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ABSTRACT

Switzerland has a wide diversity of soil types that are subject to pressures of varying intensity and scale. Localised pressures such
as compaction, sealing or heavy metal accumulation threaten both short- and long-term soil fertility and food production. Large-
scale trends such as the intensive use of fertilisers or continued cultivation of organic soils can have effects on the ecosystem
functioning of an entire region. Many of these pressures are concentrated on the Swiss plateau, which covers only about one third
of the country and contains both the densest population and the most productive soils. We here review the main soil challenges
of Switzerland and examine to which extent these challenges are addressed by different legal frameworks. Soil erosion, contami-
nation as well as nutrient availability and use efficiency are all best described in the scientific literature and regulated by policies.
In contrast, for several pressing soil challenges such as soil organic carbon loss, biodiversity loss or soil compaction only limited
policy instruments are in place. We also report on the key findings of the 5-year EJP SOIL project that aimed to address several of
these soil challenges in research projects of different scale. We discuss the key findings relevant for Switzerland, and outline their
implications for various stakeholder groups, including researchers, policy makers, farmers, land managers and advisors. This not
only enhances the value of the research outputs for stakeholders but also demonstrates how a research programme of this scale
can directly benefit different national stakeholder groups.

1 | Introduction conflicts of interest in using soil, especially because the provi-

sion of specific functions can impede the provision of another
Soils provide a variety of ecosystem services including the function. For example, land for construction competes with
possibility for food, feed and fibre production, water filtration, land for food production or nutrient-loaded agricultural soil
carbon (C) storage and habitat provision (Greiner et al. 2017; often exhibits reduced water filtration efficiency (Reyes-Rojas
Drobnik et al. 2018). Given their finite availability, there are et al. 2025).

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,
provided the original work is properly cited.
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Highlights
1. Diverse Swiss soils face localised and large-scale envi-
ronmental pressures.

2.Legal and management tools address soil degradation
and protection needs.

3.EJP SOIL advanced climate-smart farming research
across Switzerland.

4.Findings guide researchers, policymakers and practi-
tioners in soil management.

The critical role of soils is increasingly acknowledged in pol-
icy making. This is reflected in legislative initiatives such as
the recently adopted EU directive on soil monitoring and resil-
ience (Soil Monitoring Law) or in different national legislations.
Simultaneously, there is still a paucity of information on how to
quantify soil functioning to be applicable and comparable across
different scales, timeframes and countries. One main challenge
is the intrinsically strong heterogeneity of soils, making it often
difficult to adequately down-scale general findings to specific
locations or to account for the full complexity of soils while de-
veloping a simple metric for soil functioning (Feeney et al. 2023;
Hollis et al. 2025).

A good example for this conundrum is Switzerland, located in
Central Europe. The country is dominated by two mountain
ranges that limit the area available for providing key ecosystem
services in relation to agriculture to about one third of the coun-
try's surface where population density is the highest. With pop-
ulation expected to grow, pressures on soils will likely increase
further. Consequently, better process understanding and tar-
geted stakeholder communication are essential to maintain soil
functions for future generations, which is however challenged
by several constraints. This review article thus has two major
aims. First, we provide a comprehensive overview on the soil
challenges of Switzerland, identify knowledge gaps and how spe-
cific soil challenges are addressed in legislation. This is done to
enable an international benchmarking and for aiding future proj-
ects for setting priorities on the most urgent research questions.
Second, we provide a concrete example of a 5-year European
Joint Programme (EJP SOIL) that aimed to address some of these
challenges with a special focus on agricultural soils. We discuss
the key findings relevant for Switzerland, and outline their im-
plications for various stakeholder groups, including researchers,
policy makers, farmers, land managers and advisors. This not
only enhances the value of the research outputs for stakeholders
but also demonstrates how a research programme of this scale
can directly benefit different national stakeholder groups.

2 | Material and Methods

2.1 | Identification of Major Soil Challenges in
Switzerland

The major soil challenges in Switzerland were identified by screen-
ing the Swiss soil strategy (FOEN 2020b), as well as the project
reports of the Swiss National Research Programme NRP 68 ‘Soil
as a Resource’ (Steiger et al. 2018) that analysed sustainable soil

use in Switzerland between 2013 and 2017. We synthesised the
main challenges in six topics and provided information on ac-
tive legislation on specific topics. ‘Soil sealing and land-use con-
flicts’ were excluded from the current study because they cannot
be tackled directly by agricultural soil management, but only by
spatial planning policies that were beyond the scope of EJP SOIL.
For the visualisation of regions where specific soil challenges are
particularly imminent, we created maps by using various indica-
tors such as sealed surface area for the challenge of soil sealing or
nitrogen (N) and phosphorus (P) losses for the challenge of high
nutrient loads. All maps were created using the QGIS 3.36 soft-
ware. A comprehensive list of available soil databases, monitor-
ing schemes and soil monitoring networks from Switzerland was
compiled, including information on the start of the observations,
the number of sites or entries and the considered soil data.

2.2 | Case Study EJP SOIL: Design, Aims
and Synthesis of Swiss Projects

From January 2020 to January 2025, EJP SOIL brought together
26 partner organisations in 24 European countries to perform co-
ordinated research on climate-smart, sustainable management of
agricultural soils. Agroscope, the Swiss centre of excellence for
agricultural research, participated in EJP SOIL activities as one of
the partner organisations. The respective research objectives were
defined in close collaboration with Swiss national stakeholders to
align scientific work with local knowledge gaps and needs. The EJP
SOIL consortium conducted a series of pan-European stocktakes
and surveys. Each inquiry was performed at the national level and
later synthesised into European reports. Depending on the topic,
national stocktakes comprised stakeholder and expert consulta-
tions, analyses of current and future soil policies, or reviews of
peer-reviewed and grey literature. The topics addressed various
aspects of sustainable land use, knowledge and data availability,
as well as policy requirements (Table S1). Beyond the reports,
peer-reviewed studies originated from the stocktakes, covering soil
science knowledge and education (Vanino et al. 2023; Veenstra
et al. 2024; Walter et al. 2024), sustainable soil management
(Thorsee et al. 2023; Keesstra et al. 2024; Paz et al. 2024; Weninger
et al. 2024), fertiliser recommendations (Higgins et al. 2023;
Jordan-Meille et al. 2023), soil structure and soil hydrological func-
tioning (Blanchy, Bragato, et al. 2023; Blanchy, Albrecht, Bragato,
et al. 2023; Blanchy et al. 2024), achievable soil organic carbon
(SOC) sequestration potential (Rodrigues et al. 2021) and soil mon-
itoring networks (Froger et al. 2024; Mason et al. 2025). The Swiss
contribution to the stocktakes—covering soil challenge prevalence,
management strategies, the capacity of the agricultural knowledge
information system (AKIS) and policy analyses of current and fu-
ture soil policies—were summarised by Heller et al. (2021). This
report included a stakeholder consultation-based ranking of soil
challenges and a policy gap analysis for Switzerland.

