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This study assesses the economic and environmental implications of transitioning European arable farms 
towards regenerative agriculture. Regenerative practices such as diversified crop rotations, cover cropping, 
reduced tillage, and optimised nutrient management are increasingly promoted for their potential to enhance 
soil health, biodiversity, and climate resilience, yet their quantified economic impacts remain limited. Using 
data from forty large conventional farms across four European countries, baseline performance was 
established for soil nutrients, biodiversity indicators, and farm profitability. Context-specific regenerative 
scenarios were then developed and simulated, focusing on crop choice, soil cover, and fertilisation strategies. 
The analysis shows that regenerative practices generally reduce biodiversity footprints per ha, particularly 
through lower synthetic nitrogen use, reduced pesticide impacts, and decreased carbon emissions, although 
trade-offs emerge where manure use increases or high-value crops are replaced. Economic outcomes varied: 
fertiliser optimisation improved margins, whereas legume integration tended to reduce profitability. Key 
transition drivers included manure and water availability, market prices, rotation length, and required 
machinery investments. Using FarmDyn, FARManalytics, and the Biodiversity Footprint Family Framework, 
the study demonstrates that regenerative agriculture can deliver environmental benefits, but its economic 
viability depends strongly on local conditions and strategic farm-level decision-making. 
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Preface 

Regenerative agriculture is on the rise, aiming to create a sustainable agricultural sector that regenerates 
instead of degenerates. Many sustainability impacts relate to the farm level stage and surrounding 
landscapes. Regenerative agriculture is increasingly seen as an adequate approach to satisfy long-run 
sustainable agriculture, which has been picked up by many actors in the supply chain. However, in the 
process of scaling up Regenerative agriculture, the economic consequences for farmers remain largely 
unclear. This is driven by the complexity that the outcomes vary for farmers, farming systems and regions.  
 
Therefore, the Regenomics Public Private Partnership (PPP) project was formed, which ran in 2024-2025 
under the Top sector Agri & Food research programme. Regenomics aims to create a better understanding of 
the economic costs-benefits of the regenerative agriculture transition in Europe, by providing a solid data 
driven economic base, concerning the costs and benefits for regenerative farming practices. A replicable 
cost-benefits framework was developed to generate transition scenarios for arable farms. This was tested in 
four key arable farming regions in Europe: Picardie (France), Észak-Alföld (Hungary), Niedersachsen 
(Germany) and Dolnoslanskie (Poland).  
 
The framework enables all arable farmers, chain partners and policy makers to gain insight in the economic 
value that comes with regenerative arable farming.  
 
Overall, the study contributed to finding answers in the ever-looming uncertainty related to the discussion on 
‘Regenomics’, the economics of regenerative agriculture. It provided input for the fields of policy analyses, 
agricultural economics, farm decision making, setting up support for the transition and building bricks for 
sustainability programmes within the supply chain. 
 
Wageningen Research would like to extend gratitude to the five PPP project partners: Cargill, Unilever 
Europe, Mars Pet Nutrition Europe, the European Landowners’ Organization and the Dutch Ministry of 
Agriculture, Fisheries, Food Security and Nature, on behalf of the Dutch Top sector Agri & Food. Furthermore, 
we have much appreciated our collaboration with the local organisations in the four EU regions: Agro-
Transfert Ressources et Territoires (France), The Institute of Agricultural Economics (AKI) (Hungary), 
Kompetenzzentrum Ökolandbau Niedersachsen GmbH (Germany) and Agro Smart Lab, with Dorota 
Łabanowska-Bury (Poland). Without the obtained data and information from the four respective regions, this 
study could not have taken place. Next, we would like to thank Annemieke Groenenboom, Susanne Geuze 
and Groen Kennisnet for their important contributions in communicating about the project and its results. 
Last but not least, two external expert sessions were held in July and November 2025. We would like to 
thank all experts for the valuable discussions, which have been reflected in our work.  
 
Responsibility for this report lies with the authors of Wageningen Research. 
 
 
 
 
 
 
 
 
Ir. Olaf Hietbrink  
Institute Manager Wageningen Social & Economic Research  
Wageningen University & Research  
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Summary 

S.1 Main research question 

Regenerative agriculture is an approach to farming that prioritises soil conservation to restore ecosystem 
services while improving environmental, social, and economic sustainability. In Europe, regenerative 
agriculture is increasingly promoted to enhance soil health, biodiversity, and climate resilience through 
practices such as cover cropping, reduced tillage, and integrated livestock management. While the 
environmental benefits of regenerative farming practices are gradually becoming more recognised, the 
economic aspects of implementation are limitedly quantified. In particular, there is limited, quantified 
evidence on the farm economic costs and benefits of implementing regenerative farming practices, and the 
environmental impacts thereof are insufficiently documented. Data-driven insights are needed to accurately 
assess the economic and environmental performance of regenerative agriculture practices. By collecting and 
analysing data on crop yields, soil health indicators, biodiversity, and farm profitability, it becomes possible 
to identify whether and how regenerative farming practices can contribute to both environmental resilience 
and whether this is economically viable. Such an assessment enables the quantification of trade-offs and 
synergies between environmental outcomes and farm-level financial costs and returns. In doing so, the 
assessment provides more insights into the feasibility of implementing regenerative farming practices on 
farm level, and exemplifies how the transition towards more regenerative agriculture could be 
operationalised. This project aims to provide these insights by assessing the economic and environmental 
costs and benefits associated with the transition of arable farms in Europe towards regenerative farming 
systems. This objective was met by first calculating the current (baseline) economic and environmental 
performance of forty European large conventional arable farms. Second, context-specific regenerative 
farming scenarios were developed for which the impact of implementation on economic and environmental 
indicators was calculated and simulated. Using the outputs from the first two objectives, the key transition 
drivers for regenerative agriculture were identified.  

S.2 Message 

The collected data and related baseline assessment of 40 European farms across four European countries 
encompassed an overview of soil nutrient status, economic performance, and biodiversity indicators on a 
country level. Generally, results demonstrated a large variety between country medians as well as diversity 
within countries between farms. First, differences in soil nutrients and farm profitability are related to the 
availability and use of manure, which is high in Germany but limited in other regions. Second, higher yield 
levels necessitate greater fertiliser inputs. This effect is clearly reflected in cross-country comparisons: for 
example, Germany and France exhibit higher input use than Hungary, where lower input levels correspond to 
lower crop yields. Third, crop choice plays an important role, as high value or more intensive crops are 
usually more sensitive to fertilisation strategies. This is visible in France, where potatoes and sugar beets 
receive substantially higher fertiliser levels than for instance grains, including not only greater quantities but 
also more expensive formulations and broader range of nutrients. An important caveat is that, at the time of 
data collection, fertiliser prices were extremely high, which may explain the relatively low fertilisation levels 
of some crops. Differences in biodiversity impact, representing an aggregated measure of species or 
functional diversity within the farming systems, are related to differences in land-use intensity or 
environmental management practices.  
In the second part of the research, two more regenerative scenarios (one short and one longer term) were 
developed and adjusted to country context. The scenarios focused on three main decision areas influenced 
by regenerative principles: crop choice and rotation, soil cover through main and cover crops, and 
fertilisation strategy. Additional aspects such as crop protection and tillage practices were also taken into 
consideration. Based on the current farm set-up and scenario settings, more diverse crop rotations including 
legumes were developed. Subsequently, cover crops, manure and fertiliser application were optimised within 
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the new crop rotation. Thereafter, the performance of these regenerative scenarios on soil health, farm 
economics and biodiversity outcomes was calculated. The targets set for the scenarios represented a rather 
dogmatic approach to regenerative agriculture raising the question whether this is the most effective way to 
achieve impact. However, the objective of this study was not to determine the optimal pathway for impact, 
but to quantify the economic effects and environmental implications of regenerative farming practices. Within 
this context, the chosen approach was considered valid by the researchers. 
 
The scenarios resulted in insights which included: 
• The BFFF results show that the aggregated biodiversity footprint per ha generally declined compared with 

the baseline, mainly due to lower synthetic nitrogen use, reduced pesticide impacts through optimisation 
and IPM, and lower carbon emissions from fertiliser and fuel use.  

• In some cases, these improvements were partly offset by higher phosphorus-related impacts when manure 
use increased or by modest changes in water-use impacts, indicating that biodiversity gains depend on 
how regenerative measures are combined and on local biophysical conditions.  

• Diversifying crop rotations with legumes also reduces the need for external nitrogen inputs; however, this 
practice may lower net margins because legumes typically generate lower economic returns.  

 
The third part of the research comprised the identification of key transition drivers which included:  
• Availability of manure and water being crucial for maintaining yields and determining for crop choice.  
• Market prices which plays an important role in crop choices. 
• Rotation extension which is a key factor in increasing nitrogen fixation as well as pesticide reduction.  
• Variable costs were mostly influenced by declines in fertiliser in more regenerative scenarios.  
• The required machinery investments for transitioning to more regenerative agriculture are generally lowest 

in no-tillage scenarios.  
• Labour requirements change mostly in terms of seasonal shifts of field operations and different timing, but 

also in terms of total annual labour requirements, which is lower in no-tillage systems than in the 
conventional setting.  

S.3 Methodology 

To operationalise regenerative agriculture, six themes were identified based on Groot Koerkamp et al. 
(2021), which included soil, productivity, biodiversity, carbon, water, and economics, and were quantified 
using bio-economic models. Eight representative practices, including high crop diversity, cover crops, 
reduced use of pesticides and fertilisers, compost use, including more legumes in the rotation, and reduced 
or no tillage, were identified to positively influence these outcomes. The simulation and calculation of 
context-specific developed scenarios was done using three complementary modelling approaches: FarmDyn, 
FARManalytics, and the Biodiversity Footprint Family Framework (BFFF). FarmDyn provides a detailed farm-
level bio-economic simulation model to analyse management and investment decisions under changing 
market, policy, and technological conditions. FARManalytics links production management choices to both 
farm income and soil quality dynamics, allowing optimisation of profitability while safeguarding long-term soil 
health. The BFFF extends the scope beyond the farm by integrating multiple environmental footprints: water, 
carbon, nutrients, and chemicals into a unified measure of biodiversity impact. Together, these models form 
the methodological foundation of Regenomics, enabling a data-driven assessment of the economic and 
environmental costs and biodiversity outcomes of transitioning European arable farms towards regenerative 
agriculture. For regenerative farming practices for which the impact on economic and or environmental 
indicators was not quantified, a systematic literature review was used to provide estimates or qualitative 
insights. 
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1 Economics of Regenerative Farm 
Transitions 

1.1 Regenerative Agriculture in Europe: Progress and 
knowledge gaps 

For the regenerative agriculture definition, Schreefel et al. (2020) is used. Schreefel defines regenerative as 
‘an approach to farming that uses soil conservation as the entry point to regenerate and contribute to 
multiple provisioning, regulating and supporting ecosystem services, with the objective that this will enhance 
not only the environmental, but also the social and economic dimensions of sustainable food production.’ 
Even though there is discussion about the used definitions of regenerative agriculture, there are practices 
commonly associated with it, such as reducing external inputs, using cover crops, supporting year-round 
rooting, minimising tillage, and possibly integrating livestock farming (Jayasinghe et al., 2023). 
 
Regenerative agriculture is gaining attention across Europe as an approach to enhance soil health, 
biodiversity, and climate resilience (Sher et al., 2024). Several European projects such as SOILCARE and 
Diverfarming have further explored the technical details and implementation of regenerative agriculture by 
testing different practices such as cover cropping and reduced tillage in pilots (Alaoui et al., 2022; 
Francaviglia et al., 2019; Heller et al., 2024; Hessel et al., 2022; Zabala et al., 2023). However, while these 
initiatives have deepened the technical understanding of regenerative practices and their environmental 
effects, less attention has been given to their economic implications and the availability of data to support 
wider adoption.  

1.2 Establishing a data-driven foundation for regenerative 
agriculture in Europe 

While the environmental benefits of regenerative agriculture are gradually becoming more recognised, the 
economic aspects of implementation are limitedly empirically quantified (Deloitte, 2022; IEEP, 2024; 
Wageningen Economic Research, 2024). This concerns the quantified evidence on the farm economic and 
environmental costs and benefits related to the implementation of regenerative farming practices in 
particular (EASAC, 2022; Clarmondial, 2022). Comprehensive assessments and case studies illustrating how 
the transition to regenerative agriculture impacts farm profitability, soil health, and biodiversity are scarce 
and existing studies are preliminary. With this study we want to provide insight into the environmental 
benefits and economic consequences of regenerative agriculture, based on farm data. 
 
Insufficient evidence on the costs and benefits of applying regenerative farming practices hinders adoption 
rates. In addition, valuation of economic and environmental costs and benefits is required in the 
development of financing mechanisms, as well as policy support to facilitate enhanced adoption of 
regenerative farming practices (Deloitte, 2022; Food and Land Use Coalition, 2019; IEEP, 2024). For 
regenerative farming practices to be broadly implemented, viable business models are essential to enable 
farmers to thrive environmentally while keeping their businesses economically healthy. Examples of viable 
business models can further help convince investors and policymakers of the value of regenerative systems, 
leading to greater financial support, subsidies, and policy reforms. Schreefel et al. (2022) also emphasised 
the need for policymakers and industries to support such business models to advance regenerative 
agriculture. In this context economic insights are also crucial for quantifying the rewards needed to 
incentivise regenerative farming and develop sustainable supply chains. Proven business models require solid 
economic data including costs, revenues, and financial risks which allow businesses and financiers to make 
informed decisions. 
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Data-driven economic and environmental insights are essential to assess the performance of regenerative 
farming practices and to better understand how feasible more regenerative farming systems are. Identifying 
how regenerative farming practices can influence environmental performance and economic viability requires 
data on crop yields, soil health indicators, biodiversity, and farm profitability. Such data enable the 
quantification of trade-offs and synergies between environmental outcomes such as reduced nutrient losses 
and farm-level financial costs and returns. In doing so, the data offer an initial, quantified insight into the 
economic feasibility of regenerative farming practices and their alignment with broader sustainability goals. It 
is important to note that regenerative agriculture can involve a wider range of ecosystem services and 
socioeconomic aspects than those addressed here; this study focuses on farm financial performance, carbon, 
nutrients, water, pesticides and land use as these are quantifiable by the models.  
 
Integrating data on crop yields, environmental factors, and farm economics into bio-economic models forms 
a solid starting point for simulating the impacts of regenerative farming practices. Such models allow for a 
systematic exploration of how changes in farm management affect both economic performance and 
environmental outcomes in different farming systems as well as under various soil and climatic conditions. 
Combined with scenario analysis and, trade-offs and synergies across productivity, profitability, and 
environmental performance can be compared. The model outcomes can clearly demonstrate the potential 
impacts of transitioning from conventional to regenerative systems for instance, how investments in soil 
health and biodiversity influence yields, input efficiency, and (long-term) financial stability.  

1.3 A framework for modelling costs, benefits, and transition 
drivers in regenerative arable systems 

The funding partners of the research—the Dutch Ministry of LVVN, Cargill, Unilever, Mars Petcare and ELO— 
are interested in the costs and benefits of regenerative agriculture. Cargill, Unilever and Mars Petcare source 
products directly or indirectly from farms. Most of the products they source are bulk products from row crops 
like wheat, maize and rapeseed. Therefore, the focus of the research is on arable farms growing these row 
crops. The overarching goal of this project is to assess the economic and environmental costs and benefits 
associated with the transition of arable farms in Europe towards regenerative farming systems.  
 
This research question is addressed through the following specific objectives: 
1. Data Collection and Baseline Assessment: Collect comprehensive technical and economic data from 

40 European farms located across four European countries using a detailed data collection framework, 
and calculate the current economic and environmental performance of these farms. 

2. Scenario Development and Impact Assessment: Develop context-specific regenerative farming 
scenarios, implement these scenarios, and simulate their impacts on soil nutrients, as well as on 
environmental and economic performance indicators. 

3. Identification of Key Transition Drivers: Identify context-specific factors influencing transition 
dynamics by analysing how variables such as region, farm type, and system characteristics affect both 
the magnitude and duration of transition costs. 

 
An additional objective spanning all components of the project was the integration of three models to 
establish a robust methodological foundation for the regenerative cost–benefit assessment. The outcomes of 
this work could form the basis for determining appropriate reward mechanisms to incentivise regenerative 
farming, thereby supporting the wider adoption of regenerative practices by farmers and supply chain actors. 
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2 Method and approach 

2.1 Theoretical framework 

Based on the 14 themes previously defined by Groot Koerkamp et al. (2021) six key themes were selected 
including soil health, crop productivity, biodiversity, carbon, water, and economics for which outcomes were 
quantified using bio-economic models. While stakeholders in the regenerative agriculture sector tend to 
favour outcome-based governance, farmers focus more on practices and their implementation within farm 
management. For this reason, eight practices were identified as a representative of regenerative arable 
farming, aiming to achieve positive, more regenerative outcomes. These practices include: a diverse crop 
rotation (6 to 8 different crops), the use of cover crops, reduction of pesticide use, reduction of chemical 
fertiliser use, the use of compost or solid manure, inclusion of legumes in the rotation, and the 
implementation of reduced or no tillage.  

2.2 Development of a cost-benefit framework 

2.2.1 A Regenomics model 

The goal of the cost-benefit framework (further indicated as the Regenomics model) was to quantify both the 
environmental and economic components of the implementation of regenerative farming practices. Previous 
attempts to understand the economic components of these practices provided insight into costs (often based 
on analyses of only one or two farms) but offered limited understanding of the associated environmental and 
economic benefits (van den Hoorn et al., 2025). In most cases, environmental and social benefits were 
neither quantified nor monetised, which has led to an apparent imbalance where costs seem to outweigh the 
benefits (Costanza et al., 2017; Hein et al., 2020). With the Regenomics model, we demonstrate not only the 
changes in costs but also provide empirical evidence on the quantified benefits to economic and 
environmental outcomes at the farm level. In this way, the broader environmental and social value, although 
not always expressed in financial terms, can be identified and better appreciated. 
 
The Regenomics model was developed to model both the direct economic effect as well as the environmental 
impact of regenerative farming practices. Where most of the ecosystem services currently provide non-
monetary services like pollination and water infiltration (La Notte et al., 2017), it is probable that ecosystem 
services will become part of monetary valuation (Brander et al., 2024). In their paper on modelling 
regenerative agriculture systems, Schreefel et al. (2022) indicate that their models are not designed to 
simulate emerging farming systems over a multi-year period. By encompassing the core themes of soil, 
productivity, biodiversity, carbon, water, nutrients, and economics, the Regenomics framework establishes a 
link between the economic and environmental aspects of regenerative farming.  

2.2.2 Building on previous models  

To develop the Regenomics framework, we built upon three complementary modelling approaches: FarmDyn, 
FARManalytics, and the Biodiversity Footprint Family Framework (BFFF). FarmDyn provides a detailed farm-
level bio-economic optimisation model to analyse management and investment decisions under changing 
market, policy, and technological conditions. FARManalytics links production management choices to both 
farm income and soil quality, allowing optimisation of profitability while safeguarding long-term soil health. 
The BFFF extends the scope beyond the farm by integrating multiple environmental footprints, water, 
carbon, nutrients, and chemicals into a unified measure of biodiversity impact. Together, these models form 
the methodological foundation of Regenomics, enabling a data-driven assessment of the economic and 
environmental costs, benefits, and biodiversity outcomes of transitioning European arable farms towards 
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regenerative agriculture. The following sections—2.2.2.1 to 2.2.2.3—describe these models in more detail, 
the combination of these models, and application for the Regenomics framework. 

