cultural production, while excluding aquaculture and fisheries that are only contributing marginally to
food supply in Switzerland. In the baseline runs, SOLm was calibrated with the national GHG inven-
tories (FOEN 2024) as well as the FAO SUA/FBS (FAO 2022). Baseline animal populations were repro-
duced based on Swiss Federal Office for Agriculture (FOAG) reports (FOAG 2022), and GHG emissions
were aligned with the Swiss GHG inventory (FOEN 2024) (cf supplementary section 1.1). Domestic
land use data originated from Agristat and the Federal Statistical Office (FSO) (Agristat and Schweizer
Bauernverband (SBV) 2022, FSO 2022). Nutrient requirements for crops were derived from Agroscope
reports (Richner and Sinaj 2017), energy and feed requirements of animals were based on the default
values of the Swiss GHG inventory (FOEN 2024) and the nutrient content (calories, protein, fat) of
commodities was sourced from FAO food composition tables. Trade data and land use data in import
countries was taken from FAOSTAT ‘Detailed Trade Matrix’ A re-export correction was done following
the approach by Schwarzmiiller and Kastner (Schwarzmueller and Kastner 2022), to derive the coun-
try of origin for the main primary product per commodity. Per primary product, the countries that
individually were the origin of 10% or more of the import quantity were named explicitly, while all
other countries were aggregated as ‘rest. The share of organic import for the baseline was approximated
by using data from Bio Suisse (Bio Suisse 2022). The import of organic concentrate feed was adjusted
to derive the correct animal numbers given the assumed requirements and feeding rations as well as
domestic feed supply.

To ensure transparency regarding system boundaries and methodological choices, domestic produc-
tion and imported commodities were treated distinctly throughout the analysis. For domestic produc-
tion, impacts were calculated endogenously within SOLm using a cradle-to-farmgate system bound-
ary, covering all primary agricultural processes in Switzerland, including the use of imported feed for
domestic livestock production. Impact calculations focused on biophysical mass flows of relatively unpro-
cessed commodities, therefore, processing stages (e.g. energy required for industrial transformation)
and transportation were excluded. Commodities produced in Switzerland were included irrespective of
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Primary inputs

Crop areas & yields
Domestic land use data

FAOSTAT SUA / FBS Trade matrix
Utilization data FAOSTAT imports/exports

Domestic Production

Plant production Animal production

Crop yields x areas Numbers, products & manure

Manure &

by-products + Imports

— Exports
+ Stock A

FAO commodity tree processing
Extraction rates & processing chains

Domestic available quantities
All commodities from agriculture

Utilization

Impact calculations

Food Supply
Calculated with SOLm

Domestically produced food Imported food commodities

Impacts Impacts
Calculated endogenously with SOLm Derived from LCIA database

GLAM characterization factors
Pressures — PDF (biodiversity metric)

Impact categories

Land use Climate change Eutrophication Acidification

Biodiversity impact (PDF)
global potentially disappeared fraction of species

Figure 1. Overview of the modelling framework. Primary data are used to derive plant and animal production, which are pro-

cessed into available quantities. Biodiversity impacts of domestic production and imports are calculated and translated into the
PDF indicator using GLAM characterization factors.

whether they are consumed domestically or exported, whereas commodities produced abroad, merely
processed in Switzerland, and subsequently re-exported were excluded (e.g. chocolate products for
export). For imported commodities, system boundaries followed the specifications of the underlying
LCIA database (Poore and Nemecek 2018, Clark ef al 2022) used for impact calculation. As a conse-
quence, system boundaries and levels of detail were not fully harmonized between domestic production
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and imports, and the study did not aim to directly compare the environmental performance of domestic
production vs imports. Rather, imports were included to provide system-level context, while the primary
focus remained on comparing changes across domestic production scenarios.

The analysis focuses on calculating paradigmatic scenarios designed to capture substantially different
future states of the Swiss agricultural production system with respect to a number of key indicators (cf
supplementary section 1.3.). We chose to report scenario results without uncertainty ranges and compare
the scenarios to gain indications of the biophysical performance of considerably different futures. This
approach allows the identification of potential trade-offs, leverage points and the evaluation of how dif-
ferent scenarios perform relative to each other. Thereby, the values are to be understood as directional
indications of results, and small differences are unlikely to indicate meaningful differences.

