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Abstract

Livestock production is a major driver of phosphorus (P) surpluses, threatening nutrient-sensitive
regions, such as the watershed of Lake Sempach in Switzerland. While reducing livestock density
may alleviate these impacts, it risks undermining food production and rural livelihoods. This study
investigates regionally adapted strategies to reduce livestock-related P excretion while maintaining
animal-source protein (ASP) production. Using the dynamic LEAElivestock model, we simulated
nearly five million combinations of herd structures and management practices. Each scenario was
assessed across five key indicators: P excretion, ASP output, land use, food-feed competition, and
manure fertilizing potential. Region-specific ecological and production constraints were applied,
including limits on P excretion, maintenance of ASP output, and adherence to available land. No
scenario fulfilled all constraints simultaneously. When the land-use constraint was relaxed, over
514’000 viable and 7’174 Pareto-optimal scenarios emerged, showing clear trade-offs between live-
stock density, herd composition, feed sourcing, and nutrient outputs. Pareto-optimal scenarios
consistently required reduced livestock density (65%—-90% of business-as-usual (BAU)), pig shares
>20%, and fewer suckler cows. Pig-dominated scenarios performed best on P excretion and ASP
output but required more arable land and intensified feed-food competition. Dairy-dominated
scenarios used less arable land and had better N:P ratios, but produced less ASP, though equal

or greater than BAU. Similar results emerged therefore from different strategies, highlighting the
importance to identify local optima rather than rely on a single global solution. In all scenarios,
more plant-source protein than ASP could be produced if the same land were used directly for
food production. To maintain the current ASP production, many scenarios relied on external land
for feed production, manure export, or off-site rearing, shifting environmental burdens beyond
the catchment. This study provides a model-based foundation for designing ecologically sound
and socially acceptable livestock transition pathways, highlighting region-specific trade-offs and
actionable strategies to reduce P surpluses while maintaining food production within environ-
mental limits.

1. Introduction

Nutrient surpluses, particularly phosphorus (P), are a pressing environmental concern in Europe, con-
tributing to challenges such as water eutrophication and ultimately exceeding the carrying capacity of
ecosystems (Rockstrom et al 2020). Livestock production plays a key role in these surpluses (Bouwman
etal 2013, Leip et al 2015). Addressing these surpluses requires farming systems to operate within ecolo-
gical limits, yet livestock farming remains essential in many rural economies, shaping agricultural prac-
tices and livelihoods. This creates a tension between mitigating environmental impacts and maintaining
viable farming systems.

© 2026 The Author(s). Published by IOP Publishing Ltd
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The watersheds of Lake Sempach and Lake Baldegg in Switzerland exemplify this challenge. With one
of the highest livestock densities in the country, the region faces significant P surpluses and accumu-
lation of P in the soil (Binderheim 2021, Yerly-Brault and Jakob 2022, UWE and AfU 2023). Current
regulations in the catchments allow a P balance of up to 90% at farm level, i.e. P supply is restricted to
a maximum of 90% of crop P demand. This is more restrictive than national regulations, but experience
shows that these regulations can still result in a net P supply of up to 105% (Stoll et al 2019). Thus, P
removal from the soil is slow, and accumulated legacy P can continue to contribute to P losses to sur-
face waters even when current inputs are reduced, thereby delaying observable water-quality improve-
ments (Sharpley et al 2013, Zou et al 2022). Stricter measures are therefore needed. Reducing P balances
to below 80%, i.e. restricting P supply to a maximum of 80% of crop P demand, would be necessary for
significant reductions of current P surpluses (Stoll et al 2019). Reducing livestock P excretion to meet
this target could help mitigate eutrophication risks and accelerate the depletion of excess soil P reserves.

At the same time, livestock production is integral to the region’s identity, economics and national
food production (Landert et al 2021). This tension has made calls by environmental NGOs and gov-
ernment agencies to reduce livestock numbers highly contentious (Luzerner Zeitung 2018, 12/14/2023,
SRF 1/23/2024, SRG.D 2024). While reducing livestock populations is one way to address P surpluses,
it risks disrupting food production and rural economies. Therefore, alternative strategies to influence
the amount of livestock P excretion should be considered as well. Various management practices can
help to achieve the necessary reductions in P excretion. For instance, adjusting the mix of livestock types
can enhance feed conversion efficiency (Poore und Nemecek 2018). Prioritizing locally producible feed
reduces external P inputs provided that mineral fertilizer P inputs remain unchanged, and helps to close
nutrient cycles. Additionally, modifying feed rations and adjusting production intensity can help bal-
ance nutrient supply and demand within the catchment. Also, calf-rearing pathways influence total P
excretion, with shorter cycles like veal production generally leading to lower nutrient accumulation than
longer-term beef fattening.

These levers effectively reduce P excretion, but they also influence the production of meat and other
livestock-derived products. The extent of these impacts varies by strategy, with some approaches leading
to significant reductions in production while others maintaining higher production levels. Finding the
right balance between implementing environmental measures, food production, and ensuring practicab-
ility that gains farmer acceptance is a key challenge. In any case, the quantitative potential of and inter-
actions between these strategies and their combined effects are not yet fully understood. Investigating
these dynamics is essential to identify practical, sustainable pathways that reduce nutrient surplus while
preserving the viability of livestock systems.

The aim of this study is therefore to explore the option space for strategies to reduce P excretion
from livestock production while maintaining animal-source protein (ASP) production, all within the
ecological limits of the watershed. Specifically, we address the following research question: what are the
impacts of P reduction strategies on P excretion, ASP production, and dependence on externally sourced
feed inputs in the watershed of Lake Sempach? To answer this, we applied the dynamic livestock model
LEAElivestock to the watershed of Lake Sempach in Switzerland to evaluate measures to reduce nutri-
ent outputs from livestock production. Informed by both region-specific recommendations and broader
scientific insights, we analysed their effects on (a) P excretion by livestock, (b) human edible protein
produced by livestock, and (c) the land area required to produce the feed locally. Additionally, we (d)
contextualized the efficiency of ASP production in terms of land use competition, by comparing it to
the potential quantity of plant-source protein (PSP) that could instead be produced on the arable and
grassland used for feed production. We also examined (e) the fertilizing potential of manure under each
scenario. Furthermore, we compared the scenarios with P balance target set at 80% of the status quo.

Often, studies on alternative livestock futures emphasize the potential of circular food systems, with
considerably lower animal numbers and animal source food shares in diets (Tirado et al, Bajzelj et al
2014, Ipsos UK 2024, R66s et al 2017, Willett et al 2019, Clark et al 2020, van Zanten et al 2018). Here,
we take a different route to better relate to the realities and acceptability in the case study region, which
is strongly linked to livestock production. We focus on alternative strategies that produce similar levels of
ASP—which is a proxy for ensuring economic viability and value generation within a largely unchanged
market context. We complement this with an assessment of the plant-based human-edible protein pro-
duction potential of the areas used, to also provide the context of much more drastic changes within
circular strategies focusing on avoidance of food-feed competition, without modelling such strategies in
detail, though. Similarly, we do not model fully localized production systems but allow for flows in feed,
manure and animals to closer relate to current practices.
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Figure 1. (A) Location of Switzerland within Europe; (B) Location of the canton of Lucerne and the catchment of Lake Sempach
within Switzerland; (C) location of Lake Sempach and its catchment area (blue), shown alongside the catchment of Lake Baldegg
for comparison (orange), within the canton of Lucerne; (D) Land use within the catchment of Lake Sempach. Sources: Swiss land
use statistics (FSO 2023), Agricultural land under cultivation: types of use (rawi 2019), Topographical catchment areas of Swiss
waterbodies (FOEN 2019), Lake boundaries (FOEN 2023), National and cantonal borders (swisstopo 2024), Hillshaded relief
(swisstopo 2017, Grossenbacher and Zehr 2021), Digital height model (swisstopo 2022).