Based on the pan-European stocktakes, knowledge gaps and
research needs were identified, leading to a research roadmap
for EJP SOIL (Keesstra et al. 2021) and, subsequently, calls
for research projects (Adamczyk et al. 2024; Stangl, Briefer,
et al. 2024; Stangl, Minixhofer, et al. 2024) that were launched.
As a result, 26 research projects across six topics (Borchard,
Leppild, et al. 2024; Borchard, Rodriguez, et al. 2024; Leppild
et al. 2024) were conducted. Researchers from Switzerland
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TABLE1 | Overview on the research activities conducted with EJP SOIL with Swiss contribution.
Relative
# Project acronym Project title contribution (%)
1 MaxRoot-C Optimising C inputs in annual cropping systems 14.3
2 SoilX Soil management to mitigate climate change- 11.6
related precipitation eXtremes
3 CarboSeq Soil organic carbon sequestration potential 8.9
of agricultural soils in Europe
4 SIMPLE Scenario modelling for assessing impacts of policy changes 8.9
and socio-economic effects on ecosystem services of soils
5 ARTEMIS Agro-ecological strategies for promoting climate change 8.9
Mitigation and Adaptation by enhancing soil ecosystem
services and sustainable crop production

6 ROAD4SCHEMES Roadmap for carbon farming schemes 8.3
7 ProbeField A novel protocol for in-field monitoring of soil carbon stock, 7.7

based on proximal sensors and soil spectral libraries
8 SoilCompaC Mapping and alleviating soil compaction in a climate change context 7.1
9 INSURE Wet management of cultivated peatlands a 6.6

sustainable land use option for peat soils

10 TRACE-Soils Trade-offs between soil carbon sequestration, greenhouse 6.3

gas emissions and nutrient losses in agricultural soils

across Europe: mechanisms and management options
11 STEROPES Stimulating novel Technologies from Earth Remote 2.4

Observation to Predict European Soil carbon
12 MINOTAUR Modelling and mapping soil biodiversity 2.3
patterns and functions across Europe
13 EJP SOIL working Supporting harmonised soil information & reporting 1.8
package 6
14 i-SoOMPE Innovative Soil Management Practices across Europe 1.6
15 EOM4SOIL External organic matters for climate mitigation and soil health 1.5
16 CLIMASOMA CLIMAte change adaptation through SOil and crop 1.2
MAnagement: synthesis and ways forward
17 SIREN Stocktaking for Agricultural Soil Quality and Ecosystem 0.3
Services Indicators and their Reference Values

18 PRAC2LIV Fostering soil management PRACtices and uptake and developing 0.1

decision support TOols through LIVing labs in EU

Note: The relative contribution estimates the resource-allocation to specific topics, based on the person-months dedicated to each activity (sum =100% = the total
amount of research time invested from Swiss partners to the project).

contributed to 18 projects, coordinated three, and were also in- 1. Key outputs and findings—including stocktakes with Swiss

volved in studies that addressed national soil monitoring and in-
formation systems. An overview of these projects is provided in
Table 1, including the allocated resources per project.

2.3 | Synthesis of Switzerland-Related Research
Activities Within EJP SOIL

At the end of EJP SOIL in January 2025, each lead scientist from

participation, experimental research findings conducted on
Swiss soils samples or long-term field experiments as well as
modelling studies relevant to national conditions.

2. Details for each output, including a short description, sci-

entific conclusions and suggested next steps.

3. Stakeholder implications for: (i) Swiss farmers, advisors and
companies, (ii) legislations and administrations and (iii) sci-

Switzerland involved in at least one project (Table 1) completed

asurvey identifying outputs most relevant to national stakehold-

ers. The survey covered:

entists and researchers on a national and international level.

Responses of the survey were reviewed by a core team to iden-

tify overarching themes that coherently cover the large diversity
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of projects and therein addressed topics. This resulted in six
themes that represent the key output of the project with direct
relevance for different Swiss stakeholders. After summarising
these six main themes we discussed these themes and their po-
tential impact on three different stakeholder groups, namely re-
searchers, legislators and practitioners in the field.

We further revisited the initial demands of the Swiss stake-
holders and evaluated to which extend the soil challenges they
had named were addressed within the EJP SOIL research ac-
tivities. For this, we grouped the stakeholder perception of soil
challenge relevance (Heller et al. 2021) in categories ranging
from irrelevant (e.g., salinisation) to highly important (e.g.,
compaction). For each of the soil challenges we also evaluated
to what extent it was addressed by the accumulated scientific
literature of the last 15years by using a scientific literature
search engine screening for articles that name the combination
of the keywords in their abstracts (details in Table S2). Lastly,
we evaluated the internal resource allocation from the Swiss
project partner to each of the soil challenges. For that we al-
located each of the research activities listed in Table 1 to the
soil challenges that they addressed. We then divided the total
number of dedicated person-months by the number of personal
months dedicated to each soil challenge to identify where most
resources were invested in.

3 | Results

3.1 | Switzerland's Geography and Soil
Information

Switzerland covers about 41,000km? and is divided into three
regions: (1) the alpine region (63%), dominated by mountain
ranges and harsh climatic conditions; (2) the Jura-mountain
ridge (10%); and (3) the Swiss Plateau (27%) in between hosting
most of Switzerland's population (FSO 2021a) and croplands
(Figure 1la). About half of the country lies at altitudes higher
than 1,000m above sea level. The continental and alpine en-
vironmental zones dominate (Metzger et al. 2005), with the
mean annual temperatures on the Swiss Plateau ranging from
8°C to 12°C and precipitation ranging from 550 to 2,000 mm
(MeteoSwiss, n.d.).

Land use is 35% agriculture, 32% forestry, 8% housing and in-
frastructure and 25% are declared as ‘unproductive’ area, with
either no or no productive vegetation, including water bodies
and glaciers (FDFA 2023). Pedoclimatic conditions determine
regional agricultural land use. Shallow, nutrient poor alpine
soils are predominantly used as grasslands, while lowland min-
eral and organic soils, the latter often drained, support crop and
vegetable production (Steiger et al. 2018). Switzerland relies on
food imports (Ritzel et al. 2024), with 56% of consumed food
produced abroad (Agrarbericht 2024c).

Due to Switzerland's diverse geology, topography, climate and
varying time periods available for soil formation since the last
glacial maximum (~24,000years), a large diversity of soil types
(Sprafke et al. 2025) can be found in close proximity (Figure 1b).
Shallow Leptosols and Regosols dominate the Alps, while calcar-
eous Leptosols dominate in the Jura, and Cambisols, Luvisols,

Gleysols and Histosols are predominant in the Swiss plateau.
Although a large-scale national soil suitability map for agricul-
tural land use exists (Frei et al. 1980), digitalised by FSO (2000)
(Figure 1b), 81% of the agricultural land lacked detailed soil maps
in 2019 (Rehbein et al. 2019). Following the transfer of soil map-
ping responsibilities from the federal service to the 26 cantons
in 1996 (FOEN 2017; Steiger et al. 2018), soil mapping intensity
varied. Some cantons have completed soil mapping at a nominal
scale of 1:5,000, while others are still expanding coverage, using
heterogeneous methods that affect comparability. To address this
issue, a harmonisation and revision of the Swiss soil classifica-
tion system has recently been conducted and will be published
in 2026.

The Competence Centre for Soil (KOBO/CCS), established in
2019, currently harmonises and develops methods for field and
lab soil evaluation, and supports the national soil mapping ef-
forts, which are planned between 2029 and 2050. Although na-
tionwide soil mapping requires significant investment, recently
developed techniques such as digital soil mapping make it pos-
sible to produce soil maps tailored to diverse stakeholders needs,
generating a projected net economic benefit for society (Steiger
et al. 2018).

Complementary to the soil mapping activities, several soil
monitoring programmes are in place to assess soil qual-
ity and its development at varying temporal and spatial
scales (Table 2). The nation-wide Swiss Soil Monitoring
Network (NABO), established in 1984, monitors heavy met-
als concentrations, organic pollutants, SOC, nutrients, as well
as key soil biological and physical properties (Desaules 1993;
VBBo 1998).