2.2.2.1 FarmDyn 
FarmDyn is a bio-economic, single-farm simulation model that supports the analysis of optimal farm 
management, allocation, and investment decisions under changing economic, technological, or policy 
conditions (Britz et al., 2021). Its principal aim is to evaluate how farms can adapt their strategies in 
response to external drivers such as changing market prices, environmental regulations, or technological 
innovation, thereby serving as a tool for ex-ante policy analysis and farm-level decision support. 
The model is formulated as a modular Mixed-Integer Programming (MIP) problem, which provides a flexible 
and detailed representation of real-world farm decision-making. The inclusion of integer variables allows 
FarmDyn to model indivisible decisions (e.g., the purchase of machinery, construction of buildings, or 
adoption of new technologies) that cannot be adjusted continuously. This structure makes it possible to 
reflect the discrete nature of many farm management choices and to capture important threshold effects 
(e.g., investment scale or minimum herd size) that influence the overall economic performance of the farm. 
Through this formulation, FarmDyn realistically links technical, economic, and environmental components in 
a coherent optimisation framework. 
 
A major strength of FarmDyn lies in its modular structure. Different farm branches can be included or 
excluded, as can policy modules such as fertilisation or manure regulation. Using this modularity, the model 
captures detailed agronomic and engineering data such as crop calendars, tillage systems, field operations, 
and livestock herd dynamics (Figure 2.1).  
 
 

 

Figure 2.1  Conceptual structure of the FarmDyn model (FarmDyn online documentation,  
URL: https://farmdyn.github.io/documentation/)  
 
 
At its core, FarmDyn maximises the net present value (NPV) of the farm under a variety of economic, 
resource, and policy constraints, including working time, liquidity, land and capital endowments, and 
environmental limits. The model explicitly accounts for farm-specific initial conditions (e.g., land, crop, and 
labour availability) as well as external factors such as input and output prices or regulatory requirements. 
 
FarmDyn had already been adapted in previous projects for Dutch and EU-wide case studies, requiring 
adjustments to price, yield, feed data, and alignment with national fertiliser policies and environmental 
accounting. Within the Regenomics framework, it serves as a key tool for analysing regenerative farm 
scenarios and their economic impacts. Unlike crop-level margin analysis, FarmDyn captures the full farm 
financial picture, accounting for long-term profitability and the effects of alternative management practices 
such as minimum tillage and no-till. Farm-level economic results include changes in labour requirements, 
machinery use, and investment demand, enabling assessment of the overall impact of changes in 

https://farmdyn.github.io/documentation/
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management decisions rather than just shifts in crop net returns and variable costs. This supports systematic 
comparison of outcomes across regions, farm types, and production systems. 

2.2.2.2 FARManalytics  
FARManalytics is a bio-economic model developed to optimise farmers’ production management in order to 
maximise profit while preserving or improving soil quality. Production management is understood broadly, 
covering both physical (e.g., seeds, fertiliser) and non-physical inputs (e.g., labour, capital). By integrating 
soil quality indicators with an economic calculation framework, the model supports decision-making that 
balances economic performance with sustainable soil management. 
 
The model builds on a comprehensive set of chemical, physical, and biological soil quality indicators, together 
with quantitative rules that describe how these indicators respond to farmers’ production management (PM) 
decisions over time (Kik et al., 2024; Figure 2.2) The soil quality indicators include, among others, nutrient 
balances (N, P, K, S, Mg), acidity, cation exchange capacity, soil organic matter, crumbling ability, water 
availability, compaction, and biological pressures such as nematodes and pathogens. The model combines 
this soil-quality knowledge base with Activity-Based-Costing to accurately assess the economic contribution 
of production management choices. 
 
Within Regenomics, FARManalytics functions as a central tool to assess the economic and environmental 
trade-offs of transitioning arable farms to regenerative agriculture. Its two modules - the PM Calculator and 
PM Optimiser - enable a dual application. First, the PM Calculator allows the integration of real farm data to 
establish a baseline, showing how current production management decisions (e.g., crop rotations, cover 
crops, manure and fertiliser use, residue management) affect both soil quality indicators and farm 
economics. Second, the PM Optimiser provides a scenario-analysis tool for designing regenerative pathways; 
it generates alternative production management strategies. This makes it possible to evaluate the costs and 
benefits of different regenerative practices, taking into account both profitability and soil health. 
 
 

 

Figure 2.1  Business Process Model and Notation (BPMN) diagram of the PM optimiser module in the bio-
economic model approach FARManalytics. PM stands for Production Management, ROTAT+ is a crop rotation 
generator, and CMRF modelling stands for cover crops, manure, crop residues and fertiliser optimisation 
within a crop rotation using mixed-integer linear programming 
Source: Kik et al. (2024). 
 
 
While FARManalytics explicitly integrates soil quality with farm economics, its scope is defined by the soil 
quality indicators and the production management options represented in the model. The sustainability of 
farming practices is addressed primarily through crop rotation and production decisions on soil quality such 
as crop rotation, cover crops, manure and fertiliser application and cover crop management. The model’s 
focus on physico-chemical soil quality indicators means that other environmental dimensions of regenerative 
agriculture, such as below- and aboveground biodiversity, are not captured. Soil life is seen as an important 
component of soil health and therefore a vital part of regenerative agriculture. However, the contribution of 
regenerative agriculture to soil life is poorly understood. Moreover, ‘soil life’ is a complex concept that cannot 
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be comprehensively described by a small number of parameters (Creamer et al., 2022). Therefore, we were 
unable to take it into account in this study.  

2.2.2.3 Biodiversity Footprint Family Framework (BFFF) 
The BFFF is a structured, driver-based approach for assessing how socio-economic activities contribute to 
biodiversity loss, with the objective of supporting policymakers in identifying key intervention areas and 
integrating biodiversity targets into broader policy frameworks (Chouchane et al., 2025; de Vries et al., 
2023, de Vries et al., 2025). By linking production and emissions directly to biodiversity impacts, it provides 
a systematic way to translate environmental pressures into actionable biodiversity outcomes. 
 
The framework combines the biodiversity footprint with five complementary footprints: land, carbon, water, 
nutrients, and chemicals, thus offering a holistic picture of environmental pressures. It evaluates both the size 
of each footprint (the magnitude of the underlying pressure) and its depth (the resulting biodiversity impact), 
capturing mechanisms such as eutrophication, ecotoxicity, habitat loss, and water stress (Figure 2.3).  
 
 

 

Figure 2.3  Schematic overview of the Biodiversity Footprint Family Framework (BFFF). Farm management 
and input use generate land, water, nutrient, chemical and carbon footprints, which are translated into 
biodiversity impact (PDF.year per ha) using country-specific characterisation factors. The framework links 
regenerative farming practices to changes in environmental pressures and aggregated biodiversity outcomes.  
 
 
Each footprint is calculated using established methods and data sources: 
• Water footprint: based on Water Footprint Assessment (Hoekstra et al., 2011), with footprint size defined 

as blue and green water consumption (m3) and footprint depth obtained by multiplying the size by country-
specific characterisation factors (PDF/m3) for the impact of water consumption on biodiversity (Verones 
et al., 2020). 

• Land footprint: derived from cropland use following physical accounting approaches (O’Brien et al., 
2015), with footprint size defined as harvested area (m2) and footprint depth obtained by multiplying the 
size by country-specific characterisation factors (PDF/m2) for the impact of land use on biodiversity 
(Chaudhary and Brooks, 2018). 

• Chemical footprint: based on the mass of pesticide active ingredients emitted to freshwater (kg), with 
footprint size defined as pesticide emissions and footprint depth obtained by multiplying these emissions 
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with freshwater ecotoxicity characterisation factors (PDF.m3.day per kg emitted) that express the impact of 
pesticides on aquatic biodiversity (Jing et al., 2022, Veronnes et al., 2020). 

• Carbon footprint: based on greenhouse gas emissions expressed in CO2-equivalents (kg CO2-eq) 
following IPCC-aligned emissions (Cheng et al., 2015), with footprint size defined as total GHG emissions 
and footprint depth obtained by multiplying these emissions with climate-change characterisation factors 
(PDF per kg CO2-eq) that quantify the impact of climate change on biodiversity (Verones et al., 2020). 

• Nutrient footprint: based on nitrogen and phosphorus losses to soil and water (kg N, Kg P), with 
footprint size defined as nitrogen and phosphorus losses and footprint depth obtained by multiplying the 
sizes with medium and receptor country-specific characterisation factors (PDF per kg nitrogen or P) for 
eutrophication-related impacts on biodiversity (Verones et al., 2020). 

 
In Regenomics, the BFFF is used to quantify the biodiversity impacts of arable farms transitioning towards 
regenerative farming practices by integrating multiple environmental footprints into a single biodiversity 
impact measure. Its modular structure allows regenerative farming scenarios to be assessed not only for 
their land requirements, but also for changes in water stress, nutrient losses, chemical use, and carbon 
emissions. In Regenomics, more diverse crop rotations, increased use of cover crops, reduced mineral 
fertiliser inputs and lower pesticide intensity are intended to maintain yields while reducing nutrient, chemical 
and carbon footprints, whereas changes in tillage systems can lower diesel use and associated carbon 
emissions but increase herbicide applications for crop termination, thereby shifting part of the pressure from 
the carbon footprint to the chemical footprint. The BFFF then consolidates these footprint effects into a 
biodiversity footprint, expressed as the potentially disappeared fraction of species (PDF), which captures the 
net biodiversity outcomes of regenerative transitions. This enables Regenomics to link farm-level 
management decisions to broader biodiversity impacts, providing policymakers and stakeholders with a 
clear, comparable measure of the environmental consequences of regenerative agriculture. 
 
The BFFF provides a holistic assessment, and its accuracy depends on the quality of the underlying footprint 
methods and characterisation factors. Each footprint is calculated separately and then integrated, which can 
introduce uncertainty where data are limited or region-specific factors are simplified. The framework mainly 
quantifies pressures and direct biodiversity impacts at the species level (expressed as the potentially 
disappeared fraction of species, PDF) and does not explicitly distinguish between above- and belowground 
biodiversity. However, many of the management changes evaluated in Regenomics, such as reduced 
synthetic fertiliser and pesticide use, more diverse rotations, cover crops, and reduced tillage, are known to 
affect soil organisms by altering chemical disturbance, organic matter inputs, and soil structure. 
Improvements in the aggregated biodiversity footprint can therefore also be interpreted as indirect benefits 
for soil life in systems where these pressures decline, while recognising that soil biodiversity responses are 
not modelled as a separate component in the current implementation. Furthermore, broader ecosystem 
functions, landscape-level interactions, or socio-economic feedbacks are less explicitly represented. 

2.2.3 Combination of three models  

The Regenomics framework required model capabilities that span soil, productivity, biodiversity, carbon, 
water, nutrients, and economics. No single model covers all themes; therefore, combining FarmDyn, 
FARManalytics, and the Biodiversity Footprint Family Framework (BFFF) was required to provide the 
necessary width. 
 
FARManalytics is chosen as a central component because of its strong performance in soil and economic 
dimensions. It has the capacity to analyse results across full crop rotations, allowing assessment beyond 
single-year effects. This temporal scope is critical for regenerative agriculture, where management decisions 
accumulate over time. Furthermore, FARManalytics integrates agronomic characteristics recognised by 
farmers enhancing its relevance and applicability. Its strength lies in combining soil and economic aspects, 
making it particularly well-suited for evaluating regenerative systems. 
 
FarmDyn contributes to the overall modelling framework by explicitly representing whole-farm productivity 
and cost structures, thereby capturing the economic interdependencies and trade-offs that arise from 
managing multiple farm activities under shared resource constraints. The latter is particularly relevant for 
this study as FarmDyn allows to switch between alternative tillage regimes (ploughing, minimal tillage, no 
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tillage) and combinations thereof. When choosing an alternative tillage regime at farm level, FarmDyn 
generates the required machine park (e.g., purchase a direct seeding machine) and calculates the resulting 
cost of the machinery.  
 
The BFFF extends the framework by adding a comprehensive and structured assessment of biodiversity 
impacts. It integrates multiple footprints (land, carbon, water, nutrients, and chemicals) offering a holistic 
view of environmental pressures. Its strengths include: 
1. Comprehensive analysis of biodiversity pressures and impacts 
2. Flexibility across scales, from local to global 
3. Integration of diverse datasets for robust results 
4. Alignment with project goals of biodiversity conservation 
5. Relevance for policy integration and trade-off analysis across environmental domains 
6. Use of internationally accepted methodologies (EC/JRC footprint family, LC-IMPACT) 
7. Ability to conduct trade-off evaluations between practices 
8. Reliability through global datasets, even when local data are scarce 
9. Use of the Potentially Disappeared Fraction (PDF) as a standardised biodiversity impact metric. 
 
By combining these models, Regenomics is able to quantify six key regenerative themes: soil, productivity, 
biodiversity, carbon, water, nutrients, and economics (Table 2.1). FARManalytics provides a strong soil–
economy link over time, FarmDyn contributes with economic indicators related to labour and machinery 
requirements for alternative tillage practices and needed investments, and BFFF ensures a comprehensive 
biodiversity assessment within an integrated environmental footprint framework. Together, they form a 
robust methodological foundation for evaluating the economic and environmental impacts of transitioning to 
regenerative agriculture in Europe. 
 
 
Table 2.1  Overview of topics covered in the models FarmDyn, FARManalytics and BFFF (- Not covered , 
+ minor coverage , ++ major coverage) 

2.3 Regenerative cases in different regions 

2.3.1 Data collection 

2.3.1.1 Data collection process 
Farmers were selected by local partners according to predefined inclusion criteria. To be eligible, a farmer 
had to be located within the designated study regions (Nuts 3 EU regions: Picardie in France, Niedersachsen 
in Germany, Észak-Alföld in Hungary and Dolnośląskie in Poland), manage a farm of representative size for 
that region, cultivate at least 50% of their area with row crops, and rely primarily on farming as the main 
source of family income. In addition, farms engaged solely in organic production were not included. Collected 
data referred to the year 2022, with an exception for yield figures which were collected as five-year 
averages.  
 
Data were collected by local partners in the participating regions through extended farm interviews. These 
local partners were already involved in the data collection for an earlier project Accelerating the Transition.1 

 
1  https://edepot.wur.nl/680029  

Topic covered ↓ Coverage of each topic per model 

 FarmDyn FARManalytics BFFF 

Soil + ++ + 

Productivity + - - 

Biodiversity - - ++ 

Carbon + + ++ 

Water + - ++ 

Nutrients + ++ + 

Economics ++ ++ - 

https://edepot.wur.nl/680029
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Researchers from Wageningen Social & Economic Research developed a comprehensive Excel-based data 
collection file. In addition, a recent soil analysis from the farm was requested.  
 
Before data collection started, the Excel files were discussed between Wageningen Social & Economic 
Research and each local partner to ensure correct understanding of the required data. Data were gathered 
between November 2024 and March 2025 through extended interviews during farm visits, conducted in the 
local languages. Farmers gave their informed consent before the interviews took place. Local partners 
entered the collected information directly into the Excel files, after which researchers from Wageningen 
Social & Economic Research verified the datasets. Any unclear points, inconsistencies, or unusual figures 
were discussed with the local partners, and where necessary, followed up with corrections or additional 
verification and standardisation of units.  

2.3.1.2 Data collection file 
The data collection file included an overview of the farm, and detailed sections on farm economics, 
mechanisation, storage, and crop-specific data (Table 2.2). 
 
 
Table 2.2  Overview of the main sections and variables assessed in the study, including farm 
characteristics, economic factors, mechanisation details, storage parameters, and crop-specific data 

Section Variables assessed 

Farm overview Farm size (ha), labour input expressed in full-time equivalents (FTE), soil texture, soil organic matter 
(SOM), soil water holding capacity, soil nutrient stocks (nitrogen, phosphate, and potassium), available 
nutrients (phosphate, and potassium), soil pH, cation exchange capacity (CEC), maximum rooting depth, 
total farm energy use, irrigation source, water table, crop rotation, and historical yields per ha on the farm. 

Farm economics Land cost (EUR/ha), investment capacity (EUR), the presence or absence of CAP premiums, interest rate, 
labour cost, energy cost, manure costs, fertiliser prices, and prices for plant protection. 

Mechanisation Type of available machinery, lease price or purchase value, time in business (age of machine), 
depreciation, annual costs and usage, and crop-specific use of each machine. 

Storage Storage type, initial investment, expected business lifetime, depreciation, annual costs, and total storage 
capacity. 

Crop-specific data Revenues (EUR), costs and quantities for starting material, fertilisation, crop protection, irrigation, 
mulching (if applicable), delivery and allocated costs, as well as the number and type of field operations 
carried out. 

 
 
The farm overview compiled the most important structural and resource-related indicators of each farm. It 
included farm size, labour input (in full-time equivalents), and a set of soil indicators such as texture, soil 
organic matter, water holding capacity, nutrient stocks (nitrogen, phosphate, and potassium), available 
nutrients (phosphate, and potassium), pH, cation exchange capacity (CEC), and maximum rooting depth. In 
addition, the section documented the farm’s energy use, irrigation water sources, water table, crop rotation, 
and yield averages over the past 5 years. The economics section focused on variables such as land costs, 
investment capacity, CAP premiums, and interest rates. It also included input prices such as labour, energy, 
manure, fertiliser, and plant protection. Mechanisation was documented in terms of the types of machinery 
available on the farm, their lease or purchase value, age, depreciation, annual costs, and level of use. Where 
possible, the specific use of each machine per crop was noted. Storage facilities were also recorded, including 
their type, initial investment, expected lifetime, depreciation, annual costs, and total storage capacity. For 
each crop cultivated on the farm, a dedicated sheet documented both revenues, as well as input quantities 
and costs. These costs included seeds, fertilisation, crop protection, irrigation, mulching (when applicable), 
delivery, and other allocated costs. The crop-level sheets also detailed the number and type of field 
operations including the labour demand and fuel demand for each operation.  

2.3.2 Data processing 

2.3.2.1 FARManalytics 
Following the verification process with local partners, the collected data files were structured, standardised, 
and prepared for use in the different models. For the FARManalytics model, the processing workflow 
consisted of three main steps. 
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Cropping plan 
First, the cropping plan was converted into a crop rotation using the crop rotation predictor. While the 
cropping plan represents the acreage of each crop grown on a farm in a given year, crop rotation refers to 
the succession of crops on a field over time. The crop rotation predictor, inspired by the ROTAT approach 
(Dogliotti et al., 2003) and implemented in Python, was applied to make this conversion. The algorithm 
follows four steps: (1) convert the cropping plan into target shares, (2) search for feasible crop sequences, 
(3) evaluate potential rotations, and (4) select the best rotation. The outcome is a crop rotation that respects 
agronomic constraints while closely reflecting the observed cropping plan. 