2. Materials and methods

2.1. Case study

The watershed of Lake Sempach is located in the Swiss Central Plateau in the canton of Lucerne

(figure 1). It covers 75.38 km?, with an average elevation of about 586 m.a.s.l. (from 502 to 839 m.a.s.l.)
and an average slope of 12.8%. 85% per cent of the catchment area are classified as agricultural ‘val-

ley zone, the remaining 15% falls within the ‘hilly zone. About 69% (4’183 ha) of the catchment’s ter-
restrial area is agricultural land, comprising 2’042 ha arable land (33.5% of the terrestrial area), of which
44% are classified as temporary grassland, and 2’008 ha permanent grassland (32.9% of the terrestrial
area) (rawi 2019). 133 ha are ‘other agricultural land’ (such as orchards or other permanent cultures).
With 2.39 LSU/ha in 2019 (Kanton Luzern 2021), the region has one of the highest livestock densities in
Switzerland (national average 1.24 LSU/ha, Federal Statistical Office (2025))°. In Lippenriitibach, a sub-
catchment of the Lake Sempach watershed, cattle account for 52%-66% of livestock P excretion, pigs for
32%—47%, and other livestock for only 1%-2% (Prasuhn and Lazzarotto 2005). The comparable neigh-
bouring Lake Baldegg catchment shows similar figures for 2017, with 59% of P excretion from cattle,
33% from pigs, and 8% from other livestock (Stoll ef al 2019). These consistent patterns across compar-
able sub-catchments support the initial assumption of a similar livestock composition for the entire Lake
Sempach catchment.

Over the last decades, agriculture in this region resulted in P accumulation in soils, with around 58%
of arable land and 70% of permanent grassland belonging to the highest P supply classes D (surplus)
and E (enriched)* (Hirte, J.—personal communication 9/22/2023). The lake has long been depleted of
oxygen due to high P inputs from the surrounding intensive agriculture and, in the past, from wastewa-
ter rich in P from detergents (Scharrer 2013). Since 1982, the lake has been artificially aerated and steps
have been taken to reduce P pollution from agriculture: the so-called ‘Phosphorus Project’ has been run-
ning since 1999, with an average of 63% of the farms in the area participating between 2005 and 2022
(Stadelmann, FE—personal communication 6/5/2023, Kanton Luzern 2021). This project includes sub-
sidies for farmers for the implementation of P reducing measures, such as restricted P balances, buf-
fer strips along water bodies, restrictions on manure spreading in winter, and incentives for alternat-
ive income sources. The interventions decreased P concentration in the lake, but the target values for P
inputs and P concentration in the water are still being exceeded (UWE and AfU 2023).

3 Note: Livestock units (LSU) are defined according to Swiss agricultural statistics, where 1 LSU corresponds to one adult dairy cow.
Detailed livestock type-specific conversion factors are provided in the appendix of BLW (2024).

4 Note: Class D corresponds to soil P concentrations of approximately 0.93-4.35 mg P kg soil, while class E exceeds 1.55 mg P kg soil,
with threshold values depending on soil properties such as texture, pH, and organic carbon content (Flisch et al 2017).
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Figure 2. Schematic representation of the research approach. The sections that illustrate the different methods and approaches
behind each step are shown in the green boxes. P refers to phosphorus; N, to nitrogen; ASP, to animal-source protein, BAU, to
business-as-usual, and t, to tonnes.

2.2. Research approach

We systematically explored the option space for strategies to reduce P excretion from livestock produc-
tion (figure 2). For this, we selected a diverse set of P reduction strategies across three livestock herds
(dairy, suckler, and pigs®) encompassing adjustments of livestock density and composition (A), feed-
ing strategies (B), offspring management (C), and movement dynamics (D) (section 2.3). The P reduc-
tion strategy (A) was implemented as an overarching constraint, with all herd-level results subsequently
combined. To generate these herd-level results, the LEAFE.livestock model (section 2.4) was run for each
livestock herd and for each relevant combination of the P reduction strategies (B), (C), and (D). This
resulted in 378 model runs for the dairy herd, 54 model runs for the suckler herd, and one model run
for the pig herd. These runs were then combined and scaled according to varying herd proportions (in
20% steps) and total livestock densities (in 5% steps) to comply with strategy (A). The approach res-
ulted in 4’924°812 combinations, each describing a potential scenario for the livestock management in
the region, in their totality providing the so-called ‘option space’ for this region. These scenarios were
analysed to assess the effects of the P reduction strategies on five key indicators: P excretion from live-
stock, ASP production, land use for feed production, PSP competition, and the respective N:P ratios
(section 2.5). To define the viable options in the option space, we applied three constraints: (1) P excre-
tion of lower or equal to 78 t P yr=!, (2) ASP production equal to or greater than for the business-as-
usual situation (BAU), and (3) land use for feed production smaller or equal to the available arable plus
grassland (section 2.6.1). From this subset of viable scenarios, Pareto-optimal scenarios were identified
(section 2.6.2).

5 Due to their minor contribution (8% of LSU), other livestock (e.g. poultry, horses) were excluded from the modelling, where we
focused on the main P sources: cattle and pigs.
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Table 1. Overview of P reduction strategies and variation ranges applied.

A Heidenreich et al

Strategy group P reduction strategy Variation range
(A) Livestock density and composition Al Livestock density 45%-100% of BAU LSU/ha,
5% steps
A2 Share of cattle vs pigs 0%-100% of total LSU/ha,
20% steps
A3 Share of dairy herd vs suckler 0%-100% of total LSU/ha,
herd within the cattle 20% steps
population
(B) Feeding strategy Bl BAU feeding applied to 0%, 50%, or 100%
of cattle
B2 Maximized locally producible applied to 0%, 50%, or 100%
forage and feed utilization of cattle
B3 Maximized locally producible applied to 0%, 50%, or 100%
grassland-based feed of cattle
utilization
(C) Offspring fate C1 Dairy offspring sold at 0%, 50%, or 100% of dairy
2 months offspring
C2 Remaining dairy offspring into 10%, 50%, or 100% of
calf fattening remaining dairy offspring
(D) Livestock movement dynamics D1 Dairy/suckler cows leaving for 0%, 50%, or 100% of
rearing phase dairy/suckler cows
D2 Cattle seasonally absent 0%, 50%, or 100% of cattle

(Jul-Oct)

2.3. P reduction strategies

The scenarios have been designed to capture a wide range of P reduction strategies aimed at reducing P
excretion. Livestock density and composition (A) are explored through three adjustments. First, overall
livestock density is varied from 45% to 100% of BAU LSU/ha in steps of 5% (Al) (see table 1). Second,
the share of cattle relative to pigs is adjusted such that cattle contribute between 0% and 100% of total
LSU/ha, in steps of 20% (A2). Third, the share of dairy herd versus suckler herd within the cattle pop-
ulation is varied from 0% to 100% of cattle LSU/ha, also in steps of 20% (A3). Feeding strategies (B)
include three mutually exclusive options: the BAU system applied to 0%, 50%, or 100% of cattle (B1);

a strategy that maximizes the use of locally producible forage and feed from grassland and arable land
(B2); and a strategy that maximizes the use of grassland-based feed resources (B3), all applied to 0%,
50%, or 100% of cattle. The fate of offspring (C) is captured by varying the share of dairy offspring sold
at two months of age between 0%, 50%, and 100% (C1), and by allocating 10%, 50%, or 100% of the
remaining offspring to calf fattening (C2). 0% was excluded as a starting point for C2 to account for
agronomic constraints, as it is not feasible for 100% of the offspring from a dairy herd to enter beef fat-
tening (Hietala et al 2014). Movement dynamics (D) are modelled by varying the proportion of cattle
that leave the catchment for the rearing phase (D1) and those that are seasonally absent between July
and October (D2), both ranging from 0% to 100% of animals. A brief reasoning for each intervention is
given in SM1.

We did not include additional P reduction strategies for pig herds than those covered in Al and A3.
The reason is that pig production has long been a focus of efforts to reduce P losses, with notable suc-
cess in improving efficiency. Advances such as phase feeding and the use of phytase in pig diets have
significantly increased P uptake, thereby lowering the P content in manure and reducing the envir-
onmental impact of livestock production without compromising productivity (Hongliang Wang et al
2020; In K. Han et al 2000). These improvements are also evident in the Lake Sempach watershed. In
the Lippenriitibach sub-catchment, for example, P excretion from pigs was reduced by more than half
between 1992 and 2003, despite a 9% increase in pig numbers (Prasuhn and Lazzarotto 2005). Given the
already high efficiency of pig production due to phase feeding and feed additives and the resulting lim-
ited scope for further P reduction through additional system adjustments, we decided to include only
one type of pig production in our modelling approach.

We also acknowledge that this study covers only a subset of the possible strategies for reducing P
excretion in livestock production. Improved manure management including salt addition or liquid-solid
separation (Kleinman et al 2020), reduction of P overfeeding in lactating cows, enhancing feed effi-
ciency in lactating cows through practices like bovine somatotropin injections (Bosch et al 2006), which
are not permitted in Switzerland, or other strategies aimed at lowering the P content in animal diets

5
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Figure 3. Conceptual framework of the LEAElivestock model illustrating and defining livestock cohorts, livestock management
plans, and homogeneous livestock entities (HLE). DOB—date of birth.