2.2. Scenario design and specifications

SOLm is based on a ceteris paribus framework; all parameters remain at baseline values unless explicitly
changed by a scenario assumption. For the present study, three agricultural scenarios have been calcu-
lated and compared to the baseline in 2022 (i.e. grass-based, organic, and a combination of both).

In all scenarios, the total cropland areas and areas for temporary and permanent grassland were the
same as in the baseline. Areas per crop rotations and management however changed depending on the
scenario. Data on conventional and organic crop yields was derived from several sources (Agridea and
FiBL 2022, FSO 2022, Schweizer Obstverband 2022). For crops where no specific organic yield could
be found, they were assumed to be 20% lower than conventional yield. For more information on the
specific changes in the scenarios compared to the baseline cf supplementary section 1.3.

The three scenarios are the following:

Grass-based

In the scenario representing a grass-based agricultural system, ruminant feed was limited to grass
resources. Therefore, no more crops used as forage feed (e.g. forage maize) were cultivated in
Switzerland or imported. Production quantity of main concentrate feed crops was reduced by the
amount required for ruminants in the baseline (38% for conventional and 34% for organic sub-system),
to keep monogastric numbers constant. Concentrate feed imports were reduced by the same shares.
Freed-up areas from reduced concentrate production within Switzerland were cultivated with crop rota-
tions with a focus on food production (cf supplementary section 1.2 and table S4).

Organic

For the organic scenario, 50% of the areas per crop were cultivated organically, where 50% has been
chosen to represent an ambitious target. Yields for these 50% were adjusted according to available data
of organic yields in Switzerland (Agridea and FiBL 2022, FSO 2022, Schweizer Obstverband 2022) and
ruminants derived from the organically cultivated feed were fed according to Swiss organic regulations,
limiting concentrate feed to 5% (Notz 2021, Schneider and Helbing 2024). The number of organically
produced animals was driven by the availability of organic animal feed and the yields of animal prod-
ucts were adapted considering lower productivity of organic livestock and longer fattening durations
(Agridea and FiBL 2022). Since organic domestic production was increased 2.5 times from the baseline
(20%) to the organic scenario (50%), organic import shares were also increased by multiplying by 2.5.
Thus, overall, import quantity remained the same, however the share of organic products was increased
by 2.5x over all commodities, whereas the shares of conventional imports were decreased accordingly.
Similarly, the quantity of synthetic fertilizer was reduced by 30% since the area of conventional agricul-
ture decreased by 30%.

Combination

In the combination scenario, production and trade maintained the same organic shares as in the organic
scenario. Further, ruminants were fed as in the grass-based scenario, thus limiting their feed to grass
resources and reducing concentrate production and import accordingly, by 32% in conventional and
21% in organic sub-system. On the freed-up areas, crop rotations with a focus on food production,
including cereals and legumes, were cultivated (table S4). Additionally, food loss and waste shares based
on FAOSTAT SUA (FAO 2022) per commodity were reduced by 50%, as this percentage has been shown
to be a potentially avoidable share of food loss and waste (Beretta et al 2013, Bundesrat 2022). Food loss
and waste was considered along the whole value chain excluding waste at household level for products
produced in Switzerland. Loss and waste of imported products was only considered once they entered
Switzerland, since this is the part that could be influenced by the domestic agri-food system.
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Table 1. Biodiversity loss drivers included in this study, their midpoint indicator, the environmental consequences and realm/species
groups considered by the characterization factors of these drivers of the GLAM framework. Midpoint results are calculated by the
model or for imports derived from a LCIA database and then multiplied by the corresponding characterization factors to get the
biodiversity indicator PDE. The characterization factors are based on a relationship between the environmental consequences and the
species richness of the considered species groups. The references indicate the publications the GLAM characterization factors are based
on.