Crop economics 
Second, the input file for the FARManalytics model was filled with the data from the cleansed files. With the 
exception of crop rotation information, most data were directly transferred. Subsequently, crop economics 
were calculated using the Direkt- und Arbeitserledigungskostenfreie Leistung (DAKfl), a standardised method 
developed by the Kuratorium für Technik und Bauwesen in der Landwirtschaft (KTBL) (KTBL, 2022). DAKfl 
can be considered a net crop margin: it is the crop revenue minus variable costs and the fixed costs of assets 
used in crop production. DAKfl was chosen as it captures both variable inputs (such as fertiliser, fuel, and 
seeds) and fixed machinery costs, including depreciation. DAKfl ensures that differences in machinery use 
between systems are reflected in the indicator, while covering only steady-state machinery costs and not 
transition or direct investment capacity.  

Soil indicators and economic performance 
Finally, the FARManalytics PM calculator was used to assess the farm’s performance on economics, soil 
quality, and agronomic key performance indicators (KPIs). The soil indicators included nitrogen (crop 
nitrogen supply and nitrogen surplus), phosphorus (P), potassium (K), and soil organic carbon (SOC). 
Agronomic indicators included the number of unique crops in the rotation, the share of leguminous crops, the 
share of combine-harvestable crops, soil coverage by crops and cover crops, and the Shannon Diversity 
Index, which reflects crop diversity based on the frequency of crops within a rotation. 

2.3.2.2 FarmDyn 

Data processing 
The data processing for FarmDyn followed a similar approach to that used for the Farm Analytics model, with 
input data derived from the cleansed data collection file dataset. FarmDyn requires several input parameters 
that capture distinct aspects of the farm system, each following its own data scheme and degree of 
disaggregation. In some cases, like general farm characteristics or crop yields and prices, the derivation of 
FarmDyn parameters is straightforward. With regard to field operations and machinery, the data structure of 
FarmDyn is very different from the data collection file data and requires more elaborate translation 
measures. The following paragraphs describe the main groups of data used to generate the FarmDyn input 
parameters, explain the main challenges, and outline the procedures applied in their preparation.  

General farm characteristics 
The parameters of available land and labour determine the feasible scale of production and the range of 
activities a farm can support. Land availability was taken directly from the survey because it reflects whole 
farm values and required no further adjustment. Labour data were also taken from the survey, but labour 
was not used as a restricting factor in the optimisation and was included only after the modelling step. 
 
FarmDyn normally models labour in detail by assigning labour requirements to each field operation in two 
week periods based on available field working days. In the initial setup, the available family labour from the 
sample was included. However, combining this labour availability with FarmDyn’s limited hiring option, which 
allows only full time year round workers, and the largely fixed cropping plan that drives most labour demand 
requirements, resulted in outcomes that were not feasible or did not reflect realistic farm behaviour. For this 
reason labour was removed as an optimisation constraint. Labour requirements were calculated after the 
modelling, labour costs were derived from the total labour need and the available family labour and wage 
assumptions, and the resulting labour use and costs were reported in the results. 
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Crop yields and prices 
Crop yields and farmgate prices are key inputs for FarmDyn, as they determine crop revenues and influence 
overall farm profitability. Before importing these data, farm-specific yield and price observations were linked 
to a unified crop list to ensure consistent identification across farms. After this harmonisation, the data could 
be directly integrated into FarmDyn’s input structure.  

Variable crop-specific material cost 
FarmDyn distinguishes two types of variable crop-specific input costs. The first group refers to costs that are 
constant per ha for a certain tillage system, including cost for seeds or plant protection measures. The 
second group covers inputs for which the application rates can be optimised within the model (e.g., 
fertilisers), depending on the economic conditions and production intensity. Seed cost data were directly 
sourced from the data collection file after aligning them with the unified crop list. These data required 
minimal additional processing, as seed costs were typically recorded per ha and directly comparable across 
farms and crops. Regarding plant protection products, the data collection file contained detailed information 
on the use of approximately 600 plant protection products across all farms. While FarmDyn can theoretically 
incorporate such a product-level variability, the sheer diversity of products would make cross-farm 
comparisons of cost structures impractical. Therefore, the products were aggregated into four standardised 
categories: herbicides, fungicides, insecticides, and growth regulators. This categorisation aligns with the 
classification scheme used in the Biodiversity Model, ensuring compatibility between the modelling 
frameworks. Within each category, the costs per ha were calculated at the farm level to serve as input 
parameters in FarmDyn for tillage option ‘plough’, assuming that the data collection file represents a 
conventional tillage situation. The needed data for alternative tillage options were then derived using the 
relative deviations between conventional and alternative tillage systems in the FarmDyn default 
parameterisation. As in the case of plant protection products, the data collection file included data on 
approximately 200 fertiliser types used across the sampled farms. To facilitate comparability and improve 
computational efficiency, the nutrient contents of all fertilisers were converted into their total nitrogen (N) 
and phosphorus (P) equivalents, following a similar procedure applied in FARManalytics. As a result, fertiliser 
inputs were simplified into aggregated quantities of nitrogen and phosphorus per ha, and corresponding unit 
prices for pure nitrogen and phosphate were derived. This approach preserves the essential economic and 
agronomic relationships while maintaining model tractability. 

Crop operations 
FarmDyn represents crop operations in detail, specifying labour use, fuel demand, variable costs, and 
required machinery for each operation. Standardised operation and machinery definitions (based on KTBL) 
link crop activities to labour, fuel use, and machinery capacity, so that changes in tillage or cropping systems 
affect whole-farm costs and resource use. 
 
The data collection file included over 500 machines, but many could not be directly matched to FarmDyn 
types, and some field operation definitions differed. As a result, default FarmDyn parameters were generally 
retained, except where survey data were reliable. Observed labour requirements were incorporated when 
available and within 25% of the default for herbicide application and harvesting. Because harvesting is a 
major farm activity, its labour values were also applied to other operations in the absence of detailed data.  

Summary 
In summary, the data preparation for FarmDyn required a combination of data harmonisation, aggregation, 
and simplification to balance the use of data collection file data with computational feasibility. While the data 
collection file data provided a rich empirical foundation, careful structuring and standardisation were 
essential to translate the diverse raw information into a consistent and usable format for model-based 
analysis. The data sources for the parameterisation of the FarmDyn model are summarised in Appendix 1.  

2.3.2.3 Biodiversity  
Farm-level records were extracted, structured, and standardised, as described in the FARManalytics sections. 
For each farm/crop combination, the set of variables needed to quantify the six BFFF footprints: water, 
carbon, nitrogen, phosphorus, chemical, and land was compiled. When data were missing, we completed 
records using trusted external sources or model-derived values, with all imputations logged. Variables were 
harmonised to common units while preserving farm and crop-specific detail, georeferenced to the farm’s 
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approximate coordinates, and quality-checked for internal consistency. This integrated method underpins the 
computation of footprint sizes and depths; the process per footprint is detailed in the following subsections. 

Water footprint (size) 
Where available, the spatially explicit dataset of Mialyk et al. (2024), which provides crop water use (CWU), 
unit water footprints, and the green-blue partitioning, was used to ensure methodological consistency across 
sites and years. For crops or contexts (winter/summer) not covered by that dataset, we reproduced their 
approach and estimated missing values using AquaCrop v7.1, following the same modelling logic and post-
processing they describe (Mialyk et al., 2024). Irrigation information at the farm level was often incomplete; 
several farms clearly reported predominantly rainfed production. Most crops across selected farms were 
rainfed, except for some farms in France and Germany, where a few crops were irrigated. When reliable CWU 
was already present in the integrated data, it was used directly. Otherwise, CWU was simulated using 
AquaCrop, supplying daily climate data near the farm coordinates, crop calendars, parameters, and soil 
texture. Soil texture was derived from farm-provided soil analyses for the dominant soil type at each farm. 
Using the reported sand, clay, and silt fractions and the organic matter values from the laboratory results, a 
texture class was assigned, and hydraulic properties were estimated with the pedotransfer functions of 
Saxton and Rawls (2006). The derived parameters included texture class, wilting point, field capacity, and 
saturation (vol%), available water capacity (mm/m), saturated hydraulic conductivity (mm/day); bulk 
density, curve number, readily evaporable water (REW, mm), and model runoff parameters (CRa, CRb). All 
soil parameters underwent plausibility checks before their use in AquaCrop. 
 
Climate inputs were extracted from the ISIMIP GSWP3–W5E5 dataset, a global dataset with daily weather 
data, at the farm locations (Lange et al., 2022), and elevation was taken from Google Earth. Reference 
evapotranspiration (ET₀) was computed from daily temperature, humidity, wind speed, and radiation using 
the FAO-56 Penman–Monteith formulation (Allen et al., 1998). The model traces green and blue water in the 
soil profile and returns green and blue CWU, which was adopted for consistency with the dataset from Mialyk 
et al. (2024). Where shallow groundwater could influence crop water supply, capillary contributions we 
approximated using gridded groundwater table depth (2004-2014 monthly, 5-arcminute resolution) taken 
from Fan and Miguez-Macho (2013), consistent with the inputs used by Mialyk et al. (2024). 
 
The water footprint size per ha was calculated by converting CWU (mm) to volume (m3/ha). The full 
formulation and unit conversions are documented in Appendix 2. 

Water footprint (depth) 
We quantified water footprint depth as an impact-weighted measure of total consumptive use following  
LC-IMPACT (Verones et al., 2020). For each farm/crop, we first summed the average green and blue water 
footprint sizes per ha (m3/ha) to obtain the total water footprint, then multiplied this total by the country-
specific characterisation factor, defined as potential biodiversity damage per unit of water consumed 
(PDF.yr/m3), to obtain depth in PDF.yr/ha. The exact equation is provided in Appendix 2. 

Carbon footprint (size) 
The carbon footprint size aggregates on-farm fuel use, direct soil emissions from nutrient application, and 
upstream manufacturing of mineral fertilisers. Diesel use for field operations is converted to CO2-equivalent 
using standard fuel emission factors. Direct soil emissions are dominated by N2O from applied nitrogen, and 
manufacturing emissions reflect cradle-to-gate production of nitrogen, phosphate, and potassium fertilisers 
(IPCC, 2006; IPCC, 2019; Menegat et al., 2022; Tyszler et al., 2022). Upstream emissions from fertiliser 
manufacturing are based on cradle-to-gate emission factors for nitrogen, phosphate, and potassium nutrients 
(Agri-footprint 6.0). The full carbon footprint equation, with all emission factors and units, is given in 
Appendix 2. 

Carbon footprint (depth) 
Carbon footprint depth expresses potential biodiversity damage from climate change. On-farm and upstream 
GHG emissions (kg CO2-eq/ha) are converted to biodiversity impact (PDF.yr/ha), using LC-IMPACT 
ecosystem quality endpoint characterisation factors for CO2 (PDF.yr/kg emitted) taken from Verones et al. 
(2020). The exact formula is reported in Appendix 2. 
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Nitrogen footprint (size) 
The data collection file recorded organic and mineral nitrogen inputs, which entered the FARManalytics 
model; from the models’ outputs BFFF uses total nitrogen application disaggregated into fertiliser (mineral) 
and manure (organic). For the nitrogen footprint size, it was assumed that approximately 70% of applied 
nitrogen is not recovered by the crop and remained in the environment (Anas et al., 2020; Bhatt et al., 
2025). Accordingly, the nitrogen footprint size (kg/ha) was computed as the total applied nitrogen per ha 
multiplied by the fraction left in nature. The explicit formula and parameter are provided in Appendix 2. 

Nitrogen footprint (depth) 
Unrecovered nitrogen was allocated as 20% to soil (legacy retention/groundwater route), 25% to surface 
water (leaching and runoff as dissolved inorganic nitrogen), and 25% to air (NH3 volatilisation and other 
gaseous losses). This allocation aligns with evidence of first-season soil retention around 20-35% in global 
maize systems (Quan et al., 2021), typical nitrate losses of roughly 15-25% to water (Bijay-Singh and 
Craswell, 2021), and global averages of ammonia volatilisation near 13-18% with additional gaseous losses 
(Pan et al., 2016). For nitrogen footprint depth, both the soil/groundwater and surface-water fractions are 
characterised under marine eutrophication at the endpoint level (PDF.yr), using country-specific 
characterisation factors as set out in LC-IMPACT (Verones et al., 2020). Air emissions are not included in 
nitrogen-footprint depth. The detailed equation and factors are listed in Appendix 2. 

Phosphorous footprint (size) 
Phosphorus inputs (mineral fertiliser and manure) were also taken from the FARManalytics outputs, exactly 
as for nitrogen. Consistent with reported crop uptake efficiencies of roughly 10-36%, it was assumed that 
30% of the applied phosphorus was taken up by the crop (Doydora et al., 2020). The remaining 70% was 
considered the portion left in the environment and thereby defined the phosphorus footprint size (kg/ha). 
The formula is provided in Appendix 2. 

Phosphorous footprint (depth) 
The unrecovered phosphorus (the 70%) was partitioned into environmental routes based on recent global 
fate evidence: 65% to soil/groundwater (legacy storage with delayed transfer to freshwater) and 5% to 
surface water (runoff and drainage) (Luo et al., 2024). Depth was then calculated by characterising each 
route under freshwater eutrophication at the endpoint level (PDF.yr) using LC-IMPACT country-level 
characterisation factors for emissions to soil and to freshwater (Verones et al., 2020). The two contributions 
are summed to obtain depth per ha. The full expression and parameters are provided in Appendix 2. 

Chemical footprint (size) 
Pesticide use was recorded in the data collection file as product applications in kilograms or litres per ha. 
Active ingredients (AIs) were identified as well as their composition for each product using authoritative 
sources, including the EU Pesticides Database, the Pesticide Properties DataBase (PPDB), e-phy (ANSES), 
Alvie’s crop-protection product catalogue, and the CTGB Pesticides Database. For each application, volumes 
reported in litres were converted to kilograms using label densities, and multi-AI products were allocated to 
individual AIs according to their declared fractions. The chemical footprint size is the applied mass of each AI 
per ha, summed over all applications. The exact calculation is provided in Appendix 2. 

Chemical footprint (depth) 
To convert LC-IMPACT freshwater ecotoxicity characterisation factors (PDF.m³.day per kg) to the BFFF depth 
unit (PDF.yr per ha), impacts were scaled by an exposed water volume during a conservative low-flow period 
and convert days to years (Verones et al., 2020). The exposed volume is based on a low-flow discharge 
statistic (Q95) at the relevant river reach and a 14-day residence window, consistent with hydrological 
practice for water quality and typical aquatic dissipation times (Smakhtin, 2001; US EPA, 1991; Lewis et al., 
2016). Q95 values were obtained from the main rivers closest to farm locations and averaged by country. 
The full depth equation and implementation details are provided in Appendix 2. 

Land footprint (size) 
The land footprint size equals the functional unit of our assessment. For each farm–crop record, the occupied 
area is one ha. 
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Land footprint (depth) 
Land footprint depth reflects the impact of land occupation on biodiversity. Country-level characterisation 
factors were used for intensive cropland from Chaudhary and Brooks, which represent the potentially 
disappeared fraction of species (PDF) per unit area aggregated across taxa (Chaudhary and Brooks, 2018). 
To express depth in PDF.yr/ha, the intensive-use CF was multiplied by the occupied area (1 ha) and 
converted from m2 to ha. The corresponding equation and factors are presented in Appendix 2. 

Biodiversity footprint (aggregated impact) 
The overall biodiversity footprint is the sum of depth metrics across stressors. For each farm/crop, we sum 
the depth of water, carbon, nitrogen, phosphorus, chemical, and land footprints to obtain a total biodiversity 
footprint in PDF.yr/ha. The aggregation formula is given in Appendix 2. 

Baseline and scenarios 
Running BFFF with farm-level inputs derived from the data collection file constitutes the baseline. Scenario 
analyses were performed by modifying the relevant parameters according to the scenario definitions 
provided in later sections. 

2.3.3 Literature research to investigate relations between practices and outcomes  

To support the scenario analysis, a structured literature review was conducted to assess the relationships 
between three key regenerative practices and a select group of farm level outcomes. In the literature review 
the relationships between the following regenerative agricultural practices were examined: 1) no tillage, 
2) Integrated Pest Management, and 3) water saving interventions. Farm level outcomes included soil 
organic carbon (SOC), crop yield, energy consumption, and greenhouse gas (GHG) emissions. To keep the 
analysis methodologically consistent across different practices, a harmonised search protocol for the Web of 
Science (WoS) was developed. Each search string combined keywords referring to the practice of interest 
and those related to the indicator, using the ‘TI=‘ operator to restrict results to paper titles. The following is 
an example of such a search string set up for No-till:  
 
TI=(("minimum till*" OR "zero till*" OR "no till*" OR "no-till*" OR "reduced till*" OR "occasional till*") AND 
("greenhouse gas*" OR GHG OR "carbon dioxide" OR CO2 OR "nitrous oxide" OR N2O OR "methane" OR CH4 
OR "soil organic carbon" OR SOC OR "carbon sequestrat*" OR "carbon storag*" OR mitigat* OR abate*) AND 
(meta-analys* OR metaanalys*)) 
 
The search initially targeted meta-analyses, given their synthesis across climatic and management contexts. 
When this proved insufficient, the meta-analysis filter was removed to capture other high-quality 
comparative studies. Developing the keywords involved an iterative, cross-disciplinary process. For each 
agricultural practice, three main search themes were constructed to target SOC or SOM and GHG emissions, 
yield-related outcomes, and energy metrics. The literature review was limited to peer-reviewed articles, 
English-language sources indexed in WoS. While this inevitably omitted some grey literature and regionally-
specific case studies, the structured and constant approach helped to ensure a high degree of comparability 
across interventions.  

2.3.4 Development and implementation of scenarios in models 

Farm-level data collected through interviews formed the baseline for a total of forty farms across the 
participating countries. Building on this baseline, the next step involved defining country-specific scenarios 
related to key regenerative agriculture indicators. These scenarios, representing goals or development 
pathways for farms, were then simulated and assessed using modelling tools to explore potential outcomes.  

2.3.4.1 Scenarios based on regenerative principles 
The scenarios focused on three main decision areas influenced by regenerative principles: crop choice and 
rotation, soil cover through main and cover crops, and fertilisation strategy. Additional aspects such as crop 
protection and tillage practices were also taken into consideration. Scenarios were designed for each country 
separately, taking the current situation into account aspects such as local farming practices, availability of 
manure and current crops grown, to ensure that goals set in the different scenarios were realistic. For each 
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country two scenarios were designed; the first (further indicated as scenario A) reflected short-term goals 
that could realistically be achieved within the current conditions and constraints, while the second (further 
indicated as scenario B) represented a longer-term, more ambitious vision for transformation towards 
regenerative farming. More detailed scenario descriptions can be found in the next sections. 

2.3.4.2 Selection of indicators and target setting 
From each country, two out of the ten farms were selected in order to describe farm specific strategies in 
detail. The selection was done based on the baseline environmental footprints (nitrogen, chemical, 
phosphorus, and carbon) and economic performance (net return per ha). By removing outlier farms based on 
these variables, a sample of three or four farms remained from which the remaining most contrasting 
farms—in terms of economic and biodiversity impact indicators—were selected as the case study farms for 
the scenario analysis. This was done to demonstrate that the impact of regenerative agriculture is farm and 
context specific, even when taking out the outliers. In collaboration with local project partners, the key 
decisions and goals for each scenario were discussed. These discussions addressed the current practices on 
each farm, potential targets for improvement, and country-specific constraints that needed to be considered 
when setting realistic goals. From there targets were established for the two selected farms in each country 
the following indicators: number of crops in the rotation, the inclusion of nitrogen-fixing crops, crop 
coverage, nitrogen fertiliser use, crop protection intensity, and tillage practices. The overall process followed 
a stepwise approach, starting with a baseline assessment and continuing with the diversification of crop 
rotations, the introduction of cover crops, optimisation of fertilisation practices, reduction of the use of 
chemical crop protection products, and the gradual reduction of tillage intensity. In this context it is 
emphasised that these targets were based on expert judgement and should not be interpreted as definite 
targets for regenerative agriculture. The targets set in this project were used for the purpose of quantifying 
effects of regenerative farming. The logic behind these targets came from the principles of regenerative 
agriculture previously described: understanding the context, minimising soil disturbance, maximising crop 
diversity, keeping the soil covered, maintaining living root year-round. Livestock was not integrated as this 
was out of scope for this research. 