(Schoumans et al 2014) are not addressed. Nevertheless, our analysis presents a diverse range of meas-
ures across key aspects of livestock systems, including herd density and composition, production systems
and intensities, and animal movement strategies. The selected measures are chosen due to their practical
relevance and central role in the ongoing discussions within Swiss agriculture and the specific case study
region.

2.4. LEAFElivestock model

LEAEFlivestock is a dynamic livestock model that generates time series data at daily, monthly, or yearly
intervals. These data contain detailed information on the livestock population over the modelled period,
the outputs produced, such as milk, meat and manure, and the feed requirements to produce these out-
puts. The model is programmed in R (RStudio Team 2020, R Core Team 2022) and connected to a
SQLite 3 database (Hipp 2020). Both the code and a comprehensive description of the implementation
can be accessed at https://doi.org/10.5281/zenodo.15277174 (Heidenreich et al 2025).

Modelling approach. The smallest unit of analysis at which the model operates are homogeneous live-
stock entities (HLEs), which are unique combinations of cohorts and livestock management plans

(figure 3). A cohort is defined as a group of animals of the same livestock type and with the same pro-
duction intensity and date of birth. In the model, life stages are defined for each livestock type according
to the level of detail selected by the user. For dairy cattle, this may include calf rearing, cattle rearing, the
first calving and subsequent first lactation, the second and subsequent lactations, and finally the end of
life in the form of slaughter. For each life stage, the commencement and conclusion ages, as well as the
nutrient requirements, production quantities, and mortality rates, are specified. During the model run,
cohorts progress to the subsequent life stage upon the attainment of the final age of the current stage. In
contrast, livestock management plans contain information on feed and housing regimes. Consequently,
animals belonging to the same HLE have the same feed requirements, feeding plans, and produce the
same output, at each time step.

Model sequences. The model runs through sequential phases—growth, production, movement, and
feeding—at each time step (figure 4—model run). Each phase simulates a key process in the livestock
system: During model setup, users define reference data such as livestock types with nutrient needs and
production levels at different life stages, feed types with nutritional values, and scenario data includ-
ing initial cohorts, management plans, and their allocation to the cohorts. At each time step and for
each HLE, the model sequentially simulates growth (aging and life stage progression), production (milk,

6
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Figure 4. Flowchart illustrating the overall model structure, from data inputs through model setup and execution to output gen-
eration. During model setup, key components such as livestock population, production systems, production intensities, and
animal movement patterns are defined. The model run proceeds through the sequential phases: set up, grow, produce, move, and
feed.

manure, offspring, and meat output), movement (animal losses, market transactions, and offspring
allocation), and feeding (calculation of nutrient requirements and feed quantities needed to fulfil these
requirements with the defined feeding plans). A more detailed description of each sequence can be
found in SM1.

Model setup and data. The LEAFE.livestock model was set up for the period from January 2011 to January
2021 with monthly time steps. In the scenario runs, this period was simulated as if the respective P
reduction strategies had been implemented from the outset, providing counterfactual trajectories that
contrast with the BAU developments. Input data, derived from the Swiss Animal Movement Database
(AMD 2023), literature sources, and expert knowledge (table 2), were prepared to represent the livestock
population, reflecting the production systems, production intensities, and animal movements (figure 4—
model set up). Cattle and pig populations were characterized at ¢t = 0 for the BAU and P reduction scen-
arios, with livestock types defined based on animal traits, and scenario-specific adjustments made for
production intensities and feeding plans. An overview of the final livestock types and selected character-
istics is provided in table 3; additional information is available in SM1, section 2.2.1. Production intens-
ity and nutrient requirements were defined for each livestock type based on lifespan, life stages, and
yields (milk, meat, manure), using AMD records and literature sources to calculate daily growth, feeding
needs, reproductive parameters, and nutrient excretion across scenarios, with adjustments for production
systems and feeding strategies (SM1, section 2.2.2). Production systems were defined through livestock-
specific housing and feeding plans that accounted for location, grazing duration, seasonal dynamics, and
feeding strategies, with BAU configurations derived from AMD and adapted under scenario settings D1,
D2, B2, and B3 to reflect changes in animal movement and feed rations using literature sources (SM1,
section 2.2.3). The model setup furthermore included the identification of detailed animal movement

7
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Table 2. Data and sources used in model setup.

Usage
Livestock population Production intensity Production system Animal movement
Livestock Animal Nutrient Feeding Housing Offspring ~ Temporary  Sales/
Source types numbers Yield requirements Reproduction plans plans fate absences Purchases
AMD (2023)° X X X X X X X
Gassmann X X X
(3/28/2024)
Agroscope (2021) X X X
Agroscope (2016) X
AGRIDEA (2023) X X
Gruber et al (2006) X X
Agroscope (2017), X
Schlegel et al
(2020a), Schlegel
et al (2020b),
AGRIDEA and BLW
(2023)
Swiss Animal X

Welfare Programme

RAUS (Federal

Office for

Agriculture FOAG

2022), Swiss Animal

Welfare Ordinance

(TSchV, SR 455.1,

Swiss Federal

Council (2/1/2025))

AGRIDEA (2022), X
LfL (2024), Kamm

(11/25/2024),

Universitit Ziirich

(2011-2016)

Expert knowledge X X X X X X X X X X
(FiBL, Biolnspecta,

private sector

companies)

Table 3. Livestock types and their characteristics. B1, B2, and B3 refer to scenario settings B—feeding strategies. Slaughter weights and
ages, except for ‘Cattle and ox fattening, are based on median values from the AMD (2023), while ‘Cattle and ox fattening’ data come
from AGRIDEA (2023). Dressing percentages for all livestock and the age at slaughter for pigs are also derived from AGRIDEA (2023).
Daily weight gain data for bull, cattle, and ox fattening cover the period from 125 kg live weight to slaughter, while for dairy and
suckler cows, they refer to the period from 125 kg live weight to seven months into the first gestation.

Dairy herd Suckler herd Pig herd
Calf Bull Ox Cattle Cattle and Suckler cow  Finishing Breeding

Dairy cow’ fattening fattening fattening fattening ox fattening  Suckler cow husbandry  pig sow
Present in BAU, B1 Yes Yes Yes Yes Yes No Yes Yes Yes Yes
and B2
Present in B3 Yes Yes No No No Yes Yes Yes Yes Yes
Slaughter weight (in kg) 291 129 297 297 287 292 326 231 89 144
Dressing percentage 46% 59% 57% 52% 52% 53% 52% 55% 89% 72%
Average daily weight 650 1’177 1’392 1’127 940 761 625 1200 880
gain (in g/day)
Age at slaughter 2’315 150 395 507 563 663 2’573 316 168 1’100
(in days)

patterns, purchase and sales dynamics, and offspring fates (SM1, section 2.2.4). A full description of the
baseline livestock composition, offspring flows, seasonal absences, and associated feeding strategies used
in the BAU model run is provided in SM2, section 1.

The model was then executed for both BAU and 433 individual model runs, covering all relev-
ant combinations of scenario settings B—feeding strategies, C—offspring fate, and D—TIivestock move-
ment dynamics. This resulted in 378 model runs for the dairy herd, 54 for the suckler herd, and 1 for
the pig herd. The scenarios were run with the assumption that all relevant P reduction strategies are
implemented at the beginning of the model period in 2011 and remained unchanged throughout the
10 year simulation. The results of BxCxD were then linearly scaled to reflect the scenario settings defined

6 The Animal Movement Database (AMD) is the mandatory, nationwide registry for cattle and pigs in Switzerland. It holds records of
all holdings, individual cattle and movements of cattle and pigs between farms. The database is operated by Identitas AG, a company
commissioned by the Swiss Confederation to manage livestock identification and traceability systems.

7 Note: Milk production intensity levels under BAU conditions were derived from breed composition data AMD (2023) and regional
milk volume data Gassmann (2024). The resulting distribution comprised 15% low-intensity, silage-free systems (6,000 kg milk per
cow), 43% low-intensity, silage-based systems (7,000 kg), 11% high-intensity, silage-free systems (7,000 kg), and 31% high-intensity,
silage-based systems (8,000 kg).
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under A—livestock density and composition. Subsequently, indicators for assessing P reduction strategies
were calculated.

2.5. Indicators for assessing P reduction strategies

To assess the P reduction strategies (cf. section 2.3) and, explore the option space for reducing P excre-
tion from livestock production while maintaining ASP production within the watershed’s ecological lim-
its, we computed the following four indicators. The indicator values are calculated as annual mean val-
ues over the whole modelling period.