Driver Midpoint Environmental Consequences Realm/species groups
Domestic Import

Land use (Scherer Occupied and transformed Occupied and transformed Changed habitat Terrestrial plants,

et al 2023) area per crop (m?) incl. area per food item (m?) availability amphibians, reptiles, birds,
grazing areas incl. grazing areas mammals

Climate change GHGs (CO,, CHy, N;0) GHGs in CO;-eq per food =~ Change in surface Terrestrial mammals, birds,

(de Visser et al emitted per crop and from item (kg) and water reptiles and amphibians;

2023, Iordan et al animal production per temperature marine mammals, reptiles,

2023) animal fish, invertebrates, corals

and seagrasses

Freshwater N budget in soil per crop N and P emissions as Change in Freshwater fish
eutrophication Occupied area per crop PO eq per food item (kg) nutrient
(Zhou et al 2024)  item for eutrophication due Occupied area per food concentration in

to erosion (m?) item for eutrophication due freshwater bodies

to erosion (m?)

Terrestrial NH; and NOy per crop and  SO;-eq per food item (kg) ~ Atmospheric Terrestrial vascular plants
acidification from animal production deposition leading

(Lebrun et al per animal to pH change in

2025) soil

2.3. Biodiversity and environmental impact calculations

The core calculations of SOLm result in available commodities and animal numbers. Impacts for domes-
tic production were calculated per crop and animal number and then attributed to the individual com-
modities using a mass-based allocation approach to get the impacts per total amount of available com-
modity. Impacts per animal number included impacts of imported feed. While impacts from domestic
production were calculated endogenously using the model, impacts from imports were taken from the
LCIA database (Poore and Nemecek 2018, Clark et al 2022). As a result, not all impact pathways were
consistent between the domestic production and import (e.g. terrestrial acidification includes NH; and
NOy for domestic production but uses SO,-equivalent values from the database for imports; see table 1
for details). Because of these divergent data sources and modelling approaches, domestic and import
impacts are not directly comparable. The import data were intended to provide system-level context
regarding externalized impacts rather than a direct comparative analysis against domestic production and
the primary focus of this study was on the comparison of the impact of domestic production in different
scenarios. Additionally, the commodities present in the model were much finer than the categories in the
LCIA database used for impacts from import, therefore the values that matched best were chosen (e.g.
all tomato products present in SOLm, e.g. peeled tomatoes, or tomato sauce, were matched to the cat-
egory ‘Tomatoes’ of the LCIA database, cf supplementary data file for more information on matching).
The differences between organic and conventional import impacts were approximated by the values of a
recent meta-analysis (Hashemi et al 2024), where only the mass-based impact of land use changed sig-
nificantly between conventional and organic. Therefore, land use impacts attributed to organic imports
were increased per food group by the values provided by Hashemi et al (2024) and for all food groups
that do not have a specific value, the average increase of 64% was taken.

GHG

GHG emissions from domestic production due to enteric fermentation, manure management and man-
aged soils were calculated following the Swiss GHG inventory (FOEN 2024). Fertilizer was distributed by
crop requirements and once these were fulfilled, the remaining fertilizer was allocated by area.

Biodiversity

To assess the impact on biodiversity, the proposed methods from the GLAM framework were used
(Global Guidance for Life Cycle Impact Assessment Indicators and Methods (GLAM)—Life Cycle Initiative
2023). Calculated outputs from the model or midpoint impact values from the LCIA database (Poore
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Table 2. Domestically available energy, protein and fat supply per scenario in total and relative numbers
compared to the baseline.

Relative
Relative protein Relative
Scenario Kecal kcal (%) Protein (g) (%) Fat (g) fat (%)
Baseline 1.08x 10" 100 3.02x 10" 100 5.06x 10" 100
50% organic 1.01x10" 94 2.84x 10" 94 4.82x 10" 95
Grass-based 1.06x 101 99 3.05x 10" 100 4.85x10'"! 96
Combination 1.06x 101 99 3.01x 10" 99 4.75x 101! 94

and Nemecek 2018, Clark ef al 2022) were multiplied by CFs from GLAM to derive the impact on biodi-
versity through the different environmental pressures (e.g. emissions, land use) (cf supplementary section
1.5. For more information on CF selection). Impact categories were selected according to importance
regarding agricultural systems and their impacts on the environment. The main drivers of biodiver-

sity loss through agriculture are land use, climate change and pollution (Sanyé-Mengual et al 2023).
Therefore, we chose to assess impacts through land use, GHG emissions, freshwater eutrophication
(from emissions and erosion due to agricultural land use) and terrestrial acidification. Due to lack of
data, ecotoxicity from pesticide use could not be covered (cf supplementary section 3). Table 1 gives an
overview of the included drivers in this study. For each driver, CFs have been selected and multiplied
with the model outputs or database values. Where available, country-specific CFs were used. The impact
of GHG emissions is global and therefore also the CFs are global average values. Due to the differences
in domestic, calculated and database-based import impacts, the used CFs may also differ (e.g. for GHG
for domestic impacts CFs for the individual gasses were used, for import impacts only the CF for CO2-
equivalents was used).