2.3.4.3 Context specificity of scenarios  
Soil disturbance was assumed to be minimised through the reduction of tillage intensity, chemical pesticide 
applications, and chemical fertiliser inputs. Crop diversity was considered to increase by extending crop 
rotations, while soil cover and the presence of living roots were enhanced through the implementation of 
cover crops. The specific target levels were determined based on expert judgment and subsequently refined 
during expert consultations involving local specialists and representatives of European organisations engaged 
in regenerative agriculture. Feedback from these consultations indicated that several targets were regarded 
as highly ambitious; however, such an ambition was considered necessary to mitigate the risk of 
greenwashing and to establish a credible benchmark for regenerative practices. The resulting combination of 
targets represents one potential transition pathway toward regenerative agriculture for conventional arable 
systems, simultaneously acknowledging that it is not the sole pathway but the one quantified within this 
study. 

2.3.4.4 Crop rotation, cover crops and fertilisation  
The previously described bio-economic models FARManalytics and FarmDyn were then used to propose 
alternative management strategies and the associated changes in costs and benefits. Subsequently, the 
impact of these alternative management strategies on biodiversity footprints was assessed using BFFF. 
Scenario-specific target levels for crop rotation, fertilisation and soil cover were imposed on the models, such 
that an optimal solution could be found within these scenario constraints. Regarding the pesticide application, 
there were more manual adjustments required. This was done post modelling. 

2.3.4.5 Tillage 
The FarmDyn model permits choosing between plough-based, minimum-, and no-tillage systems. 
Combinations of tillage systems are also possible. The assumption is that the modelled farms have 
dominantly plough-based tillage in the baseline, Scenario A permitted minimal- and plough-based tillage, and 
scenario B only minimum- and no-tillage. These settings had impacts on labour and machinery requirements 
and therefore changed the cost structure of the model farms, as well as on the number and timing of field 
operations. Some crops are by default not included in the no-till option, specifically in potatoes, sugar beet, 
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other root and tuber crops and onions. In such cases, minimum tillage was applied, which is in line with the 
scenario settings. The main reasons these crops are not included in the  
no-tillage option are their requirements for sufficiently loosened soil for seeding and root-harvesting. In  
no-tillage scenario B, the model will also add another herbicide application in order to terminate the weeds 
and cover crops before the sowing. This is not preferred in regenerative agriculture, but since large 
conventional farms were considered, it was safe to assume that this is how this would work out in practice. 
This is a trade-off that will become visible in the footprints. The main changes to the model results under 
ploughing and minimal tillage settings were diesel use, and labour input, and adjustments of the machine 
park. 

2.3.4.6 Pesticides 
Reducing the impact of pesticides on the environment is a context-dependent agronomic process. Consulted 
experts were careful in making changes in crop protection strategies for the scenarios without knowing the 
full context. As the reason for use of each specific pesticide was not known, a more overall and zoomed-out 
approach was used. In the first step the pesticide impact of the different crops was studied. In case crops on 
farms had excessive pesticide impact, the crop protection strategy of another farm in the same region of the 
same crop has been used as a replacement.  
 
This first step was considered optimisation, mainly aimed at replacing the pesticides that have excessive 
impact. The observations in the data sample indicated that some farms had crops with 1,000 times the 
impact of the same crop on another farm in the same region. This was due to differences in products used. 
The impact of pesticides results from their ecotoxicity level (ranging from 0 to 450 PDF.m3.day/kg) and the 
dosage of the product. Its impact is also influenced by the farms geography as the chemical impact depends 
on waterflows at the farms location. The second step comprised a reduction in disease pressure by a 
percentual reduction of the dosage, underpinned by results of two studies and experience from Dutch field 
trials. A meta study by Maé Guinet et al. (2023) indicates that a pesticide reduction of 20% can be achieved 
when functional diversity is increased from 1 to 4 botanical groups. Since the majority of the farms had more 
than one botanical group, a linear approach was taken and a 5% disease pressure reduction for each new 
botanical group in the scenario was considered. Since grain, rye, maize, and other grass crops all belong to 
the Poaceae family, the introduction of further grass-like species contributed only marginally to botanical 
group diversification. At the same time in the scenarios there were new crops being introduced, which could 
also cause a higher pesticide impact as pesticide-intensive crops might come into the rotation, thereby 
increasing the overall pesticide use. Some of these new crops increased the overall pesticide impact of the 
farm’s crop rotation. In addition to meta-analyses, practical German research was used, indicating that 
extending crop rotation from 3 years to 7 years has the potential to reduce pesticide use by 20% to 30% 
(Saaten Union, n.d.). It should be noted that pesticide reduction was approached conservatively, and any 
decrease in pesticide use resulting from lower pest pressure in a broader rotation was capped at 10% 
 
The third step included the application of integrated pest management (IPM). This approach considers, 
among other factors, the application of preventative measures like intensive observation of the crop, the use 
of decision supporting software to help identify optimal pest management, and the assignment of threshold 
values that indicate acceptable infection levels. Field trials demonstrated that this could result in pesticide 
reduction of 50%, however, it is estimated that this will be lower in practice. Klocke et al. (2023) also 
indicated a reduction of 25% to 50% in winter rye and Nandillon et al. (2024) indicated that an overall 
reduction of 25% was possible. Initial use levels were taken into account; however, the results show that a 
25% reduction was feasible across all farms, independent of baseline use or geographic location. Accordingly, 
we incorporated a 25% reduction through IPM in both scenarios A and B. These management changes to 
reduce pesticide impact should be possible without yield losses, however a broader crop rotation does impact 
overall farm profit and knowledge is required for successful implementation of IPM.  
The targets represent a rather dogmatic approach to regenerative agriculture raising the question whether 
this is the most effective way to achieve impact. However, the objective of this study was not to determine 
the optimal pathway for impact, but to quantify the economic effects and environmental implications of 
regenerative farming practices. Within this context, the chosen approach was considered valid by the 
researchers. 
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2.3.5 Design rules for farm-specific scenarios  

2.3.5.1 Design guidelines 
Two scenarios (Scenarios A and B) were developed based on a set of agronomic and environmental rules 
that define management intensity and sustainability targets for each country. For crops, Scenario A includes 
up to six crops, with a maximum increase of two crops compared with the baseline. Scenario B includes up to 
eight crops, maintaining a maximum difference of two crops from Scenario A. The rules are slightly less strict 
for Hungary (HU), where a maximum increase of two crops in the Scenario B was implemented to make the 
target farm-specific. The target-setting process accounted for a gradual transition towards the desired 
management practices. However, an increase of two crops in the rotation has a considerable impact on and 
requires considerable changes in farm management. For nitrogen fixation (N fix), both scenarios encompass 
a ratio of one nitrogen-fixing crop every six years. Scenario B, however, places additional emphasis on the 
inclusion of legumes as cover crops. Crop coverage targets were defined per country, with realistic and 
achievable goals reflecting national climatic conditions. Regarding nitrogen fertilisation (N fert), in Scenario A 
the level was set halfway between the baseline and the target value of Scenario B, whereas in Scenario B the 
average farm-level nitrogen fertilisation was reduced by 50%. Tillage practices were optimised according to 
agronomic feasibility on each farm. Scenario A aimed to maximise minimal tillage while Scenario B aimed to 
maximise no-till practices. Minimal tillage remained acceptable under Scenario B, but ploughing was 
excluded. Because of earlier mentioned complexity, pesticide reduction was implemented by optimisation of 
current pesticide use in case of crops with excessive impacts resulting from specific pesticides with high 
ecotoxicity. As well as literature based disease pressure reduction following the broader rotation and 
implementation of IPM. Resulting in a percentage reduction. Meaning that for pesticides there was a three 
step approach not a specific target. 

2.3.5.2 Implementation rules (FARManalytics) 
Scenarios were designed as described before; the integration and calculation process included two main 
components: (1) expert-based redesign of crop rotations and (2) optimisation of cover crops, fertiliser and 
manure application through FARManalytics (Figure 2.4). These components are discussed stepwise below, 
while farm-specific adjustments are elaborated in the scenario results. 
 
 

 

Figure 2.2  Illustration the workflow with three phases: 1) crop rotation design, 2) model based 
optimisation, and 3: PPP (plant production products) design.   
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The expert-based redesign of crop rotations was applied when farms did not meet goals for crop diversity or 
legume inclusion. First, the least profitable crop was replaced with a legume, ideally preceding a crop with 
high nitrogen demand. Second, the share of the most profitable crop was kept constant. Third, when 
alternative crops were introduced, those closest to the existing crop selection were chosen to avoid 
unnecessary major changes in machinery or management. For alternative crops not yet grown on the farm, 
yield, cost, and revenue estimates based on averages from the 10 farm sample in that specific country were 
used. 
 
Optimisation of farm management and calculation of soil indicators were based on the redesigned crop 
rotations. Fertiliser, manure, and cover crops were optimised using the PM (production management) 
Optimiser module of FARManalytics. Since manure availability differed among the countries and regions, 
specific assumptions were made: in Germany, cattle slurry, pig slurry, digestate, and cattle solid manure 
were available; in France, compost and the compost based products (catalysat and humocal) were used. 
Other manure types were assumed available only when used in the baseline scenario, and, if applied to a 
specific crop, were restricted to that crop to prevent unrealistic quantities. In Poland and Hungary, manure 
was generally unavailable; in exceptional cases, the same rules as in France applied. Fertiliser availability 
was limited to solid nitrogen fertiliser (calcium ammonium nitrate), liquid nitrogen fertiliser (ammonium), 
diammonium phosphate (DAP), one phosphate (P)–potassium (K) mix, and potassium chloride (K60). Other 
locally available fertilisers were considered as nitrogen (N)–phosphate (P)–potassium (K) blends, ensuring 
that nutrient targets could still be met. 
 
For cover crops, three representative types were selected: 
1. Oats–Vetch–Phacelia mixture, a high-quality nitrogen-fixing crop planted before 1 September; 
2. Yellow Mustard or White Radish, a cheaper non– nitrogen-fixing option producing high biomass; 
3. Rye, a low-cost crop that can be planted until 1 October. 
 
Cover crops containing ryegrass were excluded as they were considered unsuitable for non-inversion tillage 
systems. 
 
FARManalytics constraints within the scenario settings first included maximum levels for total and fertiliser 
nitrogen application. Furthermore, for soil cover constraints the soil was assumed covered when a crop or 
cover crop was grown. Since the main crops were already defined, FARManalytics added cover crops for 
cases the cover target was unmet. Additionally, a context-dependent constraint was applied to organic 
matter input, expressed as effective carbon—the carbon remaining in the soil one year after application. 
Finally, a maximum phosphorus (P) surplus of 20 kg ha⁻¹ year⁻¹ was set for all farms to prevent excessive 
animal manure inputs. 

2.3.5.3 Implementation rules (FarmDyn) 
The scenario settings from the design guidelines were also implemented in FarmDyn, but differently than in 
FARManalytics as can be seen in Table 2.3 (detailed implementation Appendix 1). As a linear programming 
model, FarmDyn typically specialises in the most profitable crops, so scenario-specific rotations, including 
nitrogen-fixing crops and higher crop diversity, were enforced by constraining cropping plans with minimum 
and maximum rotational shares. With crop shares fixed, optimisation focused on fertilisation strategies, 
including fertiliser levels and organic and chemical supply, as well as alternative tillage systems. This 
approach allows assessment of how scenario-specific cropping plans and fertilisation targets, combined with 
alternative tillage, influence fertilisation strategies and farm-level economic outcomes. 
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Table 2.3  Scenario implementation in FarmDyn 
 

Base Scenario A Scenario B 

Number of crops Adjusted maximum crop 
rotational shares to meet 
observations 

Included additional crops in cropping plan  
adjusted max crop shares to increase number of crops as required 

Nitrogen fixing crops Adjusted maximum crop 
rotational shares to meet 
observations 

Include leguminous crops in 
cropping plan, add minimum share 
of 17% 

Include leguminous crops in 
cropping plan, add minimum share 
of 17% 

Nitrogen fertiliser Restricted at farm-level based 
on observations 

Restricted at farm level to 
targeted average per ha 

Restricted at farm level to 
targeted average per ha 

Nitrogen manure Unrestricted apart from EU 
average regulations 

Restricted at farm level to 
targeted average per ha 
unrestricted apart 

Restricted at farm level to 
targeted average per ha 
unrestricted apart 

Nitrogen total Unrestricted apart from EU 
average regulations 

Restricted at farm level to 
targeted average per ha 
unrestricted apart 

Restricted at farm level to 
targeted average per ha 
unrestricted apart 

Tillage options Plough Plough and minimal tillage Minimal tillage and no tillage 

 

2.4 Literature review input on scenarios 

Most results from the literature review were used either to in- or exclude effects. We for instance looked at 
the change of soil organic matter supply to the soil as a result of pesticide reduction. As there was no 
conclusive result we did not consider it in the calculations.  
 
Across the reviewed literature, no-till generally increases SOC in the upper soil layers while profile-wide 
effects remain modest once bulk-density corrections are applied. In deeper layers no-till often decreases or 
does not affect SOC, offsetting surface gains (Luo et al., 2010). Yield effects are neutral on average but vary 
with crop, climate and residue management, with slight declines in humid cereals and small gains under 
dryland conditions (Luo et al., 2010; Cui et al., 2024). Reduced field operations consistently lower fuel and 
energy use, while overall GHG balances improve mainly through avoided diesel emissions.  
 
IPM studies show substantial pesticide reductions without yield loss when applying monitoring, biological 
control and advisory systems. The reduction is dependent on initial pesticide use and weather, but a 
reduction should be feasible in any case. Environmental gains occur primarily through reduced upstream 
emissions and greater crop diversity. 
 
In summary, the literature findings indicate that regenerative practices yield consistent resource-efficiency 
benefits and modest environmental co-benefits, though outcomes depend strongly on local climatic and 
managerial conditions.  
 
We must also recognise that there is a large part of regenerative agriculture benefits, on for instance soil, 
that require long tern research in order to prove relation with management practices. This is not taken into 
account and that results should be seen in that context. 
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3 Results  

3.1 Baseline assessment  

This section presents the results of the baseline assessment of the forty conventional farms in four countries. 
The results of the baseline assessment of forty farms are reported at country level and includes analyses of 
nutrient, economic and biodiversity outcomes. In the first part the median and interquartile ranges of 
nutrient and economic outcomes are presented for each country: Germany (n = 10), France (n = 10), 
Hungary (n = 10), and Poland (n = 10) (Table 4). Given the sample size of ten farms per country, the use of 
mean values and standard deviations would provide limited statistical robustness and could be 
disproportionately influenced by outliers or skewed distributions. To provide a more reliable representation of 
central tendency and variability, we report median values and interquartile ranges (IQR). The median is less 
sensitive to extreme observations and therefore offers a more robust indication of typical farm performance. 
Likewise, the IQR captures the middle 50% of observations, offering a more stable measure of dispersion for 
small datasets. This approach ensures that the reported results more accurately reflect the underlying 
variability and distribution of the farms included in the analysis. In the second part the relative contribution 
of different environmental indicators to the total biodiversity score will be displayed and discussed. Similar to 
the first part, the environmental indicators are also presented on a country level. The results presented in 
this section are considered the most relevant and summarised results, detailed result tables are displayed in 
Appendix 3.  

3.1.1 Overview of costs and revenues of farms 

Crop diversity indicators demonstrate that crop diversity is relatively low and consistent across countries 
(median = 4 species) with low variability (IQR ≤ 1) (Table 3.1). Although the percentage of nitrogen-fixing 
crops is slightly higher in Poland (median = 5%), it appears overall negligible across all countries. The 
median values of land management indicators show that total soil cover is higher in Germany and France 
(75–78%) compared to Hungary and Poland (approximately 57%). The use of nitrogen fertiliser is 
particularly high in France and Poland (144–156 kg nitrogen ha⁻¹). Manure is primarily applied in Germany, 
in contrast to the other countries where manure use is negligible. Nitrogen surplus varies between countries, 
from a median value of 9 kg nitrogen ha⁻¹ in Germany to 36 kg nitrogen ha⁻¹ in Hungary, reflecting 
substantial variability in nutrient efficiency among farms. The inputs and balance of phosphorus display 
comparable patterns: the use of phosphorus fertiliser is lowest in Germany (median = 0 kg phosphorus ha⁻¹) 
and highest in Poland (median = 36 kg phosphorus ha⁻¹). As observed for nitrogen, Germany is the only 
country where phosphorus mainly originates from manure use. At the same time, the results indicate that in 
most countries there is phosphorus depletion, suggesting negative phosphorus balances. Carbon inputs, 
calculated as 50% of the net effective organic matter input (EOM), vary across countries. Ranging from 
916 kg C ha⁻¹ in Hungary to 1,449 kg C ha⁻¹ in France. Net return per ha also varies considerably both 
between countries and between farms within countries: it is highest in France (median = 1,432, IQR = 387) 
and lowest in Hungary (median = 674, IQR = 454). The relatively large IQRs in net return indicate 
substantial differences in farm profitability within countries, likely due to differences in management 
intensity, input costs, and crop types. Finally, the biodiversity index, which represents an aggregated 
measure of species or functional diversity within the farming systems, ranges from 3.84×10-10 in Hungary to 
1.84×10-6 in Poland. The large IQRs, especially in Hungary, imply that biodiversity varies widely among 
farms, potentially reflecting differences in land-use intensity or environmental management practices. 
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Table 3.1  Country-level medians and interquartile ranges (IQRs) for the main environmental and 
economic indicators analysed (FA) 

Indicator Unit Germany France Hungary Poland 
 

 Median IQR Median IQR Median IQR Median IQR 

Crop richness  Number 4 1 4 0.75 4 1 4 0.75 

Nitrogen-fixing crops Percentage 0 0 0 0 0 6 5 23 

Total cover  Percentage 75 20 78 4 58 5 57 22 

Nitrogen fertiliser Kg/ha/year 93 59 156 43 93 58 144 45 

Nitrogen manure Kg/ha/year 41 52 2 9 0 0 0 0 

Nitrogen surplus Kg/ha/year 9 51 25 35 36 60 20 40 

Phosphorus fertiliser Kg/ha/year 0 16 24 31 20 39 36 31 

Phosphorus manure Kg/ha/year 24 31 2 8 0 0 0 0 

Phosphorus surplus Kg/ha/year -23 55 -29 35 -5 37 -23 25 

C input Kg/ha/year 1,293 233 1,449 275 916 180 1,084 325 

Net return per  EURO/ha 1,098 745 1,432 387 834 419 674 454 

Biodiversity index PDF.yr/ha 7.75× 10-10 3.08× 10-10 8.49× 10-10 1.37× 10-10 3.84× 10-10 1.09× 10-9 1.84× 10-6 3.20× 10-9 

 
 
From the data, the contextual differences between the countries become apparent (Table 3.1). A notable 
finding is the variation in manure application. Hungary, Poland, and France supply almost all nutrients using 
synthetic fertilisers. Net returns per ha also vary greatly, reflecting differences in climatic conditions, 
cropping plans, crop yields, and the profitability of individual crops. Crop cover is another distinguishing 
factor, largely influenced by local climate. In regions with limited water availability, such as Poland and 
Hungary, cover crops compete with the main crop for water. Additionally, when rainfall after the main crop’s 
harvest is insufficient, cover crops struggle to establish and grow. 