(1) The P excretion from livestock was used to assess the pressure of the livestock system on the local
ecosystem. Based on the modelled annual manure quantities, we computed the average P excretion
from livestock in tons P per year. Exporting farmyard manure is a common practice to reduce P
loads in the region and an increase has been suggested to have a high potential (Stoll et al 2019).
However, challenges associated with increased exports have been noted, such as nutrient imbalances
due to the export of not only P but also nitrogen, potassium, and magnesium, requiring replace-
ment with mineral fertilizers at additional cost and environmental impact. Further challenges include
transport costs and uncertain demand from potential recipients (Stoll et al 2019) and potential over-
supply in the target regions, i.e. leakage effects. Therefore, we assumed that current P exports are
at their maximum and used the export rate from the Lake Baldegg catchment (Stoll et al 2019) to
estimate the status quo (20.3 t P yr™!) for the Lake Sempach catchment. This fixed amount was sub-
tracted from the total P excretion in all scenarios to determine the net P available for use within the
catchment boundaries.

(2) The ASP produced by the livestock population, measured in tons ASP/year, was calculated to assess
the nutritional value of the livestock system. This was done by linking the modelled meat and milk
production with their human-edible protein content based on the Swiss Food Composition Database
(FSVO 2023). As whole milk and whole milk powder are used for calf rearing, it was assumed that
these are supplied by the dairy cows in the catchment. Therefore, the corresponding modelled feed
requirements were subtracted from the total milk production, reducing the final ASP quantity.

(3) Land use for feed production was calculated in ha per year for both arable land and grassland to
assess the degree of nutrient cycle closure. To avoid additional P inputs from external feed sources,
it is preferable that livestock production relies as much as possible on feed grown within the catch-
ment. This approach would help to close nutrient cycles. Based on the modelled amounts of feed
required for each scenarios, we computed the area needed to produce them by first linking the
individual feed components (e.g. soybean cake or soybean oil) to the primary crops (e.g. soy-
beans), using their respective extraction rates (e.g. 1.15 tons of soybeans for 1 ton of soybean cake)
(Zimmermann A. et al 2017, FAO 2025). The quantities of primary crops required were then linked
to yield data to estimate the area of arable and grassland required for their production. Yield estim-
ates were based on production under local conditions, using average yield data for Switzerland (FAO
(ed) 2025). For feed components derived from by-products (e.g. sunflower seed meal), we assumed
no additional land use, as these by-products do not drive the production of the primary crop. For
the land use associated with animal sourced feed products (i.e. milk/milk powder and some animal
fats and fishmeal), we relied on data from Poore and Nemecek (2018) and assumed that the whole
milk (and whole milk powder) used for calf rearing is produced by livestock in the catchment and
the animal fats count as by-products without additional land demand. Therefore, the related land use
is already accounted for through the feed of the dairy cows. In addition, no land has been allocated
for the production of feed additives.

(4) To contextualize the efficiency of ASP production in terms of land use competition, we compared it
to the potential quantity of PSP that could instead be produced on the arable and grassland used for
feed production. This PSP competition score was calculated as shown in equation (1),

Alternative PSParable land + Alternative PSPconvertible perm. grassland
+Additional PSP unutilized arable land + Additional PSPunutilized convertible perm. grassland
ASP '
+Additional PSP unutilized arable land =+ Additional PSP ynutilized convertible perm. grassland
(1)
For a gross indicative estimate of alternative PSP from arable land, we calculated the quantity of pro-
tein that could be produced on the area used for feed production by assuming an illustrative crop

PSP competition =

9
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allocation consisting of 44% temporary grassland, 38% cereals, and 19% grain legumes. Thereby,
44% temporary grasslands grassland reflects the catchment-specific temporary grassland share (see
SM1). For choosing illustrative yields, we assumed ‘wheat’ as a representative for ‘cereals’ (with
national average yields from FAO (2025) and human-edible protein contents from FSVO (2023)

and ‘peas’ for ‘grain legumes’. The latter produces a rather conservative protein yield of 0.6 (£0.12)
t protein per ha, compared to e.g. soy with 1.07 (£0.17) t protein per ha (Keller et al 2024). The
alternative PSP from convertible permanent grassland was calculated similarly on the basis of the
area of permanent grassland used for feed production that could be converted to arable land. Based
on agricultural suitability classes (FOAG 2000), 74% of permanent grassland in the catchment was
deemed convertible, and of this, 56% was considered usable as arable land, reflecting the catchment-
specific temporary grassland share of 44% (see SM1). If less than the available arable land and/or
permanent grassland in the catchment was used for feed production, additional PSP quantities

from unutilized arable land and/or convertible permanent grassland were calculated using the same
method. Additional potential PSP production from unutilized arable land and convertible permanent
grassland is included to ensure a consistent comparison of overall system performance by account-
ing for land that becomes available due to feed-area-efficient livestock production and could be used
for additional plant-based protein production. Clearly, converting grassland to cropland comes with
a number of negative effects such as soil carbon losses, but here, the focus is on a comparison of the
food production potential and in the consistent logic of this, areas capable for cropland use should
be used like this (see also the discussion section).

(5) To evaluate the fertilizing potential of manure, the N:P ratios were computed. The calculation con-
sidered only the nitrogen available for fertilization in manure (Richner et al 2017) and further adjus-
ted for the constant farm yard manure (FYM) export, which reduced the nitrogen supply according
to the scenario-specific P export fraction. The desirable N:P ratio was determined based on the fer-
tilization recommendations for the crops grown in the catchment (Sinaj et al 2017) and weighted
according to the cropping area (rawi 2019). The P recommendations were adjusted for soil P con-
tent, reflecting the proportions of P supply classes separately for arable and grassland (Hirte, Flisch
etal 2017, ). This resulted in an overall desirable N:P ratio for the catchment of 5.33, with a range of
3.76-8.43, depending on the crop type and area.

2.6. Narrowing the option space

2.6.1. Defining the viable scenarios for P reduction

We defined a set of targets based on real-world constraints to narrow down the scenarios from the
possible to the viable option space for P reduction in livestock production. To ensure broad accept-

ance among farmers and decision-makers, we considered only scenarios with ASP production equal to
or greater than that of the BAU scenario as viable. To evaluate whether a scenario remains within the
watershed’s ecological limits, P excretion was compared against a reduction target. Given that the current
livestock system supplies up to 105% of P demand, it was proposed to reduce supply to below 80% of P
demand to mitigate eutrophication and accelerate the removal of excess soil P, with corresponding deple-
tion times of 15-30 years, depending on soil P content (Stoll et al 2019). This would require reducing P
excretion to 78 t P yr~! (representing 80% of demand), which corresponds to 76% of BAU P excretion,
respectively. Therefore, we classified only scenarios with P excretion equal to or less than 78 t P yr~! as
viable. Lastly, we compared the land use for feed production with the available arable land and grassland
in the catchment. According to rawi (2019), 2’898 ha (69%) of the agricultural land is used for perman-
ent and temporary grassland, while 1’152 ha (28%) is used for arable land, thus resulting in a total area
for potential feed production of 4’050 ha in the region.

2.6.2. Identifying Pareto-optimal scenarios

To identify the most promising scenarios, we utilized the notion of Pareto-optimality. Pareto-optimal
scenarios represents a set of scenarios where no single indicator can be improved without compromising
another (Goldberg 1989, Groot et al 2010). These scenarios are called non-dominated and are assigned
the Pareto rank-1. After removing the rank-1 scenarios, a new set of non-dominated scenarios, which
are assigned rank-2, can be identified and so on. We utilized the R package rPref (Roocks 2016) to com-
pute the Pareto rank for each viable scenario based on the following indicators: minimizing P excretion,
arable land use, and PSP competition, while maximizing ASP production and the N:P ratio. To further
illustrate trade-offs, we analysed the extreme Pareto solutions, i.e. those solutions showing the minimal
or maximal values in each indicator. To identify the extreme scenarios for each indicator used to eval-
uate P reduction strategies individually, all viable scenarios were sorted by the indicator’s optimization
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Figure 5. Conceptual 2D plot of non-viable, viable, Pareto-optimal, and extreme scenarios for two illustrative indicators. The
target range for Indicator B is indicated by a transparent green box. Dark grey points represent rank-1 (Pareto-optimal) scenarios;
medium grey points represent viable (aka target-fulfilling) scenarios (Pareto rank-2 to rank-5); light grey points represent non-
viable scenarios. Blue stars mark the extreme scenarios for Indicator A, obtained by sorting all viable scenarios by Indicator A and
retaining rank-1 scenarios as long as they outperform the best rank-2 (or higher) scenario. Orange stars show the corresponding
extreme scenarios for Indicator B.

direction (i.e. ascending for minimization, descending for maximization). All scenarios with a Pareto
rank of 1 were then selected sequentially until the first scenario with a Pareto rank-2 (or higher) was
encountered. This approach resulted in a distinct set of indicator-specific Pareto rank-1 extrema, illus-
trating the range of optimal trade-offs depending on the chosen evaluation focus (see figure 5).