3.2 | Specific Soil Challenges in Switzerland
3.2.1 | Soil Sealing and Land-Use Conflicts

Sealed areas (i.e., land permanently covered by impermeable
materials) have in Switzerland increased by 40% over the last
30years (Figure 1c), affecting most often former grassland or
arable soils (FSO 2021b, 2024). Soil sealing progresses at approx-
imately 18km? per year (FOEN 2020b), equivalent to 0.044% of
Switzerland's surface. Protecting fertile soils for food produc-
tion is especially critical as agricultural land is already scarce
(Charles et al. 2018) and the population of 9 million continues
to grow by about 1% annually (FSO 2026). Soil sealing is ad-
dressed by three spatial planning instruments: The Federal Act
on Spatial Planning that defines agricultural and building zones,
the Sectoral Plan of Cropland Protection, preserving 438,460 ha
of prime cropland (ARE 2020) and regulations concerning con-
struction activities outside building zones (Leuthard et al. 2016).
However, these instruments are not legally binding at the lower
administrative levels and consequently lead to a net loss of soil
for agricultural production. Furthermore, planning authorities
are not necessarily required to compensate for the loss of the
most fertile soils (Oliveira et al. 2019). Research on restoring
soils (including unsealing) remains limited, and the capacity of
restored soils to provide services requires further study (Tobias
et al. 2018). Generally, the loss of agricultural land increases the
pressure and use intensity on the remaining farmland to sustain
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FIGURE1 | Biogeographical regions of Switzerland (a) according to FOEN (2020b) and FSO (2021a) and (b) dominant reference soil groups in
Switzerland according to WRB classification (Frei et al. 1980; digitalised by FSO 2000). Sealed and artificial (c) soils according to the Swiss land use
statistics 2018 (FSO 2021b). Qualitative soil erosion risk of arable soils (d) modelled with RUSLE (Bircher et al. 2019). Wheel load carrying capacity
(e) at maize harvest in September modelled with SaSCia (Agrarbericht 2024b; Weiss and Keller 2024). Soil organic carbon (f) stocks to a depth of
1.2m (Stumpf et al. 2026). Diffuse N (g) and P (h) losses modelled with MODIFFUS (Hutchings et al. 2023). (i) Topsoil Arsenic concentration taken

from Reusser et al. (2023).

food security (FOEN 2020b). The Swiss Soil Strategy aims to re-
duce the loss of soil functions by requiring restoration or com-
pensation measures when construction projects impair local soil
functioning (FOEN 2020b).

3.2.2 | Soil Erosion

Erosion—the translocation of soil particles—is largely driven
by inadequate soil management, such as insufficient soil cover
or tillage at unsuitable location or time (Blanchy, Bragato,
et al. 2023). It threatens soil fertility since topsoil, rich in organic
C and nutrients, is most affected. The Ordinance of soil protec-
tion (VBBo 1998) sets the legally tolerable soil loss at 2tha=!y~!
for soils with a profile depth of 0.7m, and 4tha~'y~! for deeper
soils. The nation-wide soil erosion risk maps for arable lands
(Bircher et al. 2019) and grasslands (Schmidt et al. 2019) sup-
port local authorities and farmers to identify erosion prone
areas (Figure 1d). Appropriate local measures are required in
these areas (FOEN and FOAG 2013; Prasuhn et al. 2017). The
farmer-to-farmer-extension model has shown to be effective in
the dissemination and adaptation of soil protection practices
(Schneider et al. 2009). A 20-year on-farm soil erosion monitor-
ing network programme across 203 fields in the Canton of Bern
showed erosion rates decreasing from 0.74tha='y~! (1997-2007)

to 0.20tha=ly~! (2007-2017) (Prasuhn 2020) by a wider use of
conservation tillage driven by improved financial incentives
(Prasuhn 2012, 2020; Charles et al. 2018). In 2017, conservation
tillage covered 70,000 ha, that is, a quarter of Switzerland's ara-
ble land (Prasuhn 2020).

3.2.3 | Soil Compaction

Soil compaction, an unintended result of soil management, af-
fects the multifunctionality of soils by degrading soil structure,
disrupting C and nutrient dynamics and decreasing water in-
filtration and storage capacity (Horn et al. 1995; Colombi and
Keller 2019).

High agricultural mechanisation with increasing machine
weight and a humid climate have led to substantial soil compac-
tion risks across Switzerland (Figure le; Weiss and Keller 2024).
Although soil compaction being part of legal directives
(Ordinance Relating to Pollutants; VBBo 1998; PEP [Proof of
Ecological Performance]), enforcement tools are still lacking
(Charles et al. 2018). Federal authorities and farmers advisors
provide guidelines to assess and reduce compaction risk in ag-
riculture, including the web-based Terranimo model (Stettler
et al. 2014; FOEN 2017) and a national compaction risk map

European Journal of Soil Science, 2026

5 of 20

85U8017 SUOWILLOD 8A 181D 3ot [dde 8Ly Aq peusnob ke sejoiiie YO ‘SN JO Sa|n 10} ARIq1T78UIUO 48]/ UO (SUOIPUOD-PUR-SWUBILO" A3 1M ARe1q U1 UO//SdNL) SUOIIPUOD pue SWwie | 84} 89S *[9202/S0/TE] U0 ArigITauliuO A8]IM ‘5o aiwepex Y 8YdsLieziemyos Aq GGE0. SSB/TTTT 0T/I0p/Woo A8 |imAIq1 Ul jUO'S [UIN0BSSy/:Sdny Woiy papeojumod ‘€ ‘9202 ‘68E2S9ET



13652389, 2026, 3, Downloaded from https://bsssjournals.onlinelibrary.wiley.com/doi/10.1111/ejss. 70355 by Schweizerische Akademie Der, Wiley Online Library on [31/05/2026]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

(senunuo))

[938yonaN Jo AJSIdATUN

Anproe ‘N/D ‘N DL D0S €861 000'% < o) 1e A1R1q]] [10S aaryore afdures
(dAd) soueULION g
[eo130[00F JO JOOIq SWAYDS
PassnosIp A[JULIND Ap1sqns Y3 Jo JIomawej
(sprosdoy Teanynorade ur ATUo) AJIPIoe ‘SJUSLINN uorsuadsns ‘010z 1eak 1ad 000‘0E~ Y} UIYIIMm SISA[eUR [I0S WI9ISAS SULIONTUOIA
TS\ Yo1easay adeospue]
pue MOUS “I1S10] 10
UOISUD) I9)eM [I0S ‘Injsiowt nInsu] [eIdpad 2yl jo sord
[10S “A1)STUIdYD UOTIN[OS [10S 1661 LT Surrojruour 3s910§ ULI}-3U0T WI9ISAS SULIOITUOIA
UTR.LId) SNOUTRIUNOW Ul
a1njeradwo) [10S ‘9INISIOW [0S €102 9 arnjsiows [I0S—LNNOWOINOS W9ISAS SULIOITUOIA
(wreidoig ysnoiQg
[euoneN 9y jo 109foidqgns)
101N SULIOIUOIN
aInjsiouwt [10§ (Lz0?) Sutwoodn 0z< 9INISIOIN I0S [BUOTIEN WD)SAS SULIOITUOIA
(XHINSSSIMS)
juswrtrad X H 9INISION [10S
SSIMS U3 UTYIIM JI0MIdU
a1njeradwa) [10S ‘QINISIOU [0S 8002 61 JUSUIAINSBAW INISIOW [I0S WIDISAS SULIOITUOIA
JI0M)ON UOIIeSIII]
a1njeradua) [10S ‘UOISUI) I9)eM [IOS ‘9INISIOW [I0S 9102 0S¢z~ 9Y} 10J JI0M}OU I0SUSS wWAISAS FULIOITUON
SU0jULd 97 JO INO 1T Aq
UOoISUd) I3)eM [I0S ‘@Injsioul [10S 9661 S9 parerado JI10mI9U 2INISIOW [10S W9ISAS SULIOITUOIA
(SO V) syIomidu JAIYDIR
sjueingod uo siseyduws yim ‘Surhkiep (S086T 93 Ul 3SAI[IBD) SUTATRA 078~ durrojruour [10s [eRUOIURD orduwres pue wasAs FULI0ITUON
(Nag) pueiez)img
STUSWII[A [BIIWAYD €S “DOS Suriojruoq KysIsArporg 9y SAIYDIE
‘s1ojourered [eorsAyd q1os o1seq 0102 0021~ urqm gurdwes prig jrosdog, orduwres pue waisAs FUTIOITUON
K3ojo1q 1108 ‘A)IPIoe ‘syuaLnnu (SVAd
‘sopronsad ‘spejowr £aeay) syueinjjod (O9VN) JI0MIN QAIYOIR
‘)OS ‘s1ojowrered [edrsAyd [1os J1seq 861 SOL 3UII0JTUOIA] JIOS SSIMS o[dwres pue wasAs FUTI0ITUON
pa1apisuod sannaxadoag Qours eyeq SOLIJUD BIRP/SIIIS owreN adAg,

"PUBIISZIIMS UT $39[eds [erodwa) pue [erjeds JuaIajjIp e sor1adoid [10s SUISSaIppe SIOMIIA BIEP PUE. SAATYIIe d[dures 10s ‘Swa)sAs Suriojiuow 1ofewr joisry | ¢ ATAV.L