3.1.2 Biodiversity baseline  

The relative contributions of key environmental indicators, expressed as percentages of the total biodiversity 
score, are presented in Tables 3.2 and 3.3, the former including land use and the latter excluding this impact 
indicator. The sum of the land use, water use, chemical use, nitrogen, phosphorus, and the carbon emission 
impact is the biodiversity impact. The environmental indicator in Poland is largely influenced by the impact of 
land use, with 100% (Table 3.2). The inclusion of land use reduces the relative contribution of the other 
environmental indicators.  
 
 
Table 3.2  Environmental impact indicators expressed as relative percentage, including land use, water 
use, chemical use, nitrogen, phosphorus, and carbon emission impacts 

Environmental impact indicator Germany (%) France (%) Hungary (%) Poland (%) 

Land use impact  25 54 37 100 

Water use impact  2 0 11 0 

Chemical use impact  35 41 47 0 

Nitrogen impact  34 0 0 0 

Phosphorus impact  0 0 0 0 

Carbon emission impact  4 5 4 0 

Biodiversity impact (total) 100 100 100 100 

 
 
The impact is not comparable across countries, as the footprint size is multiplied by a characterisation factor 
that differs by region and, in some cases, by farm. Because of regional factors, such as proximity to rivers, 
water table, climate, soil type, and the presence of different species, the impact indicators differ significantly. 
The comparison between the baseline and the scenario is the main purpose of the environmental impact 
indicator. To more clearly demonstrate which of the other indicators contribute most strongly in Poland, the 
impacts were also calculated without including land use (Table 3.3). In this case, Poland shows a major 
contribution from chemical impacts (98%). Overall, these findings emphasise that the context of each region 
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and farm differs. This difference in context matters, as optimal farm management should reflect the farm 
specific context. 
 
 
Table 3.3  Environmental impact indicators expressed as relative percentage, including water use, 
chemical use, nitrogen, phosphorus, and carbon emission impacts. Excluding land use impact 

Environmental impact indicator Germany (%) France (%) Hungary (%) Poland (%) 

Water use impact  3 1 17 0 

Chemical use impact  47 89 75 98 

Nitrogen impact  45 1 1 0 

Phosphorus impact  0 0 0 0 

Carbon emission impact  5 10 7 2 

Biodiversity impact (total) 100 100 100 100 

 

3.2 Farm-specific scenarios and outcomes  

The following sections present results for two selected farms in each surveyed country. While the previous 
sections examined statistical results for the full sample of farms, the modelling of the scenarios focus on a 
smaller sub-sample of two farms per country. The FarmDyn and FARManalytics models generate results for 
cost components and the use of labour, fertilisers, and other inputs across scenarios. Although these outputs 
were not always directly comparable due to differences in accounting systems, the sections below highlight 
the key similarities and differences observed. The BFFF model considers emissions; once emission quantities 
are estimated, the resulting impacts can be assessed. In interpreting the results, one must recognise that 
they represent the emission indicators presently quantifiable. Other benefits to soil health remain beyond the 
scope of our current calculations.  
 
The models were applied to the selected farms in a base scenario and the two simulations for reduced tillage, 
crop diversification, and fertiliser restriction. As discussed above in Section 2.3.5, scenario A includes a 
minimum tillage option of the farms, the introduction of two additional crops, and restrictions on fertiliser 
use. Scenario B only permits no- and minimum tillage, further increases the number of crops and further 
restricts the use of fertiliser. In both scenarios, pesticide use is reduced with optimalisation and integrated 
pest management (IPM). 
 
For each set of farms, the impacts of the scenarios on soil nutrients, economic outcomes, and environmental 
outcomes will be briefly discussed. The most important and notable results will then be highlighted. 
Consequently, not all values presented in the tables will be described in the text. 

3.2.1.1 Farm-specific scenarios and outcomes for Germany 
In Germany, no legumes were present in the baseline. Introducing legumes contributed to reducing nitrogen 
requirements but negatively affected returns because the legume used (spring field beans) had a low crop 
margin. The abundant availability of animal manure (cattle slurry and pig slurry) allowed a reduction in 
synthetic fertiliser use. Total soil cover could be increased owing to the feasibility of growing cover crops. 
 
For both German farms (DE02 and DE03), the scenarios led to clear improvements over the baseline, 
particularly related to the cropping plan. The improvements in scenario A were firstly related to the increase 
of unique crop numbers in the rotation (Table 3.4). For farm DE02, winter wheat was replaced by spring field 
beans and winter rye (Table 3.5). The addition of spring field beans increased the share of nitrogen-fixing 
crops. For farm DE03, the crop spring field beans was introduced into the rotation. Since it was allocated an 
equal share to the other crops, this addition increased the total rotation length. In scenario B, dinkel wheat 
and triticale were additionally included in the rotation of farm DE02, thereby increasing crop diversity. Adding 
spring field beans at both farms raised the share of nitrogen-fixing crops, and expanding the use of longer-
lasting cover crops increased overall land cover. Even though replacing winter wheat with spring field beans 
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reduced the coverage coming from main crops, total land coverage still increased because of the higher 
cover crop share. As a result, these cropping plan changes strengthened crop diversity and land cover. 
 
 
Table 3.4  Outcomes of regenerative scenarios for Farms DE02 and DE03 across key agronomic, nutrient, 
and economic indicators. Targets in italics between brackets. BL: Baseline, S-A: Scenario A, S-B: Scenario B 

Indicator Unit Farm 02 Farm 03 
 

  BL S - A S - B  BL S - A  S - B 

FARManalytics         

Crop richness  Crop count 4 6 (6) 8 (8) 5 6 (6) 8 (8) 

Nitrogen-fixing crops % 0 17 (17) 22 (17) 0 17 (17) 22 (17) 

Total cover  % 76  87 (80) 88 (85) 75 81 (80) 88 (85) 

Nitrogen fertiliser kg/ha/yr 99 9 (51) 14 (32) 66 15 (55) 11 (46) 

Nitrogen manure kg/ha/yr 102 96 103 55 103 106 

Nitrogen surplus kg/ha/yr 55 2 26 -37 -3 15 

Phosphorus fertiliser kg/ha/yr 8 0 0 0 0 0 

Phosphorus manure kg/ha/yr 57 71 70 34 76 73 

Phosphorus surplus kg/ha/yr 11 20 20 -25 20 20 

C input kg/ha/yr 1,331 1,500 2,200 1,653 1,500 2,000 

Fert cost EUR/ha 105 64 114 78 74 103 

Cover crop costs EUR/ha 50 67 78 60 33 66 

Net return (excl. no-till) EUR/ha 1,168 977 770 707 660 568 

FarmDyn        

A) Operating cash flow: 
Revenue + CAP - Variable 
costs of operations 

EUR/ha 1,677 1,436 1,393 1,212 1,102 1,097 

B) Gross farm surplus: A - 
Investment cashflow  

EUR/ha 1,338 1,097 1,043 439 334 298 

C) Net return: B – 
calculated labour cost 

EUR/ha 1,082 877 900 200 124 155 

BFFF        

Biodiversity index PDF.year/ha 9,46 × 10-10 5,93× 10-10 6,40× 10-10 6,47× 10-10 6,05× 10-10 6,31× 10-10 

 
 
Table 3.5  Overview of crop rotations for two representative farms, each presented with one baseline and 
two alternative rotation versions across nine consecutive periods. Orange: newly added crops; Green: newly 
added nitrogen-binding crops 

Period DE02 DE03 

 Baseline Scenario A Scenario B Baseline Scenario A Scenario B 

1 MaizeGrain MaizeGrain MaizeGrain MaizeSilage MaizeSilage MaizeSilage 

2 WinterWheat WinterRye WinterBarley WinterWheat WinterWheat Winterbarley 

3 WinterBarley WinterBarley Triticale WinterBarley WinterBarley Triticale 

4 WinterWheat WinterWheat SpringFieldbeans WinterRape WinterRape SpringFieldbeans 

5 WinterRape WinterRape WinterWheat  WinterRye WinterRye WinterWheat  

6 WinterWheat SpringFieldbeans WinterRape  SpringFieldbeans WinterRape 

7   DinkelWheat   DinkelWheat 

8   WinterRye   WinterRye 

9   SpringFieldbeans   SpringFieldbeans 

 
 
For both farms, synthetic fertiliser use decreased compared to the baseline (Table 3.4). The reduction in 
nutrients could be explained by the reduced fertilisation rates, the lower nitrogen demand of the total 
rotation due to fewer winter wheat, as well as the introduction of nitrogen-fixing crops which lowered the 
total external nitrogen demand. The observed reduction in phosphorus fertilisation is minimal for both farms 
because fertilisation levels were already low due to the availability of manure as a phosphorus source. The 
expected carbon input reduction from replacing crops such as winter wheat by spring field beans was only 
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observed for farm DE03. In the case of DE02, however, total carbon input increased both in scenario A and 
B; this was caused by adjustments in manure application. While this changed manure application caused a 
higher nitrogen surplus due to a lower mineral nitrogen content; growing more cover crops increased carbon 
input. For DE02, an additional cover crop was introduced into the rotation, while for DE03 cover crop with 
longer land cover and higher C input was chosen.  
 
From an economic perspective, a reduction in net return per ha was observed for both farms due to reduced 
net returns coming from the combination of cultivated crops. For DE02 this decline was partly compensated 
by lower fertilisation costs (scenario A), but this effect disappeared in scenario B due to increased handling of 
solid manure, thereby increasing fertilisation costs again and leading to a further reduction of net return 
compared to the baseline. For DE03, net returns declined in both scenarios, primarily caused by the lower 
crop margin from the new crop rotation. 
 
With regard to farm-level revenues and expenditures, the full FarmDyn results for the two German farms, 
DE02 and DE03, are presented in (Appendix 3). The results indicate that, under the assumption of plough-
based tillage, farm DE02 includes a plough in its machinery park which is deviating from the observed 
situation. This is because FarmDyn generates the machine park of the model farm as required by the crops 
determined by the scenario and the related field operations, so a plough is purchased if required. 
Consequently, the baseline simulation already represents a scenario assumption as it presumes plough-
based tillage rather than the actual tillage system used on the farm. Similarly, the crop operations on farm 
DE03 require a combine harvester, but the data collection indicated that harvesting was done by a 
contractor. This investment requirement (namely ‘Other’ machines types) diminished the farm surplus in 
comparison to the data collection file and FARManalytics results. It has to be noted that DE03 is a mixed 
farm, so the cropping activities are one farm branch. The analysis carried out here treats DE03 as a 
specialised crop farm with 50 ha of arable land, where owning a combine harvester would not be 
economically viable. The reason for adjusting the full machine park in the model farm was to facilitate 
comparability across farms and scenarios, in particular with regard to machinery and related investment 
requirements. In principle, this could also be done by assuming that all field operations are carried out by a 
contractor, but FarmDyn does not include tillage operations as contracted work by default.  
 
This deviation from the observed conditions is nevertheless useful for comparison, as it establishes a 
common technical baseline across all model applications. By standardising the tillage system, differences in 
outcomes between the baseline and alternative scenarios can be attributed more clearly to the simulated 
changes (e.g., adoption of reduced tillage or policy adjustments) rather than to farm-specific machinery 
setups. 
 
In comparison with FARManalytics, the results for net returns (in the case of FarmDyn defined as operating 
cash-flow minus investment cash-flow minus calculated labour cost) per ha show the same tendency to 
diminish from the baseline in comparison to the scenarios. This is a combined effect of reduced market 
revenues due to the introduction of new crops as well as the changing requirements for labour and 
machinery. The latter is particularly visible in the case of scenario B as the model farms are required to 
purchase direct sowing equipment. Labour requirements are reduced in both scenarios compared to the 
baseline to an extent that reduced farm revenues per ha or potentially higher investment requirements are 
compensated by the lower calculated labour cost. It should be noted here that he calculated labour cost are 
based on average national wages and may not reflect realistic savings on labour cost. However, these results 
point at an important aspect of switches between tillage systems because reduction of labour requirements 
can be a major point to consider in addition to other economic and environmental factors.  

Biodiversity  
The most notable change is the reduction in nitrogen-related impact, which directly reflects the stricter 
targets for synthetic nitrogen use (Table 3.6). In contrast, the phosphorus impact increased as a result of 
higher phosphorus inputs from manure application. This effect is strongest on farm DE03, where manure was 
used more intensively as a substitute for mineral nitrogen. The absolute impact of phosphorus is low, 
therefore a small absolute increase can be a large relative change. On farm DE02, pesticide-related impacts 
decreased due to changes in crop rotation and the implementation of IPM. On farm DE03, however, the 
pesticide impact significantly increased, mainly because of the inclusion of spring field beans in the rotation 
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in both scenarios A and B. The pesticide use data for spring field beans was parameterised using data from 
the only other farm in the sample. This may overestimate the average pesticide use. However, spring field 
beans are known to be relatively more susceptible to disease compared with grain species like wheat and 
barley, so a higher demand is plausible.  
 
 
Table 3.6  Relative change (%) in environmental impact indicators between baseline and scenarios A and 
B for two German farms 
 

Farm DE02 Farm DE03 
 

∆ Baseline – 
Scenario A (%) 

∆ Baseline – 
Scenario B (%) 

∆ Baseline – 
Scenario A (%) 

∆ Baseline – 
Scenario B (%) 

Land use impact (PDF.year)/ha -2 -15 -2 -15 

Water use impact (PDF.year)/ha 24 23 1 -1 

Chemical use impact (PDF.year)/ha -47 -33 30 68 

Nitrogen impact (PDF.year)/ha -47 -41 -25 -26 

Phosphorus impact (PDF.year)/ha 6 4 122 144 

Carbon emission impact (PDF.year)/ha -65 -63 -47 -54 

Biodiversity footprint (PDF.year)/ha -37 -32 -6 -3 

 
 
Farm DE02 also included spring field beans in the scenarios. However, because baseline pesticide use impact 
on DE02 was already high, the additional pesticide use associated with spring field beans did not raise the 
overall aggregated biodiversity footprint. In absolute terms, farm DE03 had a lower chemical footprint than 
DE02 in the baseline and in both scenarios A and B, despite the relative increase in pesticide impact on 
DE03. Water-use impacts differ between the two farms. On DE02, the water-related biodiversity impact 
increases by approximately one quarter in both scenarios A and B, consistent with a higher average green 
water use per ha under the new crop rotation. The revised rotation includes a higher share of water-
demanding winter crops, including winter rye, and no other parameters (e.g., characterisation factors) were 
changed. On DE03, by contrast, water-use impacts change only marginally (approximately +1% in scenario 
A and -1% in scenario B), reflecting smaller shifts in the crop mix and water demand. The carbon emission 
impact shows a large reduction on both farms. This is mainly caused by lower use of synthetic fertiliser and 
reduced fuel consumption associated with minimal-till and no-till practices. For almost all crops, the impact 
of synthetic fertiliser remains higher than the impact from fuel use, so reductions in fertiliser use are the 
main driver of the lower carbon-related impact.  

3.2.1.2 Farm-specific scenarios and outcomes for France 
In France, legumes were likewise absent in the baseline. Their introduction contributed to reducing nitrogen 
needs but reduced returns, as the legume in question (peas) had a low crop margin. The availability of 
fertiliser alternatives was limited; however, current fertilisation rates were high, so lowering fertiliser 
application reduced costs and lowered environmental impacts. 
 
The diversification increased the crop-related indicators for the French farms (Table 3.7), similar to the 
German farms. Although the return excluding fertiliser and cover crop costs decreased because summer peas 
generate the lowest net return per ha, the decline was less pronounced because sugar beet was replaced 
with the for this farm (in 2022 exceptional) more profitable winter barley (Table 3.8). The decline in crop 
return in scenario A was mostly compensated by lower fertilisation and cover crop costs (use of different 
cover crops and changes in manure and fertiliser). In scenario B, the total net return declined again because 
crop margins continued to fall. Due to strict nitrogen fertiliser targets, high nitrogen demanding crops such 
as winter wheat and winter rape could not be fertilised according to the advice, leading to a yield loss. 
Although the use of synthetic fertiliser decreased overall, fertilisation costs rose compared with scenario A 
because additional compost and more manure handling were needed to meet the carbon target and supply 
nitrogen from sources other than synthetic fertiliser.  
 
For farm FR09 sugar beets were replaced to include nitrogen-fixing crops. Although summer peas had a 
relatively low net return, this farm experienced a negative return on sugar beet, which explains why this 
crop, commonly classified as cash crop, was replaced in the rotation. The net return declined because high-
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revenue winter wheat was replaced by lower revenue crops to reach the diversification target. This decline 
could not be fully compensated by the reduction in fertiliser costs in scenario A. To reach the soil carbon 
input target of 1500 kg in scenario B, increased compost use caused a rise in fertilisation costs. 
 