3. Results

3.1. Reference scenario: BAU

The LEAFlivestock model was calibrated to observed data and literature values. For animal numbers,

we fitted the modelled time series to recorded figures from the animal movement data (AMD 2023) at
each time step, refining factors like the number of animals at t = 0, purchases/sales, the fate of offspring,
age at first calving, and calving frequencies (see SM2, section 2.1). Similarly, we aligned modelled animal
births with recorded data (AMD 2023) and accounted for monthly fluctuations. For production quantit-
ies, we compared modelled outputs for milk, meat, and manure per animal, life stage, and day with lit-
erature values, adjusting as necessary (SM2, section 2.2). For feed quantities, we fine-tuned the model by
matching the nutrient requirements and feed demand per animal to literature values. Finally, we verified
aggregated values, such as LSU/ha, total P excretion, and the share of P from pig versus cattle produc-
tion, against comparable literature values (SM2, section 2.3).

For the BAU scenario, the model estimated a P excretion of 123 tons P per year, of which 20.3 tons
of P were exported from the system via FYM (table 4). The remaining P excretion in the catchment was
102.4 tons per year, with 62% originating from the dairy herd, 10% from the suckler herd, and 28%
from the pig herd. ASP production amounted to 1’256 tons per year. The total land use for feed pro-
duction was 6’492 ha per year, with 3’599 ha from arable land and 2’894 ha grassland. If this land were
used to produce food for direct human consumption instead of feed, it could generate 2.4 times as much
PSP than the above-mentioned ASP. The resulting available N:P ratio was 3.36.

3.2. Assessment of P reduction strategies

3.2.1. General overview

We analysed all 4°924’812 individual scenarios in the option space, comparing P excretion from live-
stock, ASP produced by livestock, land use for feed production, PSP competition and the respective N:P
ratios. Across all scenarios, the average P excretion was 63.2 &£ 20.4 tons P per year (figure 6, col. A,

row 2; SM2, table 3), accompanied by an average ASP production of 975.4 tons per year, with a range
from 75.3 to 2°084.2 tons. The average area required for feed production was 2’606 ha of arable land and
1’873 ha of grassland, with considerable variability. On average, this land could produce 1.8 £ 0.2 times
as much PSP for direct human consumption than ASP. The average N:P ratio of FYM was 3.3, ranging
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Table 4. Business-as-usual (BAU) values for indicators used to assess P reduction strategies. PSP competition for each livestock herd was
calculated based on their share of available arable and grassland areas weighted by LSU.

Share dairy Share Share Pig
Variable Overall Dairy herd Suckler herd Pig herd herd suckler herd herd
LSU (per year) 8208.61 4649.47 935.52 2°623.63 57% 11% 32%
Total P excretion 122.67 76.51 12.46 33.71 62% 10% 28%
(tons P per year)
Via FYM exported P 20.31 12.66 2.06 5.58 62% 10% 28%
excretion (tons P per year)
In catchment remaining P 102.37 63.84 10.4 28.13 62% 10% 28%
excretion (fons P per year)
Animal-source protein 1°256.08 565.17 24.74 666.16 45% 2% 53%
(tons ASP per year)
Land use for feed 3’599.36 1°059.90 14.89 2524.56 29% 0% 70%
production: arable land
(ha per year)
Land use for feed 2’893.57 2°402.96 490.61 0 83% 17% 0%
production: grassland
(ha per year)
Plant-source protein 2.4 2.23 1.92 2.24
competition (score)
Navailabje:P ratio of FYM 3.36 3.58 3.79 2.69

from 2.7 to 3.8. As this is well below the desirable ratio of 5.33 for the catchment, mineral N fertilizer
is required even under the BAU scenario, despite the abundance of manure, owing to its unfavourable
N:P composition. These findings highlight the variability in P excretion, ASP production, land use, and
nutrient management across scenarios.

Based on the P reduction strategies A2 and A3 (changed livestock composition), we differentiated the
entire set of scenarios into four groups: Pig-dominated scenarios (with an LSU composition of >60%
pigs), dairy-dominated scenarios (with an LSU composition of >60% dairy cattle), suckler-dominated
scenarios (with an LSU composition of >60% suckler cattle), and mixed scenarios (<£60% dairy, <60%
suckler, <60% pigs). Across all groups, most scenarios resulted in lower P excretion than BAU, with
many meeting the P excretion target of <78 t P yr™! (figure 6, col. D; SM2, table 3). The biggest differ-
ences between scenario groups emerged in ASP production, land use for feed, PSP competition, and the
N:P ratio. Pig-dominated scenarios had the highest average ASP production (1°243.3 t yr™!), followed
by mixed (914.7 t yr—!) and dairy-dominated (881.2 t yr~!), while suckler-dominated scenarios pro-
duced the least (476.2 t yr~!, range: 75.3-978 t yr—!). No suckler-dominated scenario reached the BAU
ASP production. Arable land use was on average highest in pig-dominated systems (3’988 ha yr—!) and
lowest in suckler-dominated (776.9 ha yr—!). The mean PSP competition was highest in pig-dominated
systems (1.9), compared to mixed (1.8), suckler-dominated (1.8), and dairy-dominated scenarios (1.6).
Regarding fertilizer quality, pig-dominated systems had on average the lowest N:P ratio of FYM (2.7),
while dairy- and suckler dominated systems had the highest (3.6).

3.2.2. Defining the viable option space

To identify a viable option space for P reduction in livestock production, we applied the following con-
straints (cf. section 2.6.1): P excretion <78 t P yr—!; produced ASP > ASPpay, i.e. 1’256 tons ASP

per year; using <4050 ha total land (arable plus temporary and permanent grassland) to produce the
necessary feed. Figure 7 visualizes P excretion (y-axis), land use for feed production (x-axis), and ASP
production (dot colour), with each dot representing a scenario across all P reduction strategies. The
BAU values are marked by a red dot, along with a dotted red horizontal and vertical line for reference.
Scenarios that do not meet the ASP constraint (i.e. ASP lower than BAU) are displayed with reduced
opacity. Additionally, the target range for P excretion (<78 t P yr™!) is highlighted with a transparent
green horizontal box, while the available agricultural land in the catchment is indicated by a transparent
green vertical box (4’050 ha).

Figure 7 shows that no fully opaque scenarios fall within the intersection of the target range for P
excretion and the total available land (darker green box). In other words, none of the scenarios simul-
taneously satisfied all three constraints. Most notably, the current level of ASP production could not be
maintained without relying on feed imports. However, since feed from arable land is commonly traded
across regions, its production is less strictly tied to local conditions. By contrast, grassland-based feed is
rarely traded, making regional grass production potential the more binding limitation. To account for
this, we relaxed the target for arable land use and instead adjusted the land use constraint to focus on
scenarios that remained within the grassland area currently available in the catchment.

When the land use constraint was relaxed to allow scenarios using more than the arable land avail-
able in the catchment, 514’080 scenarios (10.4%) could be categorized as viable options (see darker
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Figure 6. Performance of scenarios across all indicators for assessing P reduction strategies (horizontal rows) plus share of LSU
compared to BAU. The columns (A) and (D) show the results for all scenarios, (B) and (E) show viable and (C) and (F) Pareto
optimized scenarios. (D), (E), and (F) Divide the scenarios into pig-dominated scenarios, dairy-dominated scenarios, suckler-
dominated scenarios (with an LSU composition of >>60% suckler cattle), and mixed scenarios. Since no suckler-dominated scen-
arios met the viability criteria, they do not appear in the last two columns. The red dashed lines show the BAU. Green dashed line
indicates the P excretion target of 78 t P yr—!. Note that the y-axes for LSU compared to BAU, P excretion, PSP competition, and
N:P ratio of FYM are truncated and do not start at zero, to better visualize differences between scenarios. The reader is referred to
SM2, figures 58-61, for enlarged versions of these figure.

green box in figure 8). The diagonal clusters of points in figure 8 illustrate the influence of P reduc-
tion strategy A2, which varies the share of cattle versus pigs (SM2, section 3.2). These clusters emerge
from the discrete variation steps applied: the leftmost single-dot line represents scenarios with 100%
pigs, followed by diagonals corresponding to 80%, 60%, 40%, and 20% pigs. The BAU scenario, with a
pig share of 32%, falls between the 40% and 20% clusters, while the cluster with 0% pigs, which display
the widest spread, appears on the far right. The vertical spread within each diagonal cluster reflects dif-
ferences in overall livestock density (P reduction strategy Al), with higher total LSU values resulting in
higher P excretion. Furthermore, none of the suckler-dominated scenarios fulfilled the viability criterion,
as all resulted in lower ASP production compared to the BAU scenario and thus failed to meet the ASP
constraint.