European Journal of Soil Science, 2026

6 of 20



13652389, 2026, 3, Downloaded from https://bsssjournals.onlinelibrary.wiley.com/doi/10.1111/ejss. 70355 by Schweizerische Akademie Der, Wiley Online Library on [31/05/2026]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

7 of 20

'€S 9[qe L ul papraoid axe ad£) SurI0)TUOW YIRS 0) SOOUIIJY 2JON

18910 SSIMS Y} 10]
sdews [10s UONN[OSAI-YSIH IOMITA BIR(

*039 ‘UonIRdIIpIOE ‘sjyueinjjod
‘uoqred oruedio [10S
‘uonoeduwod <39 ‘uoneWIOJUL
[10S [eUOI3a1 pue [eUONIBU
Sur19A09 sdew ;10§ 10J 913URD
douajedwo) ayj jo 1eyaod [10S IOMIIA BIR(

PUEBIZIIMS JO sdey ANTIqeInS
[10S Y} PUE PUB[IAZIIMS JO
SB[}V [EOIWAY0095) 3y} Jo sdewr
o) se yons ‘sdewt paje[aI-[I0S
Kuew Surpnpout [e310doad

[BIS9PaJ SSIMS YO UTUIpe 033 IOM3IA BIR(
"Jsonbai uo J[qe[reAE
A1e1q1] [10S TSAA U3 UI STIOS }S910 JO UOZII0Y Ble "(JUBqUIIBPUSPOY)
15d senadoid TeorojoydIowr Teorurayd ‘TedIsAyd 6002 sorgoxd [10s 0007 < aseqejep [10S TSM A1011s0dar viRQg

JaseIe(] [10S SSIMS 3sanbarl
UO J[qe[IeAR ‘SAILIOYINE
[BI9paJ pue [BUOJUED 10

Apurew wiopyerd ejep [10s

Kyproe ‘syuarnnu ‘syueingjod ‘HOS ‘s1ojowrered pareys—(LVAOIVN) WdlsAs
1eo1sAyd [1os o1seq ‘uondirosap 9[ijoid GS6T 000°CH~ UOIJBUWLIOJUI [10S [BUOIIEN A1011s0da1 v1RQ
TS Yo1easay adeospue]
pUB MOUS “1SI10] 10 8
9ININISU] [BIIPI SSIMS Y3 JO M
sonradoid Teorurayod ‘TesrsAyd ‘resrdojoydioy 00V T~ so[1joad [10s Jo aseqejep [10S K1oy1sodar vjeq 3
Q
[95)
sordures [rosqns TS Yo1easay adeospue] 5
[95)
058°T pue [1osdoy pue moug ‘)S310,] I10J =
uozrioy Jod seniodoid 000°CZT "®d ‘saqyoxd ININSU] [BIIP] SSIMS E
[eor3ojoydiour ‘TedTwIayd ‘TedIsAyg SL6T 10S 000°C < 9 JO JATYIIE [0S }SAI0] dAIyoIe opdures M
pa1apisuod sannaxadoag Qours eyeq SOLIJUD BIRP/SIIIS QwreN adAy, W
2
(ponupuod) | ATAVL | &



(1:200,000 scale; Peyer 1988). An inter-cantonal network also
provides real-time soil moisture data to guide agricultural field
traffic and construction activities (Meteotest and Kantonale
Fachstellen, 2025).

Beyond agriculture, major infrastructure projects—such as
roads, pipelines or buildings—can cause severe soil compaction.
Switzerland addressed these issues by introducing the pipeline
construction soil protection guidelines in 1997 (FSKB 2021;
FOEN 2022, 2024).

3.2.4 | Climate Change and Related Loss of Soil
Organic Carbon

Soils store more C than the atmosphere and vegetation com-
bined, making them a key global C pool (Schils et al. 2008).
Maintaining or increasing SOC supports both climate change
mitigation and adaptation, for example by enhancing soil water
retention (Sanderman et al. 2017).

In Switzerland, agricultural soils emit substantial amounts of
nitrous oxide (N,0) and carbon dioxide (CO,) (FOEN 2025b).
About 10% of agricultural emissions stem from peat oxida-
tion of organic soils drained for agriculture. Climate change
is expected to intensify summer droughts and heavy rainfall
(Scherrer et al. 2016). By 2060, major soil-related risks include
altered hydrology and composition of soils, thawing perma-
frost and greater soil erosion caused by extreme precipitation
(FOEN 2025a). Faster organic matter decomposition may fur-
ther impair soil fertility (Volk et al. 2022).

Data from the Swiss Soil Monitoring Network NABO (> 100
sites) showed mostly stable SOC concentrations in mineral soils
from 1985 to 2019, with average values ranging from 30.8 to
96.6 g C kg! soil for 0-0.2 m soil depth (Gubler et al. 2019; Moll-
Mielewczik et al. 2023). Remaining organic soils (32,700 ha or
30% of the original area), store about 30 Mt of C (Wiist-Galley
et al. 2020; Wiist-Galley and Leifeld 2025). Organic soils and
their C stocks are still threatened by peat mineralisation, soil
subsidence and compaction due to loss of organic matter driven
by continued drainage (Hagedorn et al. 2018). Continued soil
degradation could emit up to 100Mt CO,-eq (Wiist-Galley
et al. 2015). Rewetting drained organic soils is the most effec-
tive mitigation pathway, reducing CO, emissions and enhanc-
ing biodiversity (Tiemeyer et al. 2020; Darusman et al. 2023;
Paul et al. 2024). However, peatland rewetting faces economic
barriers (Hagedorn et al. 2018) since C credit revenues rarely
offset lost agricultural income (Ferré et al. 2019). In the next
decades, large parts of Switzerland's drainage infrastructure
is reaching the end of its lifetime, and the need for its renova-
tion has led to a debate on whether drainages should be ren-
ovated or peatlands restored (Béguin and Smola 2010; Weber
et al. 2019). Alternatives to peatland rewetting include cover-
ing organic soils with mineral soil and concurrently increasing
water table depth, or converting them to wet production, for
example, rice (Paul et al. 2024; Widmer et al. 2026).

Non-agricultural bogs, often dominated by organic soils, are
strongly protected after a popular petition (‘Rothenthurm-
Initiative’) in 1987, which includes the prohibition of peat

mining. However, until today about 500,000 m? of peat are annu-
ally imported, used mainly for the production of vegetable seed-
lings. In 2010, the Federal Council started evaluating options to
reduce the import of peat (The Swiss Federal Assembly 2010).

Carbon sequestration in mineral agricultural soils remains a
core climate change mitigation strategy (Roe et al. 2019; Walker
et al. 2022). Guidelines and tools support farmers in maintain-
ing and increasing SOC (Zihlmann et al. 2019; Oberholzer
et al. 2025). Carbon farming initiatives—private and cantonal
(e.g., Solothurn, Basel-Country and Grisons)—provide finan-
cial incentives for climate-smart practices through result-based,
action-based, or hybrid models (Huber et al. 2022). These require
reliable quantification and certification of SOC and CO, removal.

3.2.5 | Unbalanced Fertilisation
and Contaminant Inputs

Excessive nutrient loading from intensive agriculture can cause
eutrophication and introduce pollutants such as plant protec-
tion products (PPPs) and antibiotics into the food chain (Bucheli
et al. 2023).

Despite reductions, between 2020 and 2022, Swiss farmland
still received average nutrient surpluses of 86kgNha~ly~! and
4kgPha ly! (Spiess and Liebisch 2024). In livestock-dense re-
gions, this contributes to nitrate contamination and P-driven
eutrophication of soil and water bodies (Binderheim 2018;
FOEN 2019, 2020b; Tu et al. 2019). Farmyard manure remains
the main fertiliser in Switzerland (Carlen et al. 2017). National
nutrient reduction targets align with the EU farm to fork (F2F)
strategy (EC 2020), but are more modest and attainable (Harder
and Liebisch 2025).

In some management systems PPP use has led to widespread
pesticide residues persisting in soils decades after applications
(Bucheli et al. 2023; Riedo et al. 2023; Barmettler et al. 2025).
The Swiss Government's 2017 action plan on sustainable ap-
plication of PPPs includes over 50 measures, including the es-
tablishment of a multi-residue analysis method in soils (Rosch
et al. 2023), bioindicators for soil fertility, soil protection values
and long-term monitoring (Agrarbericht 2024a).