 
Table 3.7  Outcomes of regenerative scenarios for Farms FR03 and FR09 across key agronomic, nutrient, 
and economic indicators. Targets in italics and between brackets. BL: Baseline, S-A: Scenario A,  
S-B: Scenario B 

Indicator Unit Farm 03 Farm 09 
 

  BL S - A S - B  BL S - A  S - B 

FARManalytics        

Crop richness  Crop count 5 6 (6) 8 (8) 4 6 (6) 8 (8) 

Nitrogen-fixing crops % 0 25 (17) 22 (17) 0 25 (17) 22 (17) 

Total cover  % 77 87 (80) 83 (85) 77 89 (80) 86 (85) 

Nitrogen fertiliser kg/ha/yr 158 87 (100) 44 (44) 124 71 (74) 44 (44) 

Nitrogen manure kg/ha/yr 20 12 29 10 0 5 

Nitrogen surplus kg/ha/yr 42 -8 -19 6 -24 -37 

Phosphorus fertiliser kg/ha/yr 43 45 22 10 48 35 

Phosphorus manure kg/ha/yr 23 13 30 7 2 11 

Phosphorus surplus kg/ha/yr 11 0 0 -34 0 0 

C input kg/ha/yr 1,621 1,250 1,250 1,539 1,250 1,501 

Fert cost EUR/ha 413 317 356 302 246 281 

Cover crop costs EUR/ha 112 75 100 150 119 139 

Net return (excl. no-till) EUR/ha 1,079 1,102 890 1,308 1,225 996 

FarmDyn        

A) Operating cash flow: 
Revenue + CAP - Variable 
costs of operations 

EUR/ha 1,948 1,818 1,808 1,987 1,737 1,640 

B) Gross farm surplus: A - 
Investment cashflow  

EUR/ha 1,690 1,576 1,579 1,635 1,419 1,347 

C) Net return: B – 
calculated labour cost 

EUR/ha 1,391 1,318 1,377 1,281 1,128 1,114 

BFFF        

Biodiversity index PDF.year/ha 8.32× 10-10 8.33× 10-10 6.98× 10-10 8.29× 10-10 8.08× 10-10 6.79× 10-10 

 
 
Table 3.8  Overview of crop rotations for two representative farms, each presented with one baseline and 
two alternative rotation versions across nine consecutive periods. Orange: newly added crops; Green: newly 
added nitrogen-binding crops 

Period  FR03 FR09 

 Baseline Scenario A Scenario B Baseline Scenario A Scenario B 

1 WinterWheat WinterWheat Winterwheat WinterWheat WinterBarley WinterBarley 

2 WarePotatoes WarePotatoes WarePotatoes SugarBeet SummerPeas SummerPeas 

3 WinterWheat Summerpeas  Summerpeas  WinterWheat WinterWheat WinterWheat 

4 SugarBeet Winterbarley Winterbarley WarePotatoes WarePotatoes WarePotatoes 

5 WinterWheat Sugarbeet Sugarbeet WinterWheat WinterWheat SpringBarley 

6 SpringBarley WinterWheat Springbarley SugarBeet SummerPeas SummerPeas 

7 WinterRape WinterRape WinterRape WinterWheat WinterRape WinterRape 

8 SpringBarley SummerPeas SummerPeas FiberFlax FiberFlax FiberFlax 

9   MaizeGrain   MaizeGrain 

 
 
Similar to the case of the German farms, results for the two French farms also show declining net farm 
returns per ha between the baseline and scenarios (Table 3.7). The main reason for this was the declining 
market revenue per ha due to the introduction of new crops, which would not enter the cropping plan under 
purely economic considerations. An important difference to the German farms is that the two French farms 
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were much larger, at 532 ha and 383 ha, compared with only 120 ha and 50 ha in Germany. Because of this 
larger farm area, machinery investment costs could be spread over more ha, resulting in lower machinery 
cost per ha than in the German case. In contrast, the changes in total labour requirements on farm level 
were noticeably higher compared to the German farms due to the size effect. When evaluated in total labour 
hours (see Appendix 3), the per-ha cost differences reported in the table are modest, a result that is even 
less pronounced owing to France’s relatively lower labour wages. An important difference to FARManalytics 
can be seen in the case of FR03 as the net return per ha (gross farm surplus minus calculated labour cost) is 
higher in the no-tillage scenario B than in the minimal tillage scenario A. This is largely due to the lower 
investment requirements per ha for the adjusted machine park and lower labour requirement. 

Biodiversity  
In France, the water use impact decreased in both scenarios for both farms, especially in crop rotations that 
originally contained a high share of water-intensive crops such as potatoes and sugar beets (Table 3.9). By 
extending the rotation, the share of these crops declined, thereby lowering total water use per ha, with 
larger reductions on farm FR09 in scenario B.  
 
For chemical use impact, the pattern differed between farms and scenarios. for farm FR03, the chemical use 
impact increased in scenario A due to the inclusion of summer peas in the crop rotation while keeping the 
area of profitable crops such as potatoes and sugar beets stable, so their contribution to the overall chemical 
use impact did not decline. In scenario B, the share of potatoes and sugar beets in the rotation was reduced, 
and together with the implementation of IPM practices, this led to a lower chemical use impact. On Farm 
FR09 sugar beet was removed from the rotation which directly reduced chemical use impact in both 
scenarios.  
 
Regarding nutrients, the impact of nitrogen decreased for both farms in the scenarios, reflecting lower 
synthetic nitrogen inputs under the redesigned rotations. For phosphorus, effects diverged across farms due 
to their different baseline levels. Farm FR03 had higher initial phosphorus fertilisation rates, so even though 
its phosphorus impact declined in the scenarios, the absolute phosphorus impact on FR03 remained higher 
than on FR09, where phosphorus inputs and impacts were lower overall. 
 
The carbon emission impact shows a substantial reduction on both farms, mainly due to reduced synthetic 
fertiliser use and lower fuel consumption associated with minimal-till and no-till implementation. Across 
almost all crops, emission related to synthetic fertiliser use where larger than those from fuel use in the 
baseline. In scenarios A and B, the contribution of fertiliser related emissions decreased, so the relative 
difference between fertiliser and fuel-related carbon emissions becomes smaller. 
 
 
Table 3.9  Percentage change in environmental impact indicators between baseline and scenarios A and B 
for two French farms 
 

Farm FR03 Farm FR09 
 

∆ (%) Baseline – 
Scenario A 

∆ (%) Baseline – 
Scenario B 

∆ (%) Baseline – 
Scenario A 

∆ (%) Baseline – 
Scenario B 

Land use impact (PDF.year)/ha -2 -16 -2 -16 

Water use impact (PDF.year)/ha -20 -13 -15 -21 

Chemical use impact (PDF.year)/ha 9 -10 0 -17 

Nitrogen impact (PDF.year)/ha -43 -58 -51 -67 

Phosphorus impact (PDF.year)/ha -10 -20 220 196 

Carbon emission impact (PDF.year)/ha -36 -64 -33 -56 

Biodiversity footprint (PDF.year)/ha 0 -16 -3 -18 

 

3.2.1.3 Farm-specific scenarios and outcomes for Hungary 
In Hungary, the baseline already included a relatively high share of legumes because both farms cultivated 
alfalfa, so no additional legumes had to be added to reach the nitrogen-fixing crop targets. The sample data 
contained only a limited set of additional crops, which restricted the possibilities for further diversification. 
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Winter crops dominated the rotations, resulting in high baseline soil cover, and the availability of alternative 
organic fertiliser was low. 
 
For HU03, winter wheat was replaced by winter barley, which slightly reduced crop revenues, but this was 
more than compensated by the substantial drop in fertiliser use. Fertiliser costs decreased sharply, not only 
because of reduced nitrogen applications but also due to lower phosphorus and potassium use. Nitrogen, 
phosphorus, and potassium applications all declined, reducing fertiliser costs from 280 to 32 euros/ha and 
bringing the nitrogen surplus close to zero (Table 3.10). The higher net return obtained from FARManalytics 
results in HU03 is mainly due to the reduced fertiliser use, while the alternative crops introduced show 
margins similar to, or slightly lower than, those in the existing rotation. In Scenario B, the main adjustment 
was raising soil cover above 85%. This was achieved by expanding cover crop use and replacing sunflowers 
with winter rape. Net return decreased slightly compared with Scenario A but remained well above the 
baseline. 
 
For HU06, the baseline rotation already satisfied the Scenario A targets for crop richness, nitrogen-fixing 
share, and soil cover, so no structural changes were required. Improvements under scenario A for 
FARManalytics results instead came from reduced fertiliser use, which lowered nitrogen inputs from 105 to 
68 kg/ha and reduced phosphorus and K applications. However it should be noted that he carbon-input 
target could not be achieved because the farm relied entirely on mineral fertilisers and had limited 
opportunities to add cover crops within its winter-crop-dominated rotation. Even so, the lower fertiliser 
expenditure increased the FARManalytics net return under scenario A from 750 to 958 euros/ha. In Scenario 
B, winter wheat was replaced by lower-returning maize grain, and nitrogen supply was reduced for several 
nitrogen-demanding crops to meet the scenario target. Yields of winter rape and winter wheat were reduced 
by 25%, leading to a corresponding 25% revenue loss. Although fertiliser savings continued, they did not 
fully offset the revenue losses from reduces yields under lower fertilisation levels, and the FARManalytics net 
return value fell to 801 euros/ha, though it remained above the baseline because the reduced returns could 
still be compensated by lower nitrogen fertiliser use compared with the baseline. 
 
Across both farms, the changes from baseline to the scenarios in the FARManalytics results are mainly driven 
by reduced fertiliser use, while the yield reductions in Scenario B explain most of the lower economic 
performance relative to Scenario A. The FarmDyn results show similar but slightly different patterns. 
Operating cash flow remains relatively stable, with a noticeable drop only in HU06, where also lower 
fertilisation levels were needed to meet the nitrogen target, reducing yields and therefore crop revenues. In 
contrast to FARManalytics, FarmDyn does not show an initial reduction in fertiliser use in the baseline, 
because the baseline fertiliser levels were already optimised in the model. For HU03, reduced labour 
requirements and only slightly higher machinery costs in Scenario B compared with Scenario A even result in 
an increased overall net return under Scenario B.  
 
For HU06, however, the sharper decline in operating cash flow cannot be compensated by reduced 
investment or labour costs in either scenario. In Scenario B, the economic impact is stronger again not only 
due to reduced returns with lower fertilisation but also because compared to Scenario A investment costs 
increase again, with a greater effect than the additional labour savings. 
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Table 3.10  Outcomes of regenerative scenarios for Farms HU03 and HU06 across key agronomic, nutrient, 
and economic indicators. Targets in italics and between brackets. BL: Baseline, S-A: Scenario A,  
S-B: Scenario B 

Indicator Unit Farm 03 Farm 06 
 

  BL S - A S – B  BL S - A  S - B 

FARManalytics        

Crop richness  Crop count 4 5 (5) 6 (6) 5 5 (5) 6 (6) 

Nitrogen-fixing crops % 25 25 (25) 25 (25) 25 25 (25) 25 (25) 

Total cover  % 61 70 (65) 87 (75) 83 83 (65) 84 (75) 

Nitrogen fertiliser kg/ha/yr 62 16 (54) 28 (44) 105 68 (85) 43 (44) 

Nitrogen manure kg/ha/yr 71 30 40 0 0 0 

Nitrogen surplus kg/ha/yr 83 -1 14 38 2 -5 

Phosphorus fertiliser kg/ha/yr 0 0 0 42 39 32 

Phosphorus manure kg/ha/yr 79 34 44 0 0 0 

Phosphorus surplus kg/ha/yr 55 9 16 3 0 0 

C input kg/ha/yr 1,598 1,259 1,250 826 826 743 

Fert cost EUR/ha 280 32 58 304 156 116 

Cover crop costs EUR/ha 0 13 25 0 0 13 

Net return (excl. no-till) EUR/ha 677 838 808 750 958 801 

FarmDyn        

A) Operating cash flow: 
Revenue + CAP - Variable 
costs of operations 

EUR/ha 1,031 998 1,008 1,507 1,488 1,278 

B) Gross farm surplus: A - 
Investment cashflow  

EUR/ha 773 761 760 1,303 1,288 1,039 

C) Net return: B – 
calculated labour cost 

EUR/ha 699 693 710 1,246 1,236 1,005 

BFFF        

Biodiversity index PDF.year/ha 4.95× 10-10 3.73× 10-10 4.50× 10-10 1.81× 10-9 4.82× 10-10 3.99× 10-10 

 
 
Table 3.11  Overview of crop rotations for two representative farms, each presented with one baseline and 
two alternative rotation versions across eight consecutive periods. Orange: newly added crops; Green: newly 
added nitrogen-binding crops 

Period  HU03 HU06 

 Baseline Scenario A Scenario B Baseline Scenario A Scenario B 

1 WinterWheat WinterWheat WinterWheat Alfalfa Alfalfa Alfalfa 

2 Sunflower Sunflower WinterRape Alfalfa Alfalfa Alfalfa 

3 WinterWheat WinterBarley WinterBarley Sunflower Sunflower Sunflower 

4 Sunflower Sunflower Sunflower WinterWheat WinterWheat MaizeGrain 

5 Alfalfa Alfalfa Alfalfa WinterRape WinterRape WinterRape 

6 Alfalfa Alfalfa Alfalfa WinterBarley WinterBarley WinterBarley 

7 Sunflower Sunflower Sunflower WinterRape WinterRape WinterRape 

8 MaizeGrain MaizeGrain MaizeGrain WinterWheat WinterWheat WinterWheat 

 

Biodiversity  
The water-use impact changed only modestly in Hungary following adjustments to crop rotations 
(Table 3.12). On farm HU03, water-related impacts increase slightly in both scenarios, while on farm HU06, 
they decrease marginally. Chemical use impact showed a much stronger response. Both farms exhibited 
large reductions in pesticides related biodiversity impacts, driven by the combination of revised rotations and 
the implementation of IPM. The optimisation step further reinforced this effect, as extreme crop-specific 
pesticide intensities in the baseline were replaced with regional average values from other farms growing the 
same crop.  
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Table 3.12  Percentage change in environmental impact indicators between baseline and scenarios A and B 
for two Hungarian farms 
 

Farm HU03 Farm HU06 
 

∆ % Baseline – 
Scenario A 

∆ % Baseline – 
Scenario B 

∆ % Baseline – 
Scenario A 

∆ % Baseline – 
Scenario B 

Land use impact (PDF.year)/ha -2 -16 -2 -16 

Water use impact (PDF.year)/ha 6 7 -4 -1 

Chemical use impact (PDF.year)/ha -59 -55 -88 -91 

Nitrogen impact (PDF.year)/ha -36 -44 -39 -61 

Phosphorus impact (PDF.year)/ha -86 -35 -10 -25 

Carbon emission impact (PDF.year)/ha -54 -47 -33 -58 

Biodiversity footprint (PDF.year)/ha -25 -9 -73 -78 

 
 
Nitrogen and phosphorus impacts also declined in scenarios A and B. In contrast to farms in other countries 
where synthetic nitrogen was partially replaced by manure, the Hungarian farms did not introduce additional 
manure in the scenarios. As a result, there is no compensating increase in phosphorus impact, and both 
nutrient-related impacts show a net reduction.  
 
The carbon impact shows a large reduction on both farms, primarily due to reduced synthetic fertiliser use 
and to a lesser extent due to reduced fuel use resulting from the implementation of minimal-till and no-till.  

3.2.1.4 Farm-specific scenarios and outcomes for Poland 
In Poland, adding legumes contributed to reducing nitrogen requirements without negatively affecting 
returns, as the legume cultivated (soyabeans) had a relatively favourable crop margin. Additional costs for 
cover crops were required to reach the cover target. Crop diversity could be increased substantially because 
a wide range of crops was grown in the region. The availability of fertiliser alternatives was low. 
 
For PL07, spring field bean and winter barley were added to meet the legume target and crop diversity 
targets (Table 3.13 and 3.14). Since no farm-specific economic data for these new crops were available, 
country-average returns were applied. The addition of leguminous crops raised the total crop returns 
compared with the baseline, as the farm previously had relatively low returns. Combined with reduced 
fertilisation costs and only a small increase in cover crop expenditures, scenario A resulted in a higher net 
return per ha. The carbon input target of 1,000 kg ha-1 year-1 was already met in the baseline and 
remained so under Scenario A. In Scenario B, additional spring crops were introduced to increase crop 
diversity while maintaining the shares of core crops (corn, wheat, and rape). In scenario B, crop yield of 
winter rape declined with 20% caused by the lower nitrogen fertiliser target, subsequently causing a lower 
total return compared to Scenario A.  
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Table 3.13  Outcomes of regenerative scenarios for Farms PL07 and PL08 across key agronomic, nutrient, 
and economic indicators. Targets in italics between brackets. BL: Baseline, S-A: Scenario A, S-B: Scenario B 

Indicator Unit Farm 07 Farm 08 
 

  BL S - A S - B  BL S - A  S - B 

FARManalytics        

Crop richness  Crop count 3 5 (5) 7 (7) 5 6 (6) 8 (8) 

Nitrogen-fixing crops % 0 17 (17) 20 (17) 25 25 (25) 25 (25) 

Total cover  % 48 72 (60) 83 (70) 49 79 (60) 87 (70) 

Nitrogen fertiliser kg/ha/yr 164 92 (109) 66 (66) 146 77 (97) 62 (66) 

Nitrogen manure kg/ha/yr 0 0 0 0 0 0 

Nitrogen surplus kg/ha/yr 28 2 -2 68 6 0 

Phosphorus fertiliser kg/ha/yr 22 50 41 68 41 39 

Phosphorus manure kg/ha/yr 0 0 0 0 0 0 

Phosphorus surplus kg/ha/yr -31 0 0 26 0 0 

C input kg/ha/yr 1,064 1,000 1,010 734 851 913 

Fert cost EUR/ha 276 237 245 390 200 182 

Cover crop costs EUR/ha 0 25 65 0 42 88 

Net return (excl. no-till) EUR/ha 489 583 346 1,100 1,287 1,169 

FarmDyn        

A) Operating cash flow: 
Revenue + CAP - Variable 
costs of operations 

EUR/ha 856 812 914 1,544 1,600 1,443 

B) Gross farm surplus: A - 
Investment cashflow  

EUR/ha 703 671 799 1,282 1,365 1,221 

C) Net return: B – 
calculated labour cost 

EUR/ha 622 600 751 1,182 1,277 1,161 

BFFF        

Biodiversity index PDF.year/ha 1.50× 10-9 3.63× 10-10 2.92× 10-10 9.38× 10-10 5.83× 10-10 5.33× 10-10 

 
 
Table 3.14  Overview of crop rotations for two representative farms, each presented with one baseline and 
two alternative rotation versions across nine consecutive periods. Orange: newly added crops; Green: newly 
added nitrogen-binding crops 

 Period PL07 PL08 

 Baseline Scenario A Scenario B Baseline  Scenario A Scenario B 

1 WinterWheat WinterWheat Soybeans WinterWheat WinterBarley WinterBarley 

2 MaizeGrain MaizeGrain MaizeGrain SeedOnions SeedOnions SeedOnions 

3 WinterWheat WinterWheat SpringOats WinterWheat WinterWheat SpringOats 

4 WinterRape WinterRape WinterRape SoyBeans SoyBeans SoyBeans 

5  WinterBarley WinterBarley WinterWheat WinterWheat MaizeGrain 

6  SpringFieldbeans SpringFieldbeans SpringFieldbeans SpringFieldbeans SpringFieldbeans 

7   WinterWheat WinterWheat WinterWheat WinterWheat 

8   WinterRape WinterRape WinterRape WinterRape 

9   Maizegrain SeedOnions SeedOnions SeedOnions 

10   WinterWheat WinterWheat WinterWheat WinterWheat 

11    WinterRape WinterRape WinterRape 

12    SoyBeans SoyBeans SoyBeans 

 
 
For PL08, the legume target was already met in the baseline; winter wheat was replaced by winter barley to 
achieve the crop diversity target, slightly increasing crop diversity and total cover while lowering fertiliser 
costs and increasing net return. In Scenario B, winter barley, spring oats and maize grain were added to 
reach the diversity target. Combined with more cover crops in the crop rotation, the total soil cover increased 
to 85% and total soil carbon input increased as well. While Scenario B achieves a higher net return than the 
baseline, it falls slightly short of Scenario A. The increase in cover-crop costs and the adoption of lower-
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returning crops in Scenario B explain this outcome, though additional fertiliser reductions provide some 
compensation. 
 
The FarmDyn results for farm PL08 show also higher net returns in scenario A compared to the baseline, 
while the net returns in scenario B are slightly lower in the baseline. In the case of farm PL07, the overall 
outcomes of the tillage scenarios A and B are rather different from FARManalytics, most noticeably in the  
no-tillage scenario B. Here, FarmDyn indicates a substantial increase in net returns per ha compared to the 
baseline. This is mainly because of the reduced cost for purchased inputs like synthetic fertilisers and diesel, 
as well as the reduced investments requirements per ha. 