3.2.3. Performance of viable and Pareto scenarios
As illustrated above, out of the full option space, 514’080 scenarios (10.4%) met the three constraints:
(1) P excretion <78 t P yr~!, (2) ASP production >ASPp,y, and (3) land use within the available
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Figure 7. Relationship between phosphorus (P) excretion (y-axis), agricultural land use for feed production (x-axis), and animal-
source protein (ASP) production (dot colour). Each dot represents one scenario; BAU is marked by a red dot and red dashed

lines. Scenarios not meeting the ASP constraint (i.e. lower ASP than BAU) are shown with reduced opacity. The target range for P
excretion (<78 t P yr~!) and the available agricultural land in the catchment (4’050 ha) are indicated by transparent green boxes.
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Figure 8. Relationship between phosphorus (P) excretion (y-axis), grassland use for feed production (x-axis), and animal-
source protein (ASP) (dot colour). Each dot represents one scenario; BAU is marked by a red dot and red dashed lines. Scenarios
not meeting the ASP constraint (i.e. lower ASP than BAU) are shown with reduced opacity. The target range for P excretion
(<78 t P yr~!) and the available grassland in the catchment (2’898 ha) are indicated by transparent green boxes.

grassland. Such scenarios were categorized as viable (figure 6, col. B; SM2, table 4). Within this viable
option space, 7’174 scenarios had Pareto rank-1 (0.15% of all scenarios, 1.4% of viable ones) (figure 6,
cols. C/F; SM2, Table 5). Together, these subsets provide insight into both the boundaries of viability and
the maximal performance in a context of competing objectives. Their performance is described along

the five key indicators: ASP production, P excretion, land use and PSP competition, and the N:P ratio of
farmyard manure (figure 6, rows 2-7).
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ASP production. Viable scenarios produced on average 1’427 t ASP per year (114% of BAU, range:
100%—-149%), well above both the BAU reference and the mean of non-viable scenarios (923 t). Pareto
scenarios performed slightly better, averaging 1’443 t (115% of BAU) and reaching a maximum of
1’876 t, which was about 1.1 times as high as the best-performing non-Pareto viable scenario.

P excretion. Non-viable scenarios excreted on average 62.6 t P yr, but this lower value was achieved only
in scenarios that failed to meet the constraints for ASP production and/or grassland use. In contrast,
viable scenarios excreted 68.2 t on average (67% of BAU, range: 48—78) while fulfilling all constraints.
Pareto scenarios showed a slightly lower average of 66.7 t (65% of BAU), with minimum and maximum
values similar to the viable scenarios.

Land use and PSP competition. A major difference between viable and non-viable scenarios lay in land
use. Viable scenarios required on average 4’617 ha of arable land (128% of BAU, compared to 2’372 ha
in non-viable scenarios) but used much less grassland, averaging 919 ha (32% of BAU, compared to
1’984 ha in non-viable scenarios). Pareto scenarios showed similar patterns, with slightly lower aver-
age grassland use (856 ha). If used for PSP production instead of livestock feed, these areas could yield
almost twice as much PSP as ASP. PSP competition scores show this trade-off clearly, averaging 1.9 in
both viable and Pareto scenarios, with values ranging from 1.5 to 2.1.

N:P ratio of farmyard manure. Viable scenarios produced FYM with an average N:P ratio of 3.0, some-
what lower than both BAU (3.36) and the mean of non-viable scenarios (3.3). Pareto scenarios showed
almost identical averages (3.0), with minima dropping slightly further (2.7 vs 2.9 in viable but non-
Pareto scenarios).

3.2.4. Strategies underlying the viable and Pareto scenarios

The performance patterns described above were the result of distinct strategy combinations. Examining
these strategies reveals which P reduction strategies underpinned the viable scenarios and distinguished
the Pareto-optimal subset from the wider set of viable options (SM2, figures 66—68).

Livestock density and composition (A1-A3). Both viable and Pareto scenarios were restricted to livestock
densities between 65% and 90% of BAU levels. On average, viable scenarios reached 80% of BAU LSU
and Pareto scenarios 79%. This indicates that reducing livestock density was a necessary precondition for
achieving viability and optimality under the given constraints. Suckler-dominated scenarios consistently
failed to achieve viability. Across the entire viable option space, the share of suckler cows never exceeded
32%, and this only in mixed configurations where pigs accounted for at least 40% of the total LSU. In
Pareto-optimal scenarios, the share of suckler cows never exceeded 16%, again only in cases with >40%
pigs. Dairy-dominated scenarios could achieve viability, but only when complemented by at least 20%
pigs. Among these viable dairy-dominated scenarios, 35% reached Pareto-optimality. By contrast, only
1.4% of viable pig-dominated scenarios were Pareto-optimal. These patterns were largely driven by the
low ASP productivity of suckler systems compared to, for example, pig systems. Meeting the productivity
and P excretion target was therefore only possible when a sufficient share of pigs was included in the
livestock composition.

Feeding strategies (B1-B3). For dairy herds, the distribution of feeding plans did not differ substantially
between viable and non-viable scenarios. In Pareto-optimal scenarios, however, a clear dominance of
the local grass-based plan (B3) emerged, often applied to 100% of the dairy herd, particularly in pig-
dominated and mixed scenarios. These cases benefited from the high ASP productivity per unit of P
excreted in pig systems, which ensured sufficient ASP supply under the P excretion constraint. At the
same time, the share of the dairy herd assigned to B3 feeding maximized grassland utilization and min-
imized arable land demand. An even stronger pattern was observed for suckler herds, where Pareto scen-
arios relied exclusively on either full adoption of the grass-based plan (B3) or a 50/50 mix of that plan
with the local forage-and-feed plan (B2).

Offspring fate (C1, C2). For dairy herds, there were no major differences in offspring strategies between
viable and non-viable scenarios. Within the Pareto-optimal subset, early sale at two months (C1) became
more common: the share of scenarios with no offspring sold at that age was smaller than in the rest of
the viable set. This indicates the unfavourable efficiency of beef production, as offspring retained for fat-
tening increase P excretion and feed demand disproportionately relative to their contribution to ASP
output.
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Figure 9. Performance of extreme scenarios across indicators used to evaluate P reduction strategies, together with livestock units
(LSU) relative to BAU. For comparison, the BAU scenario is also shown. All indicators were rescaled to a 0-1 scale.

Patterns for calf fattening (C2) also shifted: in pig-dominated Pareto scenarios, the 10% option
appeared more frequently, whereas in dairy-dominated Pareto scenarios the 100% option occurred more
often compared to their non-Pareto counterparts.

Livestock movements dynamics (D1, D2). In dairy herds, scenarios with all replacement heifers leaving
the catchment for rearing (D1) were slightly more frequent among viable dairy-dominated and mixed
scenarios than among non-viable ones. Within the Pareto-optimal subset, this pattern was even more
pronounced, with most scenarios showing 100% of replacement heifers leaving the catchment. Pareto
scenarios also showed a slightly higher frequency of full seasonal absences (D2), although the differ-
ence compared to the wider viable set was small. This pattern is driven by the removal of unproduct-
ive life stages that contribute to P excretion and feed demand without yielding ASP output. For suckler
herds, all Pareto scenarios involved 100% of cows leaving the catchment for rearing, exceeding the pat-
tern observed in dairy herds for D1. Additionally, in pig-dominated systems, Pareto scenarios more often
featured no seasonal absences (D2) compared to their non-Pareto counterparts.