The individual CFs are based on relationships between species and environmental conditions, and
they translated the model outputs/pressures into a biodiversity metric, namely the potentially disap-
peared fraction (PDF) of species at the global scale, which describes the fraction of species that poten-
tially can go globally extinct due to the environmental changes (e.g. temperature changes due to GHG
emissions). By providing these CFs, the GLAM framework makes it possible to convert different environ-
mental pressures into a common biodiversity endpoint (global PDF), and thus to quantify the potential
global species loss attributable to a food system scenario (Verones et al 2022).

These indicators provide coverage of species groups where such global data is available. Awareness
of missing aspects is central for the interpretation of the results. Here, for example, the soil microbiome
is not covered, as impacts on soil invertebrates, fungi, bacteria etc are missing. Those species groups are
however central in agriculture, as the soil microbiome is the basis for fertile soils and as impacts of agri-
culture and differences in management practices and intensity in particular, most directly affect the soil
microbiome (Peltoniemi et al 2021, Tripathi et al 2025).

3. Results

3.1. Food supply

The grass-based scenario and the combination scenario were able to supply the same amount of calo-
ries and protein as the baseline, without increasing import quantities (table 2). The organic scenario
reached up to 94% of the calories and of protein of the baseline. Fat supply was lower than in the base-
line in all three scenarios (94% for combination, 95% for organic scenario and 96% for grass-based).
The food supply values refer to the domestically available quantities, meaning imported commodities
were included and quantities produced for export subtracted.

The amount of calories per food group was lower than in the baseline for most food groups in the
combination and grass-based scenario, which was compensated with a larger number of calories from
cereal and legumes, such that overall, the two scenarios supplied almost the same number of calories
as the baseline (figures 2, figure S1). The reason for the higher production of cereals and legumes for
human consumption in the combination and grass-based scenario is that less area was needed for con-
centrate feed production (107 629 ha in the combination and 86 838 ha in the grass-based scenario
area), these were instead used for crop rotations including cereal and legumes. Missing calories and
protein from reduced animal production were therefore compensated by increased area for cereal and
legume production. However, the lower fat supply due to the lower quantity of animal-sourced foods
could not be offset by the additional cereal and legume production (figure S3). Thus, with increased
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Dietary Energy Supply
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[ other
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Figure 2. Domestically available food supply per scenario in kcal, divided into different food groups.

plant-based production, keeping fat supply constant is a challenge. The quantity of imported food com-
modities was kept constant and is 3.55x10'? kcal, which corresponds to between 33% and 35% of the
total dietary energy supply.

3.2. Biodiversity
Domestic production

The impact on biodiversity of the agricultural production in Switzerland (incl. imported feed) was lower
in all scenarios as compared to the baseline (figure 3). Compared to the baseline, the PDF from domes-
tic production decreased by 21% in the combination scenario, 18% in the grass-based scenario, and
10% in the organic scenario. However, when the per calorie PDF is considered, the difference between
the organic scenario and baseline decreases to 3%, as the organic scenario provided a lower number

of calories compared to the baseline. The lower impact on biodiversity of the scenarios can mainly

be attributed to a lower impact from dairy and beef (figure 3), a direct result of decreased ruminant
numbers.

The biodiversity impact in the combination and grass-based scenario was lower for climate change
(decrease of 31% and 30% for combination and grass-based scenario, respectively), freshwater eutrophi-
cation (27% and 28% for combination and grass-based scenario, respectively) and terrestrial acidification
(32% and 36% for combination and grass-based scenario, respectively), due to lower impacts from ani-
mal products (figures 4(a)—(c)). The biodiversity impact from land use did not decrease as much, 15%
for the combination scenario, 9% for the grass-based scenario and 9% for the organic scenario when the
lower number of calories was accounted for (figure 4(d)).