Biodiversity  
The water use impact changed in response to adjustments in crop rotation (Table 3.15). On farm PL08, this 
resulted in a clear water use impact reduction in both scenarios (-7% in scenario A and -10% in scenario B), 
while on farm PL07 the effect was smaller and mixed, with a slight reduction in scenario A and a small 
increase in scenario B.  
 
The chemical use impact declined strongly on both farms, driven by the combined effects of changes in the 
rotation and the implementation of IPM. The optimisation step, in which extreme pesticide application rates 
were replaced by regional average values for the same crop, contributed most to this reduction, particularly 
on farm PL07.  
 
Nitrogen-related impacts decreased on both farms in line with the reduced synthetic nitrogen use. 
Phosphorus impacts, however, moved in opposite directions: on farm, PL07 phosphorus impact increased 
substantially because additional synthetic phosphorus was applied to meet crop demands, while on farm 
PL08 phosphorus impacts decreased in both scenarios.  
 
The carbon emission impact shows a big reduction on both farms, mainly as a result of lower synthetic 
fertiliser use and, to a lesser extent, reduced fuel use due to the implementation of minimal-till and no-till. In 
most crops, the contribution of synthetic fertiliser to carbon emissions remained higher than that of fuel use. 
As a consequence of these combined changes, the overall biodiversity footprint per ha declined on both 
farms. The reduction was strongest on farm PL07, where the large decrease in chemical impacts more than 
compensated for the increase in phosphorus impact, while farm PL08 showed a more moderate but still 
consistent reduction in biodiversity footprint.  
 
 
Table 3.15  Percentage change in environmental impact indicators between baseline and scenarios A and B 
for two Polish farms 
 

Farm PL07 Farm PL08 
 

∆ % Baseline – 
Scenario A 

∆ % Baseline – 
Scenario B 

∆ % Baseline – 
Scenario A 

∆ % Baseline – 
Scenario B 

Land use impact (PDF.year)/ha -2 -15 -2 -15 

Water use impact (PDF.year)/ha -2 4 -7 -10 

Chemical use impact (PDF.year)/ha -88 -91 -47 -50 

Nitrogen impact (PDF.year)/ha -44 -60 -45 -55 

Phosphorus impact (PDF.year)/ha 128 87 -28 -31 

Carbon emission impact (PDF.year)/ha -37 -52 -35 -52 

Biodiversity footprint (PDF.year)/ha -76 -80 -38 -43 

 

3.2.1.5 Observations across regions 
What must be noted is that the results are presented by country name. However the results are 
representative for the regions and not the whole country. The context differs between regions, making the 
results invalid for other regions. Like for instance manure availability and crop rotations differ per region. The 
observations reflect the scenario calculations that were done for the two selected farms for each region. 
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Scenario A was almost always feasible without reducing crop yields due to fertilisation constraints. This 
suggests that farmers in the baseline scenario might have applied fertilisation levels slightly above crop 
requirements (N and P). In addition, the inclusion of legumes in scenarios A and B partly mitigated the effect 
of nitrogen reduction, as legumes do not need fertilisation and therefore this nitrogen can be saved to apply 
on other crops. With respect to cover crops, it appeared that the costs of these were in some cases lower in 
the B scenarios, which is unexpected given the higher cover threshold. This can be explained by differences 
in crop rotation: B scenarios sometimes included a higher share of winter crops (such as winter wheat) which 
naturally provide more soil cover. In general the results underline the assumption that Scenario A-type 
measures can be implemented relatively easily. We also see a synergy between the carbon impact and the 
nitrogen impact. As the model takes both as factors for carbon impact this is to be expected. 
 
For land use impact, the main driver of change is the assumed land-use intensity, based on Chaudhary and 
Brooks (2018). In the baseline, farms are classified as ‘intense use’ cropland, while scenario A is assigned to 
‘light use’ and scenario B to ‘minimal use.’ These categories reflect the changes implemented in the 
scenarios, such as reduced synthetic input use, more diverse rotations and lower overall management 
intensity. Because the total cultivated area per farm remains the same across all scenarios, the reduction in 
land-use-related biodiversity impact per ha is entirely due to the lower characterisation factors associated 
with these intensity classes.  

3.3 Identification of Key Transition Drivers to regenerative 
agriculture 

In this research we identified the key drivers impacting economic and environmental outcomes within a 
regional and farm specific context. The first key driver for transition was the availability of key resources 
including manure, water, and market access which appeared to be vital for improvement of both 
environmental and economic indicators. The second key driver encompassed extending the rotation and 
increasing in crop species was considered vital for soil nutrient outcomes as well as pesticide reduction. The 
third key driver included the economic and labour aspects, represented by variable costs, machinery 
investments, and labour requirements. The three main drivers will be discussed in detail below.  

Absence of manure 
The results of the Hungarian and Polish farms demonstrated that the absence of manure complicated 
reducing fertiliser while maintaining crop yields. The focal region lacks livestock production, rendering 
manure costly to import from more distant areas. Consequently, the farms in the baseline scenario are fully 
dependent on synthetic fertilisers. Reducing fertiliser inputs in the absence of alternatives such as manure 
therefore leads to yield declines. Although other fertilisation sources, such as compost, could serve as 
substitutes, these were likewise not available on the case-study farms. 

Water 
During expert consultation in which results were discussed, this was confirmed by local experts who indicated 
that current trends in Hungary show a decline in the cultivation of winter rape and maize grain due to 
increased plant health issues and drought in Hungary. This trend is undesirable, as this limits the number of 
crops that provide a positive net return. Also Polish cover crops use is limited as it competes with water use 
of the main crops. 

Market prices 
Furthermore, the market price of legumes played a major role in the economic results of the scenarios. In 
some regions (e.g., Poland), low legume prices did not cause a substantial reduction in crop returns; 
however, legume returns were nevertheless up to 50% lower than the average crop return. However, in the 
expert sessions it was also identified that the Polish legume cultivation which is mainly subsidy driven is 
being reduced.  
 
Overall, crop prices and input costs play a major role in the outcomes of the calculations. The prices for the 
crops vary greatly in agriculture between years. Where 2022 was a year with very high prices for crops, 
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2025 for instance has vastly lower prices. Making the results shown in this study economically more positive 
than they would be with current 2025 prices. This would also impact the rotation design, as we prioritised 
the most profitable crops. To illustrate the potential impact of prices, a 30% reduction of crop prices, as is 
the case between 2022 and 2025, could result in a net return decline of more than 60%. 

Rotation extension 
The crop rotation extension was a prerequisite for achieving the environmental targets in the scenarios. By 
increasing the crop species the nitrogen demand of the total rotation declined. In most cases as winter wheat 
was reduced to compensate its high nitrogen demand. The introduction of legumes represented the most 
influential modification in the crop rotation due to their ability to fix atmospheric nitrogen. Legumes reduce 
the cropping system’s nitrogen requirement by the equivalent of one entire crop as the crop binds nitrogen 
from the atmosphere. Also the crop coverage could be increased by optimising the rotation with winter crops 
and spring crops combined with cover crops.  
 
This extended rotation was also a key driver of pesticide reduction. By lengthening the rotation and 
incorporating crops from different botanical groups disease pressure decreases. Weed management similarly 
becomes more effective, as weeds (in particular herbaceous species) tend to be more difficult to control 
when short rotations involve repeatedly growing similar crops. The inclusion of spring crops creates 
additional time windows for weed control, while cover crops help suppress weed germination by maintaining 
soil cover throughout the year. Enhancing crop diversity should therefore be a central focus of arable 
regenerative agriculture. 

Variable costs 
The lower overall revenue in scenarios was often compensated by a decline in costs for synthetic fertilisers, 
plant protection, and fuel. In some cases the decline in variable costs even increased the gross farm surplus 
and net returns per ha. Another major factor in cost reduction was the decline in labour requirements in the 
scenarios, especially in scenario B where no tillage was applied for many crops. The counter side of this 
economic improvement was the prerequisite of the extended rotation, which in 3 out of 8 cases had a 
negative impact on gross farm surplus and net return (gross farm surplus less labour cost) per ha. 

Machinery investments 
In this study the focus laid on a comparative assessment of investment needs when moving from the 
observed situation to regenerative agriculture for conventional farms with predominantly combine-harvested 
crops in the rotation (Table 3.16 and 3.17—full tables are presented in Appendix 2). The choice was made to 
work with two scenarios for which we included new crops in order to extend the rotation and to switch to 
alternative tillage systems. The crops chosen for this were firstly based on the crops grown in the ten farm 
sample and secondly based on the scenario design, in particular regarding to the choice of additional crops. 
This caused changes in machinery requirements and hence investments. The machinery investment 
requirements are therefore driven by the machines needed to realise baseline and scenario settings. While 
this does not cause a substantial deviation of the model machine park in general, there are some noteworthy 
instances of deviations from the observed settings: The German farm DE03 shows a remarkable effect on 
machinery investments compared to the other farms because it purchases a combine harvester to realise the 
observed cropping plan. In reality, this work was carried out by a contractor, which is economically sensible 
under the assumption that the purchase of a combine harvester in the baseline and in both scenarios has a 
default price of 151,000 euros and a lifespan of 3,000 hours. The no-till option also required farms to 
purchase a direct sowing machine in scenario B at a price of 46,000 euros.  
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Table 3.16  Machinery investment per ha by machine type for German farms  

  DE02 DE03 
  

Baseline  Scenario A  Scenario B  Baseline  Scenario A  Scenario B  

Machinery investment  
 

339 339 350 739 736 772 

by machine type Plough 11 0 0 26 0 0 
 

Chisel plough 4 6 1 4 6 1 
 

Conv. Sowing 19 10 0 45 25 0 
 

Direct sowing 0 0 38 0 0 92 
 

Tractors 73 73 73 176 176 176 
 

Other 232 249 238 488 529 503 

 
 
Table 3.17  Machinery investment per ha by machine type for Hungarian farms 

  HU03 HU06 
  

Baseline  Scenario A  Scenario B  Baseline  Scenario A  Scenario B  

Machinery investment  
cash-flow 

 
258 237 248 204 200 239 

by machine type Plough 6 0 0 7 0 0 
 

Chisel plough 3 5 1 4 5 1 
 

Conv. Sowing 10 6 6 13 7 0 
 

Direct sowing 0 0 21 0 0 26 
 

Tractors 63 41 41 50 50 50 
 

Other 176 186 180 130 137 162 

 
 
These machinery is purchased and the cost is spread out over their lifetimes, either measured in expected 
work hours or area, resulting in a yearly depreciation cost per ha. The initial cost of purchase are interesting 
to know in the light of transition and financial barriers. For instance the French local experts indicated that 
direct sowing machines were too expensive for the farmers. In the FarmDyn model, the cost for the direct 
sowing machine is by default set to 46,000 euros with an expected lifetime area of 5,520 ha. 

Labour 
In both scenarios the total labour requirements expressed in hours per farm reduced in comparison to the 
baseline (Tables 3.18 and 3.19). Especially in B scenarios in which no-till is applied in most crops. 
Additionally, the timing of the labour requirements changed. In March, a slight increase in labour 
requirements as a result of cover crop destruction and soil preparations is observed. Since ploughing is not 
part of farm operations in the scenarios, the soil operations shift more towards the start of the season and 
less during the months of August to October. This has an effect on soil conditions concerning machine 
operations as these tends to be more favourable during the dryer part of the season. Depending on the 
regional climatic conditions and soil, such seasonal shifts of field operations could therefore have a positive 
or negative effect on soil and work conditions. As mentioned above, the figures in Tables 3.18 and 3.19 are 
expressed as total hours over the farm. This labour requirement reduction is consequently more extensive on 
large farms and can amount to one full time equivalent for the entire year in the cases of the largest farms 
PL07 and FR03 in Appendix 3. But the annual labour-saving effect of the no-tillage scenario B is already 
visible on the farm shown below. 
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Table 3.18  Change of labour requirements of crop operations for German farms  
  

DE02 DE03 
  

Scenario A  Scenario B  Scenario A  Scenario B  

Change of labour requirements of crop 
operations [hours per farm and month] 

Feb -6 -6 -2 -2 

Mar 6 41 3 18 

Apr -19 -34 -1 -9 

May -5 -8 1 
 

Jun -4 -1 -1 1 

Jul -44 -34 -12 -13 

Aug 4 -133 -4 -57 

Sep -48 -229 -40 -105 

Oct -62 -161 -5 -35 

Nov n.a. n.a. n.a. n.a. 
 

Annual -179 -566 -62 -201 

 
 
Table 3.19  Change of labour requirements of crop operations for Hungarian farms 

  HU03 HU06 
  

Scenario A  Scenario B  Scenario A  Scenario B  

Change of labour requirements of crop 
operations [hours per farm and month] 

Feb -8 -9 -13 -20 

Mar 7 5 n.a. -1 

Apr -3 -17 n.a. 80 

May 6 -1 n.a. 4 

Jun 3 -1 n.a. -2 

Jul -128 -222 -79 -249 

Aug 70 -109 53 -200 

Sep -60 -225 -54 -188 

Oct -59 -100 -26 37 

Nov -14 -16 n.a. n.a. 

Annual -184 -696 -118 -540 

 

Key driver overview  
The key drivers show that the local context is vital. These drivers are more pronounced in some regions than 
in others, and vary substantially. In regions with expensive and limited available labour, labour savings can 
be valuable. Other regions might profit most from water savings. The local contexts must be considered in 
order to make a transition towards regenerative agriculture possible on farm level. 
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4 Discussion and conclusions 

4.1 Discussion 

4.1.1 Outcomes and implications 

This study focused on conventional, combine-harvested crop farms in four European regions and explored 
how they might transition towards regenerative agriculture systems under two scenarios: medium- and high-
ambition pathways. The results show that regenerative practices can deliver clear environmental benefits, 
particularly in terms of nutrient surpluses, greenhouse gas emissions, pesticide impact and biodiversity-
related pressures. At the same time, the transition is not straightforward. Trade-offs arise between 
environmental targets, yields and farm profitability, and these trade-offs are strongly context specific.  
 
Across regions, the scenarios showed synthetic nitrogen inputs and associated nitrogen surpluses, either 
without yield losses or with only modest yield reductions in scenario A. In some cases, however, stringent 
nitrogen targets in scenario B led to lower yields where nitrogen inputs fell below agronomic 
recommendations. On mixed or manure-rich farms, synthetic nitrogen reductions were partly offset by higher 
manure use. This improved nitrogen outcomes but sometimes increased phosphorus footprints because 
manure also supplies phosphorus. The BFFF makes these shifts visible at biodiversity level, showing that 
lower nitrogen and chemical footprints generally reduce biodiversity impacts, while higher phosphorus 
additions can increase eutrophication-related pressures. 
 
Several agronomic constraints further influence the feasibility of regenerative transitions. Legumes play a 
critical role in enhancing crop diversity and reducing reliance on synthetic fertilisers, yet they often provide 
relatively low economic returns. In addition, the availability of viable alternatives to conventional fertilisers 
remains limited. Water availability further constrains the adoption of regenerative practices, particularly 
affecting the potential for cover cropping in Poland and Hungary and for perennial legumes in Hungary. 
 
A key prerequisite for realising the environmental benefits of regenerative agriculture is the adoption of more 
diverse crop rotations that incorporate legumes and leguminous cover crops. The introduction of legumes is a 
principal factor enabling reductions in synthetic nitrogen without compromising yields on most farms. At the 
same time, extending rotations often introduces crops with lower financial returns, thereby reducing total 
crop revenue across the rotation for many farms. Part of this loss, however, is mitigated by lower input 
requirements, including reduced synthetic fertiliser use and labour demand. 
 
Quantifying ‘soil life,’ a central component of regenerative agriculture, remains a methodological challenge. 
Nonetheless, increasing crop diversity (including legumes) maximising soil cover, reducing synthetic nitrogen 
inputs, lowering pesticide impacts, and minimising tillage are expected to generate positive effects on soil 
biological functioning, as supported by existing literature (Cozim-Melgez et al., 2025). By demonstrating both 
the economic and environmental implications of these practices, this study provides a science-based 
foundation to support the ongoing transition toward regenerative agriculture in Europe. 
 
This study shows that regenerative transitions are possible on conventional arable farms and can 
substantially improve environmental performance, but they require changes in rotations, input use and 
machinery that affect farm economics. Whether such transitions are attractive for farmers depends on prices, 
access to manure and water, and the availability of financial or policy support that recognises biodiversity 
and climate benefits. 
 
A general observation is that the timing and labour requirements for the farm operations change between 
baseline and scenarios, with the no-till option requiring less labour in the second half of the year. This finding 
is of interest as it indicates that no-till systems have the potential to break peak-labour times and can 
possibly be integrated in a wide range of farming systems. 
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4.1.2 Reflection on combining different models 

4.1.2.1 Interpretation and comparison of results from FARManalytics and FarmDyn 
When comparing the results of the two models, it is important to recognise a difference in how crop revenues 
and costs are defined. The reported revenue (see Appendix 3) from farm operations in FarmDyn reflects the 
total crop return based on sales values, with no other costs yet deducted. The production costs retrieved 
from the farm sample (seed, pesticides, fungicides, and other variable costs) are included as variable per-ha 
costs in the baseline. Combined with default data in FarmDyn, these per-ha costs were adjusted under 
different management systems (minimum till and no-till) by using relative cost changes. For instance, if 
FarmDyn indicates a 20% increase in plant protection expenditure when switching from minimum tillage to 
no tillage, then this change is also applied to the data from the data collection files. In addition, labour and 
diesel inputs in FarmDyn are determined endogenously in the model by combining default data on field 
operations and machinery requirements for each crop with farm-specific sample data on labour requirements 
of these operations. Based on this combined data input, FarmDyn calculates variable input cost (including 
fertiliser and plant protection) and the annual investment requirements of the machine park needed to fulfil 
the cropping plan. Subtracting these cost from the market revenues gives the surplus from farm operations 
that can be withdrawn to pay out the family farm labour. Average wages per hour by country were used to 
calculate labour cost and to finally calculate the farm’s net return, which is provided in the results Table in 
the respective sections.  
 
FARManalytics follows a different modelling approach in which only the fertilisation costs and expenditures on 
cover crops are determined endogenously. All other production costs observed in the farm sample are 
subtracted directly from the crop revenues, yielding a net return per ha that remains constant across 
scenarios for a given farm (see Appendix 3). Within the model, fertilisation costs from both organic and 
mineral sources are subsequently added, each with its own cost structure. This is a difference to FarmDyn, 
where the average net return per ha varies between the scenarios. 
 
In addition, the models differ in their analytical focus and level of agronomic detail. Whereas FarmDyn 
merely operates with crop shares, while FARManalytics is rotation-based and can therefore represent 
agronomic processes in greater detail. FARManalytics incorporates multiple manure types (compared to a 
single type in FarmDyn) which availabilities varies by farm and country. This feature enhances the model’s 
capacity to evaluate carbon-related scenario targets while simultaneously accounting for effects on nitrogen 
supply. 
 
Furthermore, the rotation-based structure in FARManalytics provides a more detailed representation of 
nitrogen and carbon flows, particularly through the inclusion of cover crops and nitrogen-fixing crops and 
their contributions to soil carbon and nitrogen supply for subsequent crops. Because these nutrient dynamics 
are modelled more explicitly, scenario outcomes related to manure use, nitrogen limitations or surpluses, 
and fertilisation needs can differ from those produced by FarmDyn. At the same time, FarmDyn includes 
alternative tillage systems, where the associated variable costs are adjusted using its default cost 
relationships. These adjustments also affect variable input use and ultimately the total variable cost of crop 
production. 
 