External organic matter (EOM) such as compost, diges-
tates and formerly sewage sludge (banned from application
in 2006) can introduce contaminants into the soil and food
system. Repeated application of such material to soils can in-
crease their concentrations beyond levels considered as safe
by current legislation. Few compounds, such as heavy metals
or polycyclic aromatic hydrocarbons (PAHs), are regulated in
Europe and Switzerland. While concentrations of these con-
taminants remain mostly lower than guide values (Bridndli
et al. 2007), other contaminants, such as microplastics, are
known to be excessively found in EOM, such as sewage sludge
(Corradini et al. 2019) or compost (Braun et al. 2021). Annual
plastic input into soil via compost and digestate is estimated to
be 50tyr~! (Kalberer et al. 2019).

Biochar application has expanded as a strategy to improve
soil quality and to increase SOC. Switzerland was the first
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country to regulate biochar production in 2012 (Bachmann Jr
et al. 2016) and aligned in 2024 its regulations with EU stan-
dards (EU 2019/1009) while maintaining strict application lim-
its (Hagemann 2025).

Sites with heavy metal contamination are managed under the
Contaminated Sites Ordinance (2025), with major sources
including shooting ranges and chemical industry pollution.
Several cantons (e.g., Zurich) have mapped potential hotspots of
contaminated soils to prevent untraceable spreading of contami-
nated soils (Schulin et al. 2018), including sites with high arsenic
concentrations of geogenic origin (Figure 1i), leading to restric-
tions of agricultural land use (Schmutz et al. 2018). Future risks
can be reduced by using low cadmium (Cd) and low uranium
(U) fertilisers (Bigalke et al. 2017), and uncontaminated manure
and slurry (Gubler et al. 2015).

3.2.6 | Soil Biodiversity Decline

Soil biodiversity plays a vital role in ecosystem functioning, yet
many studies report that land-use intensification leads to ho-
mogenisation and overall reductions in soil biological diversity
(Peng et al. 2024; Eisenhauer et al. 2026). For example, pesticide
presence in soils has recently been linked to declines in the di-
versity of beneficial organisms, such as arbuscular mycorrhizal
fungi (Kdninger et al. 2026). At the same time, some researchers
have observed higher microbial taxonomic diversity in inten-
sively managed arable soils compared to grasslands or forests.
However, these increases are often driven by the proliferation
of opportunistic or undesired taxa, such as plant pathogens,
rather than by functionally beneficial communities (Labouyrie
et al. 2023). This highlights that taxonomic diversity alone does
not necessarily reflect improved ecosystem functioning, and
that both taxonomic and functional dimensions of soil biodiver-
sity must be considered. Long-term trends nevertheless remain
unclear due to the lack of consistent soil biodiversity monitoring
(Gschwend, Hartmann, Hug, et al. 2021; Campiche 2025).

Indicators and protocols for assessing landscape-scale bio-
diversity exist, including standardised approaches to quan-
tify microorganisms, soil fauna and biological activity. This
covers metrics such as microbial biomass and community
composition, functional groups identified through metabar-
coding, soil enzyme activities and the abundance and diver-
sity of nematodes, micro-arthropods and earthworms (Herzog
et al. 2017; Martin et al. 2019). However, economically via-
ble, site-specific practices for promoting soil as a habitat and
enhancing soil biodiversity are still needed (Riggi et al. 2025;
Romero et al. 2025).

3.3 | EJP SOIL Findings, Addressing Specific Swiss
Soil Challenges

3.3.1 | Resilience Against Climate Change: Mitigation
and Adaptation

A review of 127 meta-analyses showed that organic soil amend-
ments and continuous soil cover significantly enhance the soil
water regulation function (Blanchy, Bragato, et al. 2023). In

Switzerland, increasing SOC by 1% in the top 60 cm of soil could
reduce drought-related induced potato yield losses in the Broye
region from 16% to 7% (Heinz et al. 2025), while a 2% SOC rise
to a soil depth of 65cm could cut maize transpiration deficits by
40mm (Turek et al. 2023).

Gains in SOC can be achieved through various methods, though
with varying efficiency. Model simulations from a Swiss long-
term experiment showed that 16% of plant-derived C remained
in the soil after 40years, compared with 3%-5% for manure or
digestate, or 10% with compost amendments (Keel et al. 2025).
Biochar retains the most C due to its high stability (Rodrigues
et al. 2023), but its sequestration potential depends on the avail-
ability of biomass for biochar production. Optimising the use
of biomass is therefore key to contribute to net zero strategies,
while minimising negative effects on soil fauna (FOEN 2023). In
cool regions rewetting organic soils can reduce emissions with-
out yield losses under grassland management (Lang et al. 2024;
Nielsen et al. 2024).

Conservation agriculture—reduced tillage, permanent soil
cover, diversified crop rotations—can improve the resilience of
these production systems against various stressors. A European
meta-analysis found only a 3% cereal yield gap compared to the
conventional systems, while yield stability, often used as an
indicator for resilience in a production system, was reduced to
9%. The major moderators impacting the yield gap were the till-
age depth in conservation agriculture systems, clay content of
the soils, amount of applied mineral N fertiliser and the type
of cereals. The meta-analysis further revealed no overall effect
of conservation agriculture on N,O emissions compared to con-
ventional agriculture. However, N,O emissions from conser-
vation agriculture increased with increasing soil clay contents
(Ceriani et al. 2026; Valkama et al. 2026).

Carbon farming schemes can encourage the adoption of such
practices but are not yet widely endorsed by Swiss authori-
ties (FOEN 2023). A review of 160 European carbon farming
schemes, including 11 Swiss, highlighted the need to combine
financial and technical support (Thorsee et al. 2025). Result-
based schemes offer transparency but are costly due to in-
tensive soil sampling, where C storage change is quantified
directly. As this approach is very laborious and expensive, it
is ideally supplemented with modelling, also to optimise sam-
pling numbers.

Distinguishing biochar derived C from native SOC remains
difficult, posing challenges for certification and C accounting.
When using biochar together with other C farming activities,
there is also a risk of double counting if the biochar has already
been certified for C sink, but its C quantified again as SOC (Lotz
et al. 2024; Rathnayake et al. 2024). Centralised systems, such
as the Swiss-hosted Global C-Sink Registry can prevent double-
counting risks (Rathnayake et al. 2024). Another challenge with
biochar amendments is the increased spatial heterogeneity of
SOC (e.g., in furrows), complicating field sampling campaigns
(Lotz et al. 2024).

Selecting crop varieties with deeper root systems enables plants
to access otherwise unavailable water and nutrients while fa-
cilitating C input into deep soil layers. However, environmental
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factors often outweigh genetic influences. At two Swiss sites
(Eschikon, ZH and Changins, VD), root biomass of 10 winter
wheat varieties varied twofold between sites but did not always
increase yields (Heinemann et al. 2025). Across 11 European
sites, temperature was the dominant factor shaping subsoil
traits; the Swiss variety Montalbano displayed strong root plas-
ticity that sustained yields under variable conditions (Durand-
Maniclas et al. 2025).

3.3.2 | Soil Assessment and Monitoring

Accurate soil assessment supports sustainable soil manage-
ment. Field spectroscopy has gained interest in recent years due
to the prospect of a high sample throughput, and thus offers
rapid, low-cost alternatives to lab analyses and reliably mea-
sures SOC, total N, cation exchange capacity (CEC) and clay
content (Metzger, Liebisch, Herrera, Guillaume, Walder, and
Bragazza 2024; Piccini et al. 2024) when tested with soils from
three different locations in Switzerland (Changins, Reckenholz,
Tédnikon). A hands-on field protocol with calibration links to soil
spectral libraries was developed (Fonddn et al. 2024; Stenberg
et al. 2024; Castaldi et al. 2025).