Compared to the midpoint results (supplementary section 2.2 and figure S4), the endpoint biodiver-
sity impact results were even more dominated by the impacts of animal sourced products (figures 4(a)-
(d)). The reason for this is, that biodiversity impacts from imported feed are relatively high, due to the
differences in magnitude of the used CFs. For example, the Switzerland specific CFs for acidifying emis-
sions were approximately 10716, whereas CFs from origin countries of the feed and the global aver-
age CF were around 107 '3, Therefore, the biodiversity impact per tonne of emissions was higher for
imported feed than for the emissions occurring within Switzerland. Additionally, the midpoint impacts
attributed to imported feed, derived from the LCIA database (Poore and Nemecek 2018, Clark et al
2022), e.g. GHG emissions, were relatively high. Therefore, overall the biodiversity impacts of animal
sourced foods were much higher than plant sourced foods (cf supplementary section 2.2.).

The impact from land use contributed over 50% to the PDF from domestic production and the share
increased for the scenarios with grass-based ruminants. The impact from freshwater eutrophication was
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Figure 4. Biodiversity impacts, expressed as PDF, from domestic production per food group shown for (a) climate change, (b)
freshwater eutrophication, (c) terrestrial acidification and (d) land use.

responsible for around 30% of the PDF from domestic production, while here the share decreased for
the scenarios with grass-based ruminants (figure 5).

Domestic production and import

The PDF, considering domestic production and imported food was largely driven by the impacts of

the imports, in particular of the food group stimulants and spices, including e.g. coffee, chocolate, as
well as tea, alcohols, and various spices (figure 6). Coffee and cocoa are usually grown in biodiversity
rich ecosystems (Toledo and Moguel 2012, de Lima et al 2014, Chain-Guadarrama et al 2019) and the
amounts of chocolate and coffee consumed in Switzerland are relatively high (Rochat et al 2020, Samanta

9



I0OP Publishing

Environ. Res.: Food Syst. 3 (2026) 035006 E Augustiny et al

Relative Contribution of Swiss Production Impact Categories
Per scenario

Baseline 50% Organic

Combination

Impact category . Climate change . Freshwater eutroph. . Land use . Terrestrial acidif.

Figure 5. Relative contribution of the individual PDFs to the total PDF per scenario.

et al 2022). This is reflected in their substantial contribution to biodiversity impacts: in the baseline, 18%
of the PDF was attributed to coffee and 22% to cocoa products. Within the stimulants and spices cat-
egory, coffee dominated several impact categories, contributing, for example, 72% of eutrophying and
65% of GHG emissions, while cocoa powder contributed 30% of land area within the food group stimu-
lants and spices. Cocoa butter was included in the fats and oils category and accounted for a large share
of impacts within this group (e.g. 51% of land use and 72% of GHG emissions), explaining the high
biodiversity impacts attributed to this category (cf supplementary section 2.3 for detailed results). To
provide a complete view of the Swiss food system’s environmental impact, we included the impacts of
imported food. This allowed for the identification of central commodities at total systems level, such as
coffee and cocoa, while, due to the differing data basis, we do not provide a direct detailed comparison
between the domestic versus foreign production systems (cf methods section).

Germany, Italy, Spain and France were the most important countries of origin for Swiss food imports
when considering the origin of primary products, both mass and calorie wise. The largest imported
PDF came from the countries Ecuador, Colombia, Brazil, Vietnam and Ghana (figure 7), mainly due
to imports of coffee and cocoa commodities.

3.3. Animal production

The grass-based scenario had around 20% less ruminants and all other animals mostly relying on grass-
based feed (e.g. equids). There was also a decrease (around 5%) of animals based on concentrates. The
organic scenario showed a decrease in animal numbers that are driven by grass yields between 11% (cat-
tle, equids) and 23% (goats). Only animals relying on concentrate feed showed an increase (13% more
pigs, 3% more chicken), this was due to the concentrate quantities no longer used by ruminants due to
their reduced numbers and thus being freed up for use by monogastrics. The steeper increase of pigs
compared to poultry can be explained with the proportionally larger increase in concentrate ratio going
to pigs. For the combination scenario there was a decrease of all animal numbers: cattle decreased by
25%, chicken by 12% and pigs by 4%.
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Figure 7. PDF for imported food products per country of origin of the primary products under the baseline scenario (reference
year 2022). Bubble size and colour corresponds to the PDF value.