3.2.5. Extreme scenarios
From the group of 7’174 Pareto rank-1 scenarios, we identified in a next step a set of 29 extreme scen-
arios based on their performance along individual optimization criteria (figure 10). For the indicator
P excretion, two Pareto-optimal scenarios (rank-1) were identified before the selection process (cf.
Section 2.6.2) encountered a scenario with a higher Pareto rank (>2). Four scenarios were identified
for maximizing ASP output, nine for minimizing arable land use for feed production, three for maxim-
izing the N:P ratio of FYM, and eleven for minimizing the PSP competition. These indicator-specific
extrema illustrate the range of trade-offs within the Pareto frontier, highlighting scenarios that most
strongly emphasize individual objectives such as minimizing arable land use or maximizing ASP pro-
duction. Interestingly, optimal outcomes are partly possible with considerably different strategy com-
binations, thus illustrating the presence of several local maxima. Figure 9 illustrates the performance
of the selected scenarios and their LSU levels relative to BAU. Scenarios with the lowest P excretion
(figure 9(A)) showed strong performance in minimizing both P excretion and grassland use, but this
came at the expense of all other indicators. Scenarios with the highest ASP output (figure 9(B)) excelled
in ASP production and required minimal grassland use. However, they showed poorer performance in
arable land use than both the lowest P excretion scenarios and the BAU. P excretion levels were moder-
ate, while performance in all other indicators was weak. In contrast, a largely overlapping set of scenarios
achieved the lowest arable land use for feed production, the highest N:P ratio, and the lowest PSP com-
petition (figure 10). These scenarios consistently performed well across these three environmental indic-
ators, though this came at the cost of reduced ASP output and only moderate reductions in P excretion
(figures 9(C)—(E)). Nevertheless, all of these scenarios outperformed the BAU baseline across the evalu-
ated indicators.

When examining the P reduction strategies behind the extreme and intermediate scenarios, several
general patterns emerged (figure 10). Suckler herds played only a minor role, appearing in just two scen-
arios with contributions of 4% and 8% to the total LSU, respectively (P reduction strategy A3). In all
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scenarios that included dairy herds and assumed that 50% of dairy offspring were sold at two months of
age (Cl1), it was also assumed that all remaining offspring entered calf fattening (C2).

A clear distinction emerged between scenarios based on the predominant livestock type: On one
hand, the lowest P excretion or highest ASP output, were exclusively pig-dominated (>60% pigs in LSU
composition). In these scenarios, total LSU (A1) were reduced to 65%-90% of BAU levels. As a res-
ult, these scenarios correspond to pig LSU levels approximately 1.5-2.8 times that of the BAU pig herd
LSU, while cattle LSU was reduced to 0%—56% of BAU dairy herd levels and 0%—-55% of BAU suck-
ler herd levels. In scenarios where cattle remained, it was assumed that all replacement heifers for dairy
and suckler cows were reared outside the catchment (D1). Furthermore, in most of these cases, all cattle
were assumed to be temporarily absent from the catchment during one July—October period (D2). Dairy
herds in these scenarios typically received the BAU feed ration.

On the other hand, scenarios with the lowest arable land use for feed production, the highest N:P ratio,
or the lowest PSP competition were consistently driven by dairy-dominated scenarios (>80% dairy cattle
in LSU composition). Notably, many of these extreme outcomes were achieved by the same set of scen-
arios, reflecting substantial overlap across the three indicators. These Pareto-optimal solutions were
typically reached with a total livestock population at 75% of the BAU LSU, of which 80% was alloc-
ated to dairy and 20% to pigs. This corresponded to dairy LSU levels at approximately 1.1 times those
of the BAU herd, while pig LSU levels were reduced to about 50% of the BAU reference. In nearly all
of these scenarios, dairy herds followed the local grass-based feeding plan (B3) or a 50/50 mix of that
strategy with the local forage-and-feed feeding plan (B2), particularly in scenarios with the lowest PSP
competition.

4. Discussion

4.1. Real-world constraints narrow the option space

The option space of more than 4.9 million modelled scenarios provides an encompassing assessment of
strategies for reducing P excretion from livestock in the watershed of Lake Sempach. The scenarios var-
ied in their performance across the indicators P excretion from livestock, amount of ASP produced, land
needed for feed production, PSP competition, and the resulting N:P ratios of FYM. To strengthen the
relevance of our analysis for decision-making, we applied three real-world constraints: (1) P excretion
<78 t yr~1, (2) ASP production > BAU level, and (3) land use within the total available agricultural
land. However, no scenario was able to meet all three targets simultaneously, underscoring the difficulty
of achieving environmental and production goals at the same time. When relaxing the land use con-
straint to grassland only, i.e. considering those scenarios that stay within the available grassland area,
514’080 scenarios emerged as viable. Among these, 7’174 were identified as Pareto-optimal.

While the target to maintain ASP production at or above the BAU level reflects the region’s strong
livestock orientation and enhances the realism and acceptability of our results, broader agri-food sys-
tem objectives, such reducing feed-food competition, remain critical for ensuring long-term sustain-
ability and resilience (Hadjikakou et al 2025). Although this aspect was only partially captured by the
PSP competition score, our results indicated that, if the same land were used directly for food rather
than feed, PSP outputs would be 1.5-2.1 times as high as ASP outputs across all viable and Pareto-
optimal scenarios. However, this finding partly relied on the assumption that unused permanent grass-
land would be converted to arable land. This strategy involves risks, particularly in regions with high soil
P levels, where a conversion could lead to increased erosion, nutrient runoff, losses of soil organic car-
bon, soil compaction, reduced water infiltration, and potentially biodiversity loss (Strock et al 2022).
Nevertheless, crop production can be implemented in soil-health conserving and sustainable man-
ner that minimizes erosion and nutrient runoff. Particularly on P saturated soils, targeted P mining,
where no P is applied and P-demanding crops such as maize are cultivated, can help gradually deplete
legacy P (Davies 2025). Legumes may also be incorporated, as they efficiently utilize soil P without
requiring additional nitrogen inputs. Complementary measures could involve improving soil structure
through reduced tillage or the use of chemical amendments to immobilize soluble P (Schoumans et al
2014, Sharpley 2016). Therefore, land use strategies represent an important complement to the livestock
strategies presented here, offering additional potential to meet protein production targets or feed require-
ments. Additionally, we want to note that while animal- and plant-sourced proteins differ in their amino
acid profiles, with animal proteins typically exhibiting a more balanced distribution, evidence suggests
that in combination, all plant foods contain the full spectrum of essential amino acids and that mixed
plant-based diets are thus sufficient to achieve protein adequacy in adults (Mariotti and Gardner 2019,
Sarathy et al 2025).
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4.2. Livestock populations and management for locally adapted systems

Multiple P reduction strategies can lead to comparable environmental outcomes, but through substan-
tially different system configurations. Key distinctions arose mainly from livestock composition, with
livestock types differing in P excretion per unit of protein; from feeding strategies, shaped by the ori-
gin of feed; and from management practices, including offspring fate and temporary absences during
unproductive life stages.

Viable systems require reduced livestock density and a balanced mix, with pigs constituting at least 20%
of the total LSU, while suckler cows are limited to a small share. The Pareto-optimal scenarios revealed
clear differences in livestock density as well as in livestock composition. A consistent pattern across all
viable and Pareto-optimal scenarios was a reduction in total LSU to between 65% and 90% of the BAU
level. This aligns with current discussions at policy level, where proposals to limit LSU per hectare are
under consideration (Maria Stettler and Probst 2023, Bielza et al 2025). Beyond a general reduction in
livestock density, the composition of livestock types played a crucial role. Across all Pareto scenarios,
pigs always accounted for at least 20% of the total LSU. Suckler cows, on the other hand, appeared only
under strict conditions: their share was limited to a maximum of 16% in Pareto-optimal and 32% in
viable scenarios, and only when pigs made up at least 40% of the total LSU. This restriction is due to
the low ASP productivity of suckler systems. These results stand in contrast to recent developments in
Switzerland, where suckler cow numbers continue to rise (Mutterkuh Schweiz 2024, Identitas 2025).
Their growing popularity, especially among younger farmers, is often attributed to the labour-saving
potential of grassland-based suckler systems (Zorn and Zimmert 2022). Notably, none of the scenarios
consisting solely of dairy herds met the viability constraints, underlining the necessity of integrated pro-
duction systems that combine cattle and pig farming to achieve viable outcomes.

Pig-dominated systems are characterized by low P excretion relative to ASP output but come with
increased reliance on arable land and feed-food competition. The choice of livestock composition led to
distinct trade-offs between key objectives. Pig-dominated Pareto-scenarios (>60% pigs in LSU compos-
ition) achieved on average the lowest P excretion, highest ASP production, and required the least grass-
land area. However, these advantages were offset by an average 1.3-fold increase in arable land use for
feed compared to BAU, along with a PSP competition score of 1.9, indicating that nearly twice as much
PSP could be produced on the same land. Moreover, the FYM produced by such systems showed sig-
nificantly lower N:P ratios compared to the BAU, due to the typically higher P content of pig manure,
which has negative implications for crop nutrient management (Richner et al 2017). The displayed low
P excretion relative to ASP output of pig-dominated scenarios is consistent with findings in the liter-
ature (Poore and Nemecek 2018), but they also raise again important concerns about feed-food com-
petition, particularly given the increased reliance on human-edible feed inputs (van Zanten et al 2019).
These patterns were also evident in the pig-dominated extreme scenarios. If dairy cattle were included in
these scenarios, they relied on BAU dairy herd feeding plans. However, interestingly, the majority of pig-
dominated Pareto-optimal scenarios featured dairy herds fed according to the B3 strategy, which priorit-
izes grassland-based feed. This strategy, which maximizes the utilization of locally producible grassland-
based feed, contributes to nutrient retention within the catchment and prevents additional P that would
result from feed sourced from arable land entering the watershed.