Satellite remote sensing has the potential to assess soil proper-
ties at a high temporal and spatial resolution. It allows observa-
tion of in-field variability, while simultaneously covering entire
regions. Including auxiliary data often improves performance
of models that estimate soil properties from satellite informa-
tion. This was shown for including soil texture information in
estimation of SOC from multispectral satellite data, but the ef-
fect was found to vary strongly across 34 local-scale study areas
in 10 European countries, including Switzerland (Wetterlind
et al. 2025). Combining satellite information with terrain, cli-
mate and coarse-scale soil data, alongside support sampling
(i.e., soil sampling guided by satellite information), enabled
the development of performant models for estimating SOC
(Yuzugullu, Fajraoui, Don, and Liebisch 2024), soil texture
and pH (Yuzugullu, Fajraoui, and Liebisch 2024), which were
validated also in Switzerland (Lotz et al. 2024; Rathnayake
et al. 2024; Yuzugullu, Fajraoui, Don, and Liebisch 2024;
Yuzugullu, Fajraoui, and Liebisch 2024; Wetterlind et al. 2025).

Switzerland's soil monitoring system meets many core require-
ments of the EU's Soil Monitoring and Resilience Directive—
such as stratified random sampling based on soil units defined by
soil type and land use and GPS tracking (European Commission
2023). Still, the current system lags in sampling depth (20 vs.
30cm), ISO compliance and public data accessibility (Mason
et al. 2025).

3.3.3 | Soil Management
and Socio-Economic Framework

Farmer behaviour directly affects soil properties. Interviews
with 26 Swiss farmers revealed three archetypes of Swiss farm-
ers: (a) the ‘sustainable farmer’, (b) the ‘pragmatic farmer’ and
(©) the ‘market-focused traditionalist’, differing in decision
making on soil management options (long-term vs. short-term
effects), implementation of up-to-date scientific knowledge and

orientation on legal restrictions and economic considerations
(Biitikofer et al. 2024; Lotscher 2024). Consequently, policy
measures must reflect this diversity to ensure acceptance.

For carbon farming and its certification, a focus group in June
2023 found that Swiss farmers favour regenerative practices such
as grass in rotation, cover crops and forage legumes as benefi-
cial for soil health. In contrast, rewetting organic soils or setting
aside productive land was rejected due to concerns over reduced
food production in an import-dependent country. Many were
sceptical of carbon markets, stressing the need to reward SOC
maintenance and ensure transparent, farmer-oriented schemes.

Switzerland shows high adoption levels for crop rotations, cover
cropping, organic fertilisers, integrated pest management, lim-
ing and the installation and maintenance of drainage systems
many of those being supported by financial incentives (Heller
et al. 2024). Practices with great potential for higher adoption
include conservation tillage, residue retention, agroforestry and
paludiculture. Major barriers for the adoption of sustainable
soil management practices include limited knowledge and ma-
chinery to farmers, high investments, climatic constraints and
socio-cultural resistance to changing current farming practices
(Thorsee et al. 2023; Heller et al. 2024). Furthermore, digital de-
cision support tools remain underused compared to other EU
countries (Herrmann et al. 2025; Warren Raffa et al. 2025).

3.3.4 | Soil Fertilisation, Amelioration and Introduction
of New Compounds

Fertiliser input reduction not only affects productivity but could
alsolead toreduced SOC storage. In a modelling simulation study,
averaged over European countries, a 20% reduction in mineral N
fertiliser application showed a 9%-10% decrease in yields for six
main crops, while SOC losses were 0.9 tha™! of agricultural land
over 30years. Emissions of N,O were 15% lower and N leaching
and runoff were reduced by 24% (Keel et al. 2025).

Organic and mineral fertilisers are main sources of C and
nutrient inputs into soils. Two stocktake studies summarised
the methods used to determine fertilisation demand for N
(Jordan-Meille et al. 2023) and P, potassium, magnesium and
calcium (Higgins et al. 2023). The results call for greater har-
monisation within Europe, allowing better use of knowledge,
research and operational synergies across borders. While
Switzerland has well-established methods and field specific
recommendations (Carlen et al. 2017), they are underuti-
lised in legislations and practice. Going more into detail, a
35-year-long Swiss field experiment showed that maintaining
or increasing N soil stocks requires a positive soil surface N
budget (Oberson et al. 2024), indicating a trade-off between
preserving soil quality (maintaining stable N stocks) and min-
imising N losses due to N oversupply.

Fertilisers can introduce other undesired compounds into
the soil system. For instance, plastic can enter soils via EOM
and subsequently migrate to the subsoil (Heinze et al. 2024).
As of today, Switzerland enforces stricter limit values for both
organic and inorganic contaminants in biochar than the EU
(Hagemann 2025) and Swiss producers comply with these
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requirements. Biochar production in Switzerland is currently
still wood-based but may include untreated plant biomass and
secondary biomass. Neither EU regulations nor Swiss regula-
tions allow biochar production from sewage sludge, although
there is a potential of co-pyrolysis of sewage sludge with ligno-
cellulosic biomass (e.g., wood) for P recycling. Within Europe
only a few national regulations allow this, for example, Finland.

3.3.5 | Soil Structure

Soil management strongly affects soil structure. Soil cover, or-
ganic amendments and reduced soil compaction are key for a
functional soil structure (Blanchy, Bragato, et al. 2023; Blanchy,
Albrecht, Bragato, et al. 2023). Modelling revealed the highest
compaction risks in Switzerland during primary tillage, slurry
spreading and autumn harvest (Kuhwald et al. 2018; Weiss and
Keller 2024). Compaction risks were largely controlled by soil
moisture (Weiss and Keller 2024).

Single compaction events can reduce crop yields by ~20% and
simultaneously increase N,O emissions by ~150%, and N leach-
ing by ~17% (Romero-Ruiz et al. 2026). Several Swiss long-term
field experiments demonstrated that adding organic matter via
compost or farmyard manure had no significant effect on the
penetration resistance or soil water holding capacity, neither in
topsoil nor in subsoil below 30cm. At the same time, another
long-term field experiment confirmed that conventional tillage
effectively decreased the penetration resistance compared to
the no-till system (Holzkdmper et al. 2024).

Mapping soil hydraulic conductivities is needed to mitigate risks
of erosion and flooding and remains challenging due to poor
predictors such as soil texture or SOC (Weber et al. 2024). Better
structural data are crucially needed for reliable modelling ef-
forts (Garré et al. 2022; Blanchy, Albrecht, Bragato, et al. 2023).

3.3.6 | Soil Biota and Multifunctionality

Soil biota underpin many soil functions. Six Swiss field studies
showed that double cover cropping enhanced microbial activ-
ity and nutrient availability in comparison to a permanent soil
cover that instead increased SOC, exemplifying differences in
soil processes also between rather similar soil conservational
approaches (Oberholzer, Jarosch, et al. 2024).

The Swiss National Soil Monitoring Network NABO moni-
tors 30 sites using environmental DNA (eDNA) sequencing,
revealing land-use-specific microbial communities. Results
showed that soil microbial community structures were site-
and land-use type specific (Gschwend, Hartmann, Mayerhofer,
et al. 2021), and that soil bacterial and fungal communities re-
mained stable over 5years, enabling the definition of a set of core
taxa representing entire communities (Gschwend, Hartmann,
Hug, et al. 2021; Gschwend, Hartmann, Mayerhofer, et al. 2021).
Switzerland leads in soil biodiversity monitoring. Expanding the
Swiss National Soil Monitoring Network NABO to alpine sites
and including other indicators such as soil enzymatic activity
and nematode could further strengthen assessments (Romero
et al. 2024; Riggi et al. 2025).

Across seven European long-term trials, including the Swiss
p29c trial at Agroscope-Nyon, we observed that no-till prac-
tices increased arbuscular mycorrhizal fungi (AMF) diversity.
In a similar field study with 10 winter wheat varieties at four
European sites, AMF colonisation varied mainly by environ-
mental factors. Yet, differences in mycorrhizal colonisation did
not translate into grain yield, highlighting the dominant role of
soil and climate as main drivers (VerSuliené et al. 2024; Durand-
Maniclas et al. 2025).