4. Discussion

The analysis demonstrates that all investigated alternative production scenarios reduced the overall bio-
diversity impact compared to the baseline for domestic production, while two out of three scenarios
also reduced impacts, albeit only slightly, when impacts from imports are included. The grass-based
and combination scenarios showed the largest reductions in domestic biodiversity impact, mainly due
to decreased livestock numbers. The reduction in animal numbers, particularly ruminants, directly
decreased the environmental pressures related to GHG emissions and nutrient pollution, which together
drive biodiversity loss (Sanyé-Mengual et al 2023). These findings highlight the potential of system-level
strategies that align livestock production with grassland availability and reduce feed-food competition.
While global strategies like ‘Half Earth’ or ‘Sharing the Planet’ emphasize large-scale area-based conser-
vation, our model illustrated the biophysical mechanisms of land reallocation. By shifting toward grass-
based ruminants, we demonstrated how land can be specifically freed from concentrate feed production
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and reallocated to direct food crops (e.g. cereals and legumes), maintaining caloric supply while reduc-
ing environmental pressures. This provides a concrete example of how ‘integrated sustainability mea-
sures, including food loss and waste reduction and dietary shifts mentioned by Kok et al (2023), can be
operationalized within a specific national context. Similarly, a recent case study in Norway found GHG
emissions and impact on biodiversity to be lower for a scenario with reduced feed-food competition
(Olsen et al 2025). We emphasize that the scenarios analysed here addressed feed-food competition only
for ruminants and kept feed areas and imports for monogastric animals constant, thus focusing on the
impacts of the two key strategies conversion to grass-based ruminant and/or organic production, without
a full implementation of circularity in the sense of animals being fed on biomass not eatable for humans
only (‘feed-no-food’).

Our results confirm that domestic biodiversity impacts are dominated by the ruminant sector, while
impacts from domestic production and imported commodities are largely driven by the import of stim-
ulants like coffee and cocoa. This aligns with global findings identifying cattle, coffee, and cocoa as top-
ranking commodities threatening species in biodiversity-rich regions like Brazil, Colombia and Indonesia
(Lenzen et al 2012, Hoang et al 2023). Because biodiversity impacts are inherently local, tailored action
is required at both scales. Domestically, this mainly concerns animal products, and their reduction has
large domestic biodiversity impact reduction potential. For imports, however, stimulants show by far
the biggest potential for impact reduction, as previously shown in other studies (e.g. (Lenzen et al 2012,
Scherer and Pfister 2016, Hoang et al 2023, Fan et al 2024) and should be targeted much more explic-
itly in biodiversity conservation strategies. It can also be noted that for these key imported commodi-
ties, the yield gap between organic and conventional production is not relevant for the overall biodi-
versity impacts as the higher land use is balanced by lower per hectare biodiversity impacts for organic
production.

Notably, all alternative scenarios could not reach the level of fat supply of the baseline. This high-
lights the importance to also focus on plant-based fat sources from oil crops when identifying pathways
towards diets with higher plant-based shares, next to a focus on protein supply. From a nutritional per-
spective, the reduced fat supply observed in this study may not be problematic, given that the fat intake
of the Swiss population is above recommended levels (Eggenschwiler et al 2025). When impacts are
expressed per calorie, the advantages of organic production become less apparent. Due to lower yields,
the organic scenario was unable to produce the same amount of calories domestically and would there-
fore require an increase in imports to reach the same food supply as the status-quo. This would further
increase the already higher land use per unit of food produced in import countries, leading to higher
biodiversity impact via land occupation. This higher impact due to land use could not be offset with the
domestically slightly lower pressures from emissions and nutrient input. This underlines a key trade-off:
while less intensive systems reduce input-driven pressures, they also tend to expand land requirements
(e.g. Mwambo et al 2021, Leon 2024). Achieving biodiversity benefits at the system level thus requires
further changes than a transformation to organic production as shown here by the combination sce-
nario, which combines organic production with decreased livestock numbers due to a grass-based feed-
ing regime and decrease of food loss and waste. However, these systems then also produce less animal
sourced foods and therefore demand a change in the consumption pattern of the population.