Dairy-dominated systems reduce arable land use and improve N:P ratios but yield less protein, yet
remain viable. In contrast, dairy-dominated scenarios (>60% dairy cattle in LSU composition) per-
formed overall better in terms of arable land use (averaging 84% of BAU), N:P ratio, and PSP com-
petition, both of which were comparable to or even improved over BAU levels. Nevertheless, these sys-
tems produced lower amounts of ASP and excreted more P than pig-dominated systems, though still
within the bounds of the viability constraints. This was well illustrated by the sub-set of dairy-dominant
extreme scenarios, most of which used the B3 feed plan for dairy herds.

Optimal systems consistently avoided large-scale livestock fattening—calf fattening was preferred.
Across all intermediate and extreme Pareto-optimal scenarios, a notable pattern was the absence of large
livestock fattening: if dairy offspring remained in the catchment, they were allocated to calf fattening.
This trend reinforces the importance of offspring fate management and suggests that for systems to be
optimal, the emphasis needs to be on smaller-scale, more localized livestock fattening strategies.
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4.3. Leakages and externalized impacts

Our analysis revealed that many viable and particularly the Pareto-optimal scenarios improved nutrient
efficiency and land use not only through internal system adjustments, but also by displacing environ-
mental burdens beyond the catchment. These off-site effects manifest in several key areas.

First, all scenarios relied on feed produced on arable land outside the catchment. Since arable land
use for feed systematically exceeded the area available within the region, this resulted in a net import of
feed, and with it, additional nutrients into an already P-saturated system. This practice effectively shifts
the environmental burden of feed production, including nutrient losses and land use impacts, to other
regions.

Second, most Pareto-optimal scenarios employed the C1 offspring fate strategy, with 50% or even
100% of dairy calves sold at two months of age. This practice reduces the resource demands and emis-
sions of calf rearing within the catchment but externalizes these impacts elsewhere. Similarly, a substan-
tial share of scenarios implemented external rearing for replacement heifers for dairy and suckler cows,
aligning with the D1 P reduction strategy. In the majority of Pareto-optimal scenarios, this strategy was
applied at 100%, meaning all animals were moved out of the catchment during their rearing phase. At
first glance, this relieves local environmental pressures but merely shifts emissions and resource use else-
where. In Switzerland, however, contract rearing often has an inter-regional character: dairy cows are
raised in the mountainous regions, while intensive milk production occurs in the lowland. This spatial
separation can even yield environment benefits and increase the income of lowland farms (Marton et al
2016).

Meanwhile, we assumed that the export of FYM remained constant at BAU levels across all scenarios,
implicitly suggesting a continuation of current regional P reduction efforts through manure redistribu-
tion. While this assumption reduces the apparent pressure to further lower P surpluses within the catch-
ment, it is also rather conservative, given current trends. In Switzerland, FYM transport volumes have
been increasing, with farms in the canton of Lucerne already exporting significant quantities (Mohring
2023). According to Mohring (2023), the average transport distance for FYM in Lucerne is approxim-
ately 17 km. Assuming a crop rotation similar to that within the catchment, this enables the fertilization
of between 725 and 1’225 ha of arable land annually, depending on the soil’s P content. This under-
scores the relevance of off-site manure application as a P management strategy—one that is already
being practiced and could potentially be scaled up.

Taken together, these patterns underscore the importance of considering off-site effects when evaluat-
ing system performance. While local indicators may suggest improvements in nutrient management and
land use, these are often achieved by shifting burdens to surrounding regions. On the other hand, such
strategies can increase flexibility, making it easier to meet environmental targets while maintaining pro-
duction, which could enhance farmer acceptance. If implemented effectively, these approaches have the
potential to create win—win situations as seen in the case of inter-regional contract rearing (Marton et al
2016). A comprehensive assessment, therefore, must go beyond territorial boundaries and include spatial
trade-offs in its analysis (Heidenreich et al 2024).

4.4. Model improvements and future research directions

While this study focused on a broad set of indicators for P reduction in livestock systems, it is import-
ant to acknowledge that livestock systems entail additional environmental burdens not captured in our
analysis. For instance, cattle are associated with methane emissions, while manure management practices
across both cattle and pig systems also contribute to ammonia emissions (Dong et al 2006). These emis-
sions, along with other potential environmental impacts such as biodiversity loss, further complicate the
environmental footprint of livestock systems and must be considered in future assessments to provide a
more holistic evaluation.

Additionally, while ASP is a useful aggregate indicator, it assumes equal value across different live-
stock products, despite differences in market value and value-chain requirements for pig meat, beef, and
milk. Future research should therefore complement ASP-based analyses with farm-level economic assess-
ments and value-chain perspectives, such as the availability of processing facilities, and assess poten-
tial off-site effects, where unchanged national demand for specific ASP types may shift production and
associated environmental burdens to other regions (Seppelt et al 2011, Friis and Nielsen 2019), thereby
addressing key cross-scale blind spots in agricultural landscape modelling (Heidenreich et al 2024).

Although our analysis covers a broad set of P reduction strategies, some measures were not represen-
ted in the scenarios. These include strategies to enhance feed efficiency in lactating cows, such as recom-
binant bovine somatotropin (rbST) injections, which have been shown to reduce P excretion per unit of
milk by around 12% (Capper et al 2008). While currently not permitted in Switzerland, the hypothet-
ical inclusion of such measures in further research could illustrate the potential of animal-level efficiency

20



10P Publishing

Environ. Res.: Food Syst. 3 (2026) 025011 A Heidenreich et al

gains to further reduce P excretion in future livestock systems. In addition, downstream manure manage-
ment options, such as liquid—solid slurry separation, were not considered (Kleinman et al 2020). When
combined with increased FYM exports, these interventions may have a great potential to reduce local P
surpluses (Stoll et al 2019).

Moreover, the final P load entering water bodies is strongly influenced by local topography, climate,
soil characteristics, and the rates and timing of crop fertilization (Sharpley 2016). Future research could
explore integrating these spatially explicit factors, along with soil and land management practices, which
were not included in our model. The LEAElivestock model developed in this study thus provides a risk
assessment, i.e. an indication of which scenarios are more or less likely to result in high P losses to water
bodies. However, determining the actual outcomes requires integration with landscape, land manage-
ment, and hydrological models. The LEAElivestock model offers great potential for such integration,
which would enable more comprehensive environmental assessments and help address key blind spots
in agricultural landscape modelling, as identified by Heidenreich et al (2024).

To address the nutrient-related challenges in the watershed of Lake Sempach, the model outputs
presented here offer a valuable foundation for evidence-based dialogue among stakeholders and poli-
cymakers. The broad range of viable and Pareto-optimal scenarios that partly achieve similar results with
quite different strategies allows for nuanced assessment of trade-offs and the weighting of indicator pri-
orities. Building on this, future research should incorporate barrier analysis, stakeholder engagement, and
a robust evaluation of required adaptations. These steps will be crucial for defining realistic transition
pathways, from current systems to more sustainable targets. Guiding questions such as how far farms
must shift, and which options demand the least transformation, will be central to enabling feasible and
socially accepted change.

5. Conclusion

Using the LEAElivestock model, we explored over 4.9 million scenarios to identify viable pathways

for reducing P excretion from livestock production in the Lake Sempach catchment. Across all Pareto-
optimal solutions, a reduction in livestock density to 65%-90% of current levels emerged as a consistent
requirement, highlighting the need for structural change in regional livestock systems. The analysis fur-
ther shows that comparable environmental outcomes can be achieved through different combinations of
management strategies, underlining the importance of exploring multiple locally adapted optima rather
than relying on single ‘best’ solutions. At the same time, all viable scenarios rely on leakage effects, such
as feed imports, manure export, or off-site rearing, indicating that local P reductions are closely linked
to environmental pressures outside the catchment.

Opverall, this study demonstrates the value of LEAElivestock for systematically assessing trade-offs
between environmental impacts and protein production. By supporting region-specific and evidence-
based insights, the model provides a useful foundation for stakeholder dialogue and policy planning
aimed at transitioning livestock systems to operate within ecological limits.
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