4 | Discussion
4.1 | Implications for Research

4.1.1 | Need to Improve Understanding
of Soil Processes

Increases in SOC can improve soil water dynamics and offer
additional benefits to crop productivity and yield stability by
fostering beneficial microbial communities such as rhizobac-
teria, N-fixing bacteria and mycorrhizal fungi (Kallenbach and
Grandy 2011; Renwick et al. 2021; Coban et al. 2022). Future
field experiments should investigate the multiple benefits of
SOC increases on soil functioning. In this context, long-term
field experiments remain a valuable research infrastructure for
studying soil processes in situ. Yet, the previously postulated
positive effects of organic amendments on soil water regulation
(Blanchy, Bragato, et al. 2023) were not consistently observed
in the long-term field experiments (examined in EJP SOIL)
(Holzkdmper et al. 2024; Skadell et al. 2025). While this does
not negate the effect, it highlights the need for broader and more
representative datasets to draw general conclusions. The meta-
analysis of Blanchy, Bragato, et al. (2023) could not be conducted
in a fully quantitative fashion due to the vast number (>2,800)
of publications on this subject. Advances in large language mod-
els will soon enable detailed quantitative data extraction from
large scientific literature corpuses (Blanchy, Albrecht, Koestel,
and Garré 2023).

Soil biota strongly influences soil multifunctionality, yet de-
tailed process understanding remains limited. For instance,
mycorrhizal root colonisation may be more beneficial for wheat
cultivation in resource-limited than resource-rich sites in terms
of nutrient and water availability. Research should particu-
larly focus on how AMF affect crop yields and soil functioning
under such conditions in Switzerland. Studies should also in-
vestigate management practices that promote high earthworm
densities—such as reduced tillage, cover cropping and organic
amendments—and examine how microbial patterns relate
to ecosystem functions such as C cycling, nutrient availabil-
ity and climate resilience. Expanding the Swiss National Soil
Monitoring Network NABO's soil biodiversity monitoring to
alpine regions and integrating additional bioindicators could
strengthen Swiss and European soil policies and legislation.

Lastly, it is important to keep in mind that an improved under-
standing of soil processes does not guarantee practical solutions,
as socio-economic barriers often hinder the adoption of sustain-
able practices. For example, while decision support tools such
as Terranimo (e.g., www.terranimo.world; Stettler et al. 2014)
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can help prevent soil compaction by ensuring applied stresses
remain below soil strength (Horn et al. 1995), the push for high
efficiency machinery (Schjenning et al. 2015) creates economic
and operational pressures that hamper the implementation of
the recommendations.

4.1.2 | Improving Methods for Soil Evaluation

Greater harmonisation of field sampling and laboratory anal-
yses remains essential, as methodological differences limit
results comparability (Higgins et al. 2023). The same ap-
plies to in-field soil evaluation techniques such as the ‘spade
test” (Johannes et al. 2023), spectroscopic analyses (Metzger,
Liebisch, Herrera, Guillaume, and Bragazza 2024; Piccini
et al. 2024; Castaldi et al. 2025) and soil biological parameters
(Marin et al. 2025).

Understanding emerging contaminants in EOM—including
(micro-)plastics—requires further analytical development. In
Switzerland, manure should also be considered as EOM as it is
often transported beyond production sites. The pollutant con-
tent of EOM remains largely understudied, yet it is critical for
mass flow analysis of contaminants to soils, and corresponding
soil risk assessments. Both are needed for the development of
regulatory guide values.

Biochar production and quality control are now sufficiently ad-
vanced for safe use in practice. Future research should focus on
long-term field experiments across different climatic zones, in-
cluding alpine and temperate regions as found in Switzerland to
better understand its effects on soils and organisms. Analytical
refinements such as x-ray spectroscopy (Keiluweit et al. 2010),
time-domain near-mid infrared (Conte 2018), thermal analysis
(Hardy et al. 2022) and hydropyrolysis (Rombola et al. 2016;
Eurofins Umwelt-Ost 2023; Sanei et al. 2024; Hagemann
et al. 2025) are needed to quantify the stable C fraction of
biochar.

Model-based approaches also require improvement. Simulations
assessing soil compaction risks and their impacts on soil func-
tions should better integrate new data and emphasise accessi-
bility and usability for agriculture and environmental decision
making. Future field- and model-based research should evalu-
ate trade-offs and synergies involving SOC, supporting manage-
ment strategies related to other soil ecosystem services such as
nitrate leaching, soil erosion and runoff, to support sustainable
agricultural management (Bonfante et al. 2019).

Estimating SOC requires the integration of diverse data sources.
Estimations of crop root C input to soil C modelling would ben-
efit from variety- and region-specific root-shoot ratios, as these
depend on genotype, soil and climate (Heinemann et al. 2025).
Root data of individual varieties should be centrally managed
and made freely available to users, for example, as part of the
CarboSeq database (Ruysschaert et al. 2023), while existing soil
and climate datasets should be geospatially explicit and easily
linkable, for example, accessible via the linked data services
such as the Linked Data Day LINDAS (lindas.admin.ch) and
the federal geoportal (geo.admin.ch). This integration would
improve national SOC modelling accuracy.

To align with the EU Soil Monitoring Law, Switzerland should
conduct a feasibility study defining national stakeholder re-
quirements, analytical standards and open data policies, similar
to a previous survey (FOEN 2020a). Method comparison studies
are essential before modifying long-term monitoring protocols
to ensure continuity in data usability.

4.2 | Implications for Swiss Legislation
for Promoting Sustainable Land Use

4.2.1 | Development and Refinement
of Reference Values

Although Switzerland is not part of the EU, new European
soil evaluation or monitoring standards will likely have direct
or indirect effects on Swiss legislations. Methodological har-
monisation—sampling depths, analytical methods and data
accessibility—would enable cross country comparisons. Data
sharing can be improved through protection policies and en-
hanced open-access data platforms such as the Linked Data
Day (LINDAS: lindas.admin.ch). The legal frameworks affect-
ing soil use should be adjusted to align with current scientific
knowledge. While biochar regulations are well-established and
robust, EOM and soil ordinances should incorporate reference
values for emerging contaminants. The (co-)pyrolysis of heavy
metal-poor sewage sludge with lignocellulosic biomass could be
approved for P recycling.

Carbon farming policies such as laid down in the Swiss CO,
Ordinance for biological C storage (FOEN 2025c) should be-
come less restrictive and more cost-effective, with direct pay-
ments rewarding practices that enhance SOC and disincentivise
agriculture that induces strong SOC losses such as for drained
peatland cultivation. Farmers also called for public knowledge-
sharing platforms and practical soil assessment tools.

Given Switzerland's high mechanisation and a relatively high
mean annual precipitation, soil compaction remains a major
threat to soil functioning. Prevention should take priority, sup-
ported by monitoring systems and legislative measures (Blanchy,
Bragato, et al. 2023; Blanchy, Albrecht, Bragato, et al. 2023).

4.2.2 | Methods and Approaches for Implementing
Sustainable Land Use

Adoption of sustainable soil management practices can be im-
proved by supporting farmer-advisor-researcher networks fo-
cused on sustainable soil management, as well as the provision
of developing site-specific guidelines, and offering technical
support and financial incentives for their adoption support. The
Swiss ‘Thematic Network Soil’, involving EJP SOIL partners, is
one example leading to tools such as the Visual Evaluation of
Soil Structure (VESS) tool in close collaboration between sci-
ence and practice (Johannes et al. 2023).

Effective policies should consider farmers' contexts (Biitikofer
et al. 2024). Combining knowledge exchange, social networks
and targeted incentives can enhance adoption. Moreover, fi-
nancial incentives such as sustainability-linked markets or
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subsidies for conservation practices should be considered
(Kittinger et al. 2025).

Additional barriers—including cultural norms, economic con-
straints and risk aversion—require context aware measures.
Education and awareness campaigns can shift perceptions,
changing common perceptions of what it means to have well-
taken care of tidy fields, while insurance or subsidies can buffer
transitional risks. Given similar needs across Europe, coordi-
nated policy frameworks could effectively maintain soil ecosys-
tem services losses as low as possible (Drobnik et al. 2020).