4.1. Methodological considerations and limitations

The study applies LCIA-based biodiversity CFs from the GLAM framework to a national food system
model, providing a comprehensive approach for evaluating biodiversity impacts from multiple environ-
mental pressures on a food systems level and with a globally applicable framework. This is illustrated
with the analysis for Switzerland as case study country, but the approach in principle allows for compar-
ative studies between different countries. This method enables the analysis of major drivers—land use,
eutrophication, acidification, and climate change—and their relative contribution to biodiversity loss. It
is important to note that characterization factors are derived from specific ecological relationships and
therefore represent only a subset of taxa and environmental contexts. For example, eutrophication effects
are modelled through freshwater fish species responses only (Zhou et al 2024). Furthermore, it has to

be emphasized that the biodiversity metric PDF describes potential species loss linked to environmental
pressures and therefore describes a risk what could happen, but not a direct prediction of the impact of
a scenario.

Biodiversity assessments in general, and in particularly those applied here on a food system level
with the GLAM framework are limited by a relatively broad scale, approximations, simplifications and
omissions. Regional or national scale assessments may obscure local or farm-level biodiversity changes,
making it difficult to capture fine-scale variations and landscape-level processes (Westaway et al 2024,
Bromwich et al 2025). Most indicators and methods quantify only a few impacts related to specific
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species groups and regions and without temporal considerations, failing to provide a holistic view of
biodiversity loss across food systems (Ran et al 2024). Thus, for example, impacts on soil microbiota and
its diversity are hardly ever assessed, albeit this is a central basis for long term agricultural productivity.
Further, in the present study the ecotoxicological impact of pesticides is missing due to a lack of data.
Biodiversity impact due to freshwater and terrestrial ecotoxicity have been assessed on an exploratory
basis (cf supplementary section 3). The assessment suffered from incomplete information and missing
CFs for key substances, especially those allowed in organic agriculture (e.g. copper). Including ecotox-
icity under these conditions would therefore risk introducing substantial uncertainty. Pesticides related
to intensive agriculture can have major negative impacts on natural ecosystems (Ankit et al 2020), how-
ever, also substances allowed in organic agriculture can pose a risk to biodiversity (e.g. Mebane (2023)).
This begs the question how to deal with incomplete quantitative results in sustainability assessments and
whether such incomplete numbers are more insightful than no numbers. Refraining from any quan-
tification would be the alternative to incomplete numbers in contexts where data for relevant aspects is
missing. Overall, challenges to represent the real-life complexity of biodiversity arise from the mismatch
between the scales and levels of biodiversity and food systems and insufficient data quality and availabil-
ity (Crenna et al 2019).

Biodiversity assessment outcomes are highly sensitive to the scope of included indicators, as trade-
offs and synergies between impact categories can significantly alter overall conclusions. For instance,
studies focusing solely on land use efficiency often suggest that organic agriculture exerts higher envi-
ronmental pressure than intensive systems due to yield gaps and the resulting increase in land require-
ments (e.g. Crosnier et al (2025) where biodiversity impact is assessed in such a way that it basically cap-
tures land use only). However, when a broader range of impact categories and management intensities
are considered, as done in this study, the ecological benefits of extensive agriculture coupled with site
conformed measures become evident. For Switzerland, these advantages are particularly distinct when
organic farming is coupled with adapted production systems, such as grass-based feeding regimes. The
positive performance of such systems would likely be further emphasized if data on pesticide ecotoxicol-
ogy were available, as intensive agriculture is known to have major negative impacts on natural ecosys-
tems via this pathway (Ankit et al 2020), or if impacts on the soil microbiome would be covered, which
is known to be negatively affected by intensive agriculture (Peltoniemi et al 2021, Walder et al 2022,
Tripathi et al 2025).

To comprehensively assess the nutritional adequacy of the Swiss food supply, further analysis regard-
ing macro- and micronutrients and their bioavailability is required. The integration of other key nutri-
ents, such as iron or zinc, might reveal new trade-offs. Additionally, the increase of cereals, as seen in
the grass-based and combination scenario, could lead to a reduction in some micronutrients and also
lead to a risk of overconsumption of carbohydrates, if cereals would be increased drastically (Khan et al
2025). Furthermore, a holistic evaluation of dietary sustainability should incorporate the processing
stage, as energy-intensive processing can significantly affect the overall environmental footprint of con-
sumer products (Heusala et al 2020, Bortolini et al 2023).