4.2.3 | Regulatory Framework Towards Site-Specific
Recommendations

To effectively address issues such as soil erosion, contamination,
compaction and loss of organic matter from organic soils, their
assessments should be conducted at a regional level, considering
prevalent soils, topography, climate and agricultural structures.
Administrative boundaries (such as cantons) may not reflect the
natural soil system. On the European level, such assessments
are often performed based on environmental stratifications (e.g.,
soil districts, soil regions, environmental zones). Possible spa-
tial units for a Swiss assessment are the Swiss Environmental
Domains (Lehmann et al. 2010), a qualified grouping of the soil
reference units of one of the Swiss soil maps (Frei et al. 1980) or
the European Soil Regions (EUSR5000 2005).

Existing data sources, such as world overview of conservation
approaches and technologies (WOCAT: www.wocat.net) in-
ventories or structural survey datasets could help map current
management practices (Vanwindekens and Heller 2024; Rees
et al. 2025; Schievano et al. 2025). Remote sensing and soil
spectroscopy tools can complement these efforts, for legislation
applications and ecological performance verification. However,
standardisation of methods and quality control is crucial (see
Section 4.2.2).

Swiss legislation should continue promoting European collab-
oration and support knowledge integration as outlined in the
Swiss Soil Strategy (FOEN 2020b). Delivering accessible maps
and decision support tools would enable society to leverage
high-quality digital soil data across sectors.

4.3 | Implications for Practitioners

Various soil-improving products are available, but compliance
with the required quality standards must always be verified.
For example, EOM should originate from certified produc-
ers, following recommendations from relevant associations
(e.g., Biomasse Suisse) and authorities (Swiss EPA). Biochar
Certificate (EBC) ensures safe use under the current application
restrictions. Carbon certification systems should recognise both
SOC maintenance and increases. Managing the soil microbiome
remains challenging and expectations should therefore remain
realistic—despite the strong interest among some farmers in
these approaches (Oberholzer, Herrmann, et al. 2024). Certain
soil management, for example, as with intensive tillage can dis-
rupt beneficial AM fungi (Sile et al. 2015; Banerjee et al. 2019).

Crop breeding programmes could prioritise wheat varieties with
high root biomass enhancing soil C input. Advisors and seed
companies could label varieties by root C input potentials, such
as the Swiss variety Montalbano.

Region-specific assessment of soil challenges and tailored man-
agement practices to tackle them would provide clear guidelines
and would help farmers and farm advisors on a regional scale
to optimise productivity and sustainability. Adoption requires
addressing both socio-technical as well as economic barriers
particularly for issues such as soil compaction or soil erosion.
Reliable soil maps are essential for decision making, but soil
map products targeted to stakeholder needs still need further
development. Advisors, planners and authorities increasingly
rely on soil spectroscopy, which is becoming closer to being a
standard tool for extension services and agricultural laborato-
ries in Switzerland. Open access to spectral libraries through
the Competence Centre for Soil (KOBO/CCS) would further ad-
vance this approach.

4.4 | International Context and Critical Outcome
Evaluation

Addressing complex agricultural soil threats requires collabo-
ration among stakeholders, both directly and indirectly affected
(Pulido-Moncada et al. 2025; Winowiecki et al. 2025). The EJP
SOIL programme was one such initiative, providing a strate-
gic soil research agenda for the upcoming decade (Keesstra
et al. 2025). With soil-related ecosystem services gaining rec-
ognition at multiple political levels (Reyes-Rojas et al. 2025),
the need for comparable soil quality indicators for interna-
tional benchmarking is growing. The recently adopted EU Soil
Monitoring Law and related efforts towards sustainable soil
management (Panagos et al. 2022) offer a framework for such
benchmarking, one that will likely affect Switzerland at least in-
directly. Switzerland's continued participation in international
research collaborations remains essential, given that several soil
degradation challenges are shared with neighbouring countries
(Arrouays et al. 2022; Vanino et al. 2022).

Participatory research has become an increasingly valuable ap-
proach to bridging scientific expertise and practical stakeholders’
knowledge in a co-creational process. The research priorities iden-
tified as most urgent for Switzerland (Table 3) were corroborated at
the last Swiss congress on Soil Health (Hitzfeld et al. 2024) where
soil erosion, loss of SOC, loss of soil biodiversity and soil compac-
tion were similarly named as top threats. The EJP SOIL project in-
vested considerable resources in making outputs openly accessible
(Larooche et al. 2025), as is standard practice for Horizon Europe
projects. Among the soil challenges identified by Swiss stakehold-
ers, loss of SOC has received the most research attention in EJP
SOIL, with 6 of 18 projects directly addressing it. By contrast, soil
erosion—equally ranked as a top priority—was not addressed by
any project with Swiss participation, despite an extensive body of
scientific literature on the topic. The largest gap between stake-
holders' priorities and research action, however, concerned soil
sealing. The EJP SOIL project's focus on agricultural soils meant
that spatial planning was largely excluded from project design (see
Section 2.2, Table 1). Yet, closer collaboration between soil scien-
tists and spatial or urban planners appears a promising avenue for
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TABLE 3 | Overview on soil challenges and perceived importance, reflectance of the topic in scientific publications, status of policies and

addressing within EJP SOIL.

Resource

Soil challenge, Importance Number of Taken into allocation within
identified by Swiss according publications in account EJP SOIL, Swiss
stakeholders (n=29) stakeholders last 15years by policy contribution Project #
Soil compaction " ## ) € 13,8,14,17
Soil sealing " # )]
Soil erosion m Hit# § € 13,14,17
Soil organic carbon loss " HHH (® €€€ 1,3,4,5,6,7,10,

11,13, 14, 17,18
Soil biodiversity loss " ## ) € 12,13,14,17
Soil contamination n ### § € 7,11,13, 14, 15,17
Low nutrient use -1 ### § € 7,10, 11, 13,
efficiency 14, 17,18
Soil acidification -1 # § € 13,14,17
Peat degradation ! # § € 9,13,14,17
Nitrous oxide and ! # § € 5,14, 17
methane emissions
Low water retention ! # €€ 2,13, 14,16,17,18
Soil salinisation — # € 13,14, 17

Note: Soil challenges identified by Swiss stakeholder survey at the beginning of the EJP SOIL project (Heller et al. 2021). Number of publications on specific soil
challenges in Switzerland derived from survey (Table S2). Consideration in policy making is based on the policy analysis reported in Heller et al. (2021) and the
literature review conducted in this study. Resource allocation from Swiss project partners estimated from personal months dedicated to specific soil challenges. Project
# refers to projects listed in Table 1, projects in brackets covered several soil challenges. Importance according to stakeholders: !!!: <important» or «rather important»
for majority of stakeholders. !: <important» or «rather important» for several stakeholders. !-!!!: varying assessment by different stakeholders. —: ‘unimportant’ or
‘rather unimportant’ for majority of stakeholders. Number of publications: ###: > 300 publication. ##: 100-300 publications. #: <10 publications. Policy: §: measures
and/or reference values available. (§): fundamentals in place. No entry: no measures found. Resource allocation: €€€: > 50%. €€: 10%-50%. €: <10%. No entry: not

addressed.

reconciling current demands for housing and infrastructure with
the long-term safeguarding of multifunctional soils for future gen-
erations (Aust et al. 2013).

5 | Conclusions

Switzerland's soils are under growing pressure from soil seal-
ing, intensive land use and climate change. With only one-third
of the country's surface suitable for agricultural use, safeguard-
ing soil functions demands improved understanding of soil pro-
cesses, coordinated monitoring, spatial planning and active
stakeholder engagement. The Swiss contribution to the European
Joint Programme (EJP) SOIL helped identify key challenges—
climate-driven carbon loss, nutrient surpluses, contamination
from organic amendments and declining soil biodiversity—while
generating valuable insights through 18 research projects focused
on soil carbon, structure, nutrient management and monitoring
strategies.

Continuous attention to international soil-related development
remains essential to benchmark national approaches against
global standards. The recently adopted EU Soil Monitoring Law
exemplifies this process. Future activities should continue to link
scientific knowledge with policy and practice. Incentive systems
that reward carbon-positive and biodiversity-friendly farming,

preventive measures against soil compaction and rationalised soil
assessments are key elements of sustainable soil management.
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