4.2. Broader environmental and food supply implications

From the perspective of food supply, the grass-based and combination scenarios indicate that it is possi-
ble to maintain the national supply of calories and protein while decreasing biodiversity impacts. These
systems achieve such efficiency by reallocating land from concentrate feed production toward direct
food crops, thereby compensating for reduced animal output. In contrast, the organic scenario pro-
duces fewer calories and proteins overall, reflecting the yield gap between organic and conventional sys-
tems. Importantly, the scenarios addressed in this paper are rather moderate regarding concentrate feed
and livestock reduction, as they focus on such for ruminants only, keeping monogastric livestock rather
constant. Reducing concentrate feed supply to those would mobilize substantial additional potential for
impact reduction, however also coupled to more drastic changes of production and consumption pat-
terns towards plant-based diets.

GHG and nutrient-related impacts follow a similar pattern: reductions in livestock intensity result
in lower GHG emissions, freshwater eutrophication, and acidification. The combination scenario, which
integrates grass-based feeding, organic production shares, and food loss and waste reduction, achieves
the most balanced outcome, lowering biodiversity impacts without major compromises in food sup-
ply. However, this scenario requires shifts in dietary patterns, particularly reduced consumption of ani-
mal products due to the lower availability of products derived from ruminants, such as beef and dairy.
Without such adjustments, the benefits for biodiversity might be offset by higher imports, effectively
externalizing impacts.
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To meet nutrient requirements and current fat supply under less intensive systems, crop rotations
might need to integrate more oilseed species, though this could pose agronomic challenges (Ma et al
2023, Tariqg Ahmad et al 2025). Likewise, targeted measures to reduce high-impact imports (mainly cof-
fee and cocoa products) or source them from biodiversity-friendly production systems can further reduce
the external biodiversity footprint.

To sum up, although focused on Switzerland, our findings offer international relevance for other
high-income countries with significant grassland resources. The SOLm-GLAM approach provides a glob-
ally applicable framework for including biodiversity assessments on food system level for analysing the
trade-offs between production intensity, food security, and biodiversity. Our findings suggest that for
nations with high meat consumption and significant trade dependencies, the transition to less intensive,
resource-adapted systems is a viable pathway to meet global biodiversity targets without compromising
long-term food supply.

5. Conclusion

Overall, this study highlights the interlinkages between biodiversity outcomes, production systems, pro-
duction regions and consumption habits. By linking biodiversity impact assessment with food system
modelling, it becomes possible to identify leverage points for national strategies that jointly address food
security and ecological sustainability. While organic agriculture reduces input-driven pressures, the asso-
ciated yield gap increases land requirements, risking the externalization of impacts through imports if
diets remain unchanged. To mitigate this trade-off, production strategies must be coupled with demand-
side shifts; specifically, the combination scenario demonstrates that aligning livestock production with
grassland availability and reducing feed-food competition paired with more extensive production and
reductions in food loss and waste can lower biodiversity impacts without compromising food security.
However, the relevance of this trade-off between the benefits of organic production and its generally
increased land use is not central for all indicators and crops, e.g. where impacts per hectare are corre-
spondingly lower. Notably, for the total biodiversity impact of the scenarios, that is dominated by the
imports of stimulants and spices (mainly coffee and cocoa), the differences between the scenarios are
small and also the organic scenario shows only slightly higher values.

The combined SOLm-GLAM approach provides a method for biodiversity assessments on food sys-
tem level, applicable to any country. It provides valuable relative comparison of scenarios and insights
into the direction and magnitude of their biodiversity impacts due to different drivers, compared to
other studies where biodiversity is underrepresented or limited to individual drivers such as land use
or climate change. However, it still simplifies the reality of the vast complexity of biodiversity. A signifi-
cant limitation remains the exclusion of ecotoxicological impacts from pesticides or aspects related to the
soil microbiome due to data scarcity, which likely underestimates the benefits of extensive systems. The
main challenge regarding this incomplete coverage is that such missing results implicitly count equivalent
to a zero impact. It is thus of central importance to highlight these gaps and how they may bias results
when communicating such biodiversity assessments. In addition, given the high uncertainty of available
data, results should be interpreted as directional rather than absolute. Future development of spatially
explicit and multi-taxa indicators is essential to capture the full complexity of biodiversity in food system
assessments.
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