These structural differences also affect how input and cost changes are handled. FarmDyn captures labour, 
diesel, plant-protection and machinery effects through its operation–machinery framework, while 
FARManalytics keeps the observed sample costs for most inputs except fertilisation and cover crops. This 
means some scenario effects that appear in FarmDyn (e.g. labour and diesel changes under alternative 
tillage) do not show up in FARManalytics, while rotation-driven nutrient dynamics in FARManalytics are not 
represented in FarmDyn. 
 
In sum, these structural and agronomic differences imply that revenue measures and final crop-return 
results from the two models are not directly comparable. Instead, the outcomes should be interpreted as 
complementary, jointly providing a more comprehensive economic and agronomic perspective on transitions 
toward more regenerative farming systems. 
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Combined results  

Fertilisation 
When combining results from FarmDyn and FARManalytics, the overarching patterns most notably the 
decline in crop returns are broadly consistent. Differences arise, however, because the models operate in 
fundamentally different ways. FARManalytics generally shows a stronger reduction in synthetic fertiliser use 
in scenarios A, reflecting its explicit accounting for nitrogen supplied by cover crops, higher biological fixation 
in nitrogen-fixing crops, and manure availability in some countries. Since FARManalytics is not optimised in 
the baseline, part of this reduction also represents efficiency gains and the correction of over-fertilisation 
present in the sample data. FarmDyn, however, is an optimisation model that already applies lower 
fertilisation in the calibrated baseline; its relative reductions therefore appear smaller because it starts from 
a lower level than observed data. 

Net returns 
Both models indicate that farms requiring substantial changes in their cropping plans (e.g., in Germany) 
experience stronger declines in crop returns in meeting crop-diversity or nitrogen-fixing crop targets, largely 
due to the lower returns of these crops. Farms in Hungary, where fewer adjustments are needed, also show 
smaller changes. Because crop sales are a major driver of farm income, these changes strongly affect overall 
net returns. Despite declining net returns, both models show that cost reductions can partly compensate for 
revenue losses in Scenario A. In FARManalytics, this is primarily driven by lower synthetic fertiliser costs. In 
FarmDyn, cost savings not only originate from reduced fertilisation needs but also from declines in diesel 
use, crop protection products, and labour. These savings arise from shifts to minimum tillage, which alters 
field operations and reduces ploughing intensity and chemical applications. Lower labour requirements 
provide an additional benefit, though all labour (both family and hired) is valued at the prevailing national 
wage. In FARManalytics, cost savings from reduced chemical fertiliser use are partly compensated in 
Scenarios B, especially for farms with access to manure. In the model several manure types are 
distinguished, and those with higher carbon content require more costly application methods. Meeting carbon 
targets therefore induces a shift toward these more expensive manure types where they are available. 
Expanded use of cover crops also raises costs, and reduced chemical fertilisation can lower yields when 
nutrient needs are not fully met. As a result, FARManalytics often reports substantially lower returns per ha 
in scenarios B than in scenarios A. FarmDyn does not incorporate carbon-based manure differentiation or the 
expanded cover-crop requirements present in FARManalytics. Consequently, the cost increases observed in 
FARManalytics under scenario B do not occur in FarmDyn. Costs frequently continue to decline due to further 
reductions in fertiliser use and the adoption of no-tillage systems, which lower machinery use, diesel 
consumption, and labour demand. 
 
Both models therefore exhibit limitations. FarmDyn likely understates cost increases because it omits carbon-
driven manure substitutions and additional cover-crop use, while FARManalytics may overestimate them by 
excluding potential savings from reduced machinery, diesel, and labour requirements under minimum- and 
no-till systems. Nevertheless, both models consistently show declining crop returns that are partly offset by 
reduced synthetic fertiliser use, with FarmDyn also capturing broader declines in variable inputs. 
FARManalytics highlights, however, that meeting carbon targets can increase fertilisation-related costs 
through reliance on more expensive manure types and greater incorporation of cover crops, whereas 
FarmDyn suggests that costs may continue to fall under conservation tillage strategies. 
 
While using three separate models seems extensive, the models complement each other but still lack some 
key capabilities to capture the soil life components of regenerative agriculture. In the case of the 
FARManalytics model, optimisation and constraints were applied in Scenarios A and B, whereas in the 
baseline scenario no optimisation was used. Farmers could potentially mitigate part of the additional 
constraints by optimising their management (e.g., through better crop choices or reduced fertilisation). 
However, these optimisations could also have been implemented under baseline conditions. 
Because FarmDyn is an optimisation model constrained by agronomic, policy, and farm-specific conditions, 
there is no methodological difference between the baseline and scenario applications. The only differences 
arise from the scenario-specific settings.  
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Comparability of results 
The cost accounting structures in FARManalytics and FarmDyn are not directly comparable. Although the 
model developers agreed on common definitions for key economic indicators, the underlying model 
structures differ substantially, making a one-to-one comparison challenging. While the attribution of costs for 
seed and plant protection is relatively consistent between the two models, the treatment of fertiliser-related 
costs particularly the costs of application in addition to purchase, differs considerably. Likewise, labour costs 
of fixed and flexibly hired workers are defined and represented differently in each model. Consequently, even 
cost components that appear similar cannot be directly aligned across FARManalytics and FarmDyn. 
However, certain comparisons are possible.  

4.1.3 Limitations of methodology  

Approach for pesticide reduction 
The selected strategy for reducing pesticide impacts was adopted because more detailed, farm-specific 
approaches would require additional data and farmer input that were not available. Crop protection is a 
complex process in which individual components cannot simply be omitted. Consequently, we assumed that 
regional crop protection strategies could be applied to the same crops on other farms within the region. In 
addition we applied the principles of Integrated Pest Management (IPM). A more holistic approach might 
yield greater impact, as alternatives such as mechanical weeding or precision agriculture may be more 
suitable for certain farms. In the optimisation process, high-impact products were phased out, most of which 
contained active ingredients listed as candidates for substitution due to their substantial environmental risks. 

Scaling  
This study provides detailed quantification of regenerative agriculture using economic and environmental 
indicators, yet several gaps remain. In some areas, additional detail and a broader perspective are needed to 
fully elucidate the benefits, while in others the level of specificity limits replicability. The data collection 
process was extensive and time-consuming, reducing the feasibility of large-scale application. Despite the 
high level of detail, the analysis lacks certain context-specific elements, such as the rationale underlying key 
crop management decisions. To reduce the laboursome data-collection Farm Sustainability Data Network 
(FSDN) data could be used as a source, but this would require a different research set-up, in particular 
adjustments to a lower level of detail in field operation data and crop rotation.  

Data limitations  
The 40 farms provided a rich dataset for most calculation requirements. Still some crop characteristics for 
new crops were based on a limited number of observations. For example, in Germany, only one farm in the 
sample was growing grows spring field beans, so the figures from that farm were taken as representative. 
This had impacts on the economic impact of the scenarios, but also on the environmental impact as the 
pesticide impact was also based on that farm. Also the year that is considered for price data is not fully 
representative, prices in 2022 where high due to market unrest. Prices have a large impact on the results, 
for instance for the French farm where winter barley was more profitable than sugar beets. That was the 
case for 2022, however in most years that is not the case. 
 
High crop diversity may result in small crop areas at the farm level. For example, farm DE02 has a total size 
of 50 ha; growing 8 different crops equally would result in only about 6 ha per crop. From an organisational 
and economies-of-scale perspective, this is not desirable. The introduction of new crops was based on 
national average data. It was therefore assumed that farmers achieve the average performance levels for 
these crops, although in practice individual farmers may perform better or worse. 

Context-specific conditions 
During the project the context of the farms and the regions was discussed with local experts. In those 
discussion several points were raised that show a current trend in the regions, which are sometimes the 
opposite of what we consider in the models. For instance the cultivation of winter rape and maize grain was 
on the decline due to increased plant health issues and drought in Hungary; in the modelling these were 
crops that were introduced in the scenarios. In Poland the farmers tended to grow a larger share of 
vegetable crops every year as these are very profitable crops, also the inclusion of cover crops was not 
popular as it competed with water availability of the main crop. Especially the point of water availability was 
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a trend that came back in most discussions. For many farmers the increased weather uncertainties that come 
with climate change have a major impact on their farm management. In this study, we considered water in a 
limited way by visualising the impact of the crops water demand over the rotation. In the regions where 
water is becoming more scarce this component of regenerative agriculture should receive more focus than it 
has had in this study. By limiting the crop demands, maximising water storage and reducing 
evapotranspiration (water evaporation) the benefits to these farms could be more than presented in this 
study.  

4.1.4 Reflection on applied models 

Interpreting the model outputs requires caution due to variable cost in the underlying input data. Although 
extensive survey data was collected, some elements could not be fully harmonised across all farms and 
models or were estimated for specific scenarios. A key challenge concerns replacement crops, newly 
introduced crops on the farm for scenario targets. In FARManalytics, if a crop was not present on a farm, its 
revenues and costs were taken from other farms in the same country; these national averages are based on 
a limited number of observations and incorporate farm-specific cost structures (e.g., labour, machinery, 
seed, storage as calculated in FARManalytics with Direkt- und Arbeitserledigungskostenfreie Leistung 
(DAKfl)). In FarmDyn, only variable costs related to direct inputs (e.g., seed, fertilisers, herbicides) were 
adjusted using overall averages, as machinery and labour are determined endogenously, causing deviation 
between both models on input data. In both models, these used values may not reflect the conditions of the 
farm introducing the new crop, so margins for replacement crops can over- or underestimate the farm’s true 
economic potential. These limitations should be considered, particularly when new crops play a central role in 
scenario outcomes. 

4.1.4.1 FarmDyn 
FarmDyn performs well in optimising farm management and representing the long-term situation of the 
farm. By optimising the machinery park and labour re-allocation across the scenarios, the model incorporates 
the new conditions as a farm would face under a longer planning horizon. However, short-term performance 
is less accurate in comparison with the surveyed farms, as it is difficult to incorporate the existing farm 
management practices exactly as observed in the empirical data. A critical assumption in all simulations was 
the use of FarmDyn’s default machinery attributes (purchase price, lifetime). This decision was made 
because the data collection file included a highly diverse set of machines (over 500 individual items), which 
could not be readily standardised to fit FarmDyn’s required machinery list. Moreover, certain machine types 
such as direct sowing equipment, were not consistently present across all observed farms. Using a common 
set of machinery attributes also facilitates a consistent comparison between the baseline and scenario 
simulations. 
 
Despite its flexibility, FarmDyn also has limitations. The model’s engineering data are primarily based on 
German and Dutch farming systems, requiring significant adaptation for application in other contexts. The 
presented application of FarmDyn assumes that the machine park is adjusted to meet the requirements of 
the different tillage systems, thus representing a long-term setting in which large scale machinery can be 
adjusted. In reality, long-term capital investments in farms limit the capacity for rapid structural change, 
since farms are often locked into specific strategies for extended periods. While certain adjustments of input 
allocation (e.g., area allocation or fertiliser use) and the required change of the machine park can be 
captured effectively, modelling the full scope of transition dynamics towards regenerative agriculture at 
systemic and landscape-levels, or multi-actor processes remain outside the model’s scope. 

4.1.4.2 FARManalytics 
Several limitations should be considered when interpreting the results of the FARManalytics model. First, the 
conversion of observed cropping plans into rotations using the rotation predictor introduces uncertainty as 
rotations slightly deviate from original farm cropping plans, despite the method aiming to preserve original 
crop shares. Since the approach is applied consistently across all farms and all scenarios, it is not considered 
a limiting factor in between farms comparisons. A second consideration is that the baseline in FARManalytics 
is not an optimised reference point. Differences between the baseline and the scenarios reflect both the 
effects of the scenario rules and gains in internal efficiency, particularly in fertilisation. In the baseline, 
synthetic nitrogen applications frequently exceed crop requirements, and part of the reduction observed in 
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the scenarios stems from correcting this overapplication, in addition to reductions associated with the 
introduction of nitrogen-fixing crops and other mitigation measures. Third, the economic calculations in the 
model endogenously include fertilisation from synthetic and organic sources as well as the costs of cultivating 
cover crops. Other costs, such as seed, labour, and machinery, are embedded in the crop return value 
derived from the farm. For crops already present on a farm, the crop-return value reflects the farm-specific 
revenue minus all costs except fertilisation and cover crops. When a crop is newly introduced, the model 
uses the national average observed crop return data from all sample farms in this study. This assumption on 
the averages is often based on a limited number of farms and may not reflect the yield potential achievable 
on the specific farm. In addition, the embedded costs implicitly assume that the farm’s cost structure 
matches these averages and that all resources potentially required to introduce the crop, including 
machinery, storage, and management capacity, are available. Fourth, the impact of minimal or no tillage is 
also not included in FARManalytics, as this remains outside the scope of the model. Eventually, nutrient 
dynamics are represented in a simplified way. Manure nitrogen is assigned as an average working coefficient 
for each manure type and the nitrogen contribution from cover crops relies on country specific default values 
for each cover crop species. These assumptions do not capture the full variability in nutrient release from 
different organic sources, yet they offer a reasonable approximation given the limited information on site 
specific mineralisation conditions. When nitrogen targets cannot be met, FARManalytics does not simulate 
yield responses to varying nitrogen supply. Instead of nitrogen targets cannot be met yields are adjusted 
manually in proportion to the unmet requirement, so a shortfall of 20% in nitrogen supply results in a 
corresponding 20% yield reduction. 

4.1.4.3 BFFF 
The BFFF translates farm-level management and input use into a set of environmental footprints and an 
aggregated biodiversity footprint. Its main strength is the ability to integrate land, water, nutrient, chemical, 
and carbon pressures into a single biodiversity metric (PDF.yr/ha), using established LCA methods and 
country-specific characterisation factors. This allows a consistent comparison of baseline and regenerative 
scenarios within and across regions, even when local data are incomplete, and highlights where 
environmental pressures are most sensitive to changes in management. 
 
At the same time, the BFFF captures only part of the ecological reality relevant to regenerative agriculture. 
By construction, it focuses on pressure-driven biodiversity impacts and uses average national 
characterisation factors. It therefore does not reflect local habitat features, landscape configuration, field 
margins or specific species assemblages around individual farms. Pesticide impacts are represented through 
aquatic ecotoxicity, while effects on soil organisms and above-ground beneficials (e.g., pollinators, natural 
enemies) are only indirectly captured through changes in chemical and nutrient loads. Human exposure to 
pesticides and other social dimensions are outside the framework. 
 
Moreover, BFFF does not model soil biodiversity as a separate component. Reductions in synthetic nitrogen, 
phosphorus losses and pesticide loads, together with lower land-use intensity, can be interpreted as proxy 
improvements that are likely to benefit soil life as part of the broader biotic community, but these effects are 
not quantified explicitly. In addition, several elements rely on simplified assumptions, such as the fixed 
fractions of applied nitrogen and phosphorus that are assumed not to be taken up by crops and are instead 
released to soil, water, or air. These fractions are grounded in existing literature, yet they do not capture 
country or crop-specific differences in nutrient uptake efficiency and fate. Future work could refine the BFFF 
by using more differentiated, context-specific estimates for nutrient losses and by complementing the current 
pressure-based approach with direct indicators of soil biological activity, habitat quality, and landscape 
diversity. As a result, BFFF depth values should be interpreted as potential biodiversity damage and are most 
appropriate for comparing farms and scenarios, rather than as exact estimates of species loss.  
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4.2 Conclusions 

4.2.1 Baseline conclusions 

The collected data and related baseline assessment of 40 European farms across four European countries 
encompassed an overview of soil nutrient status, economic performance, and biodiversity indicators on a 
country level. Generally, results demonstrated a large variety between country medians as well as diversity 
within countries between farms. The results from the baseline assessment displayed a large variety in 
performance, whereas some farmers were able to achieve comparable yields with lower inputs and lower 
footprints compared to other farmers. Further differences in soil nutrients and farm profitability are linked to 
resource availability (such as manure and compost) and had a large impact on baseline farm performance. 
This was exemplified in for the German farms where crops can be grown with very limited input of 
phosphorus and K fertiliser due to the availability of manure which was almost absent in other regions such 
as France and Hungary. This is also the case for water availability, where for instance, the benefits of 
increased cover crop cultivation are widely recognized. But climatological constraints such as drought can 
substantially limit their potential, as described in Morant et al.(2026).  
These finding suggest that: 
• Farmers could learn from their peers and that benchmarking farm performance is a useful method to 

increase farm sustainability.  
• Context matter, which is especially shown in this study for manure and water availability. 

4.2.2 Scenario conclusions 

The main effect from the study comes from diversifying crop rotations with legumes. This reduces the need 
for external nitrogen inputs; however, this practice may lower net margins because legumes typically 
generate lower economic returns. Increasing crop diversity with limited changes in farm set-up was possible, 
as the majority of the crops are combine-harvestable and the newly added crops could be sown with a cereal 
seeding machine and harvested with a combine, meaning no additional machinery investments were 
required. Crop rotation emerged as a key driver in lowering nitrogen fertilisation levels. Introducing legumes 
in 17% of the rotation results in a 17% reduction of nitrogen demand, and cover crops contribute to 
improved soil cover and can further reduce the need for nitrogen fertiliser where leguminous species are 
grown. Adjusting fertilisation according to crop requirements can help lower nutrient surpluses and improve 
farm income, as most farms over fertilize; however, when nutrient target levels are set too strictly and viable 
alternatives cannot be implemented, yields decline (observed in Hungary and France), leading to negative 
impacts on farm income. These yield effects are crucial factors and are relatively unsure because it depends 
greatly on farm context.  

4.2.3 Key drivers  

From the baseline assessment and implementation of scenarios the main key drivers for transitioning to 
regenerative agriculture were identified.  
• The first key driver encompassed the availability of key resources including manure, water, and market 

access which appeared to be vital for improvement of both environmental and economic indicators.  
• The second key driver included extending the rotation and increasing in crop species was considered vital 

for soil nutrient outcomes as well as pesticide reduction.  
• The third key driver included the economic and labour aspects, represented by variable costs, machinery 

investments, and labour requirements. 
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4.3 Recommendations 

Based on the baseline assessment, scenarios, and identified transition drivers, several recommendations can 
be formulated for farmers, supply chain actors, policymakers, and research and development. 

4.3.1 Farmers and advisors 

For farmers it is firstly recommended to use benchmarking and peer learning to identify efficiency gains. 
Farms that already combine high yields with low input use and lower biodiversity footprints can serve as 
reference cases. Sharing rotation strategies, fertilisation practices, and crop protection approaches can help 
other farmers to reduce inputs without sacrificing yield. Second, start with extending the rotation with more 
crops, preferably from different botanical groups. Third, farmers are recommended to critically re-consider 
farm inputs (fertiliser) and crop protection strategies; i.e. evaluate whether all inputs are strictly necessary 
to achieve target yields. Fourth, it is recommended to apply cover crops where water availability and climate 
allow. Fifth, it is recommended to consider minimum- and no-till options where appropriate, as labour 
savings can justify the investment in new machinery equipment (e.g. direct sowing machine) if not yet 
present on farm. However, ploughing can in some contexts be a suitable option to prevent pesticide use. 

4.3.2 Supply chain actors and financial institutions 

First, for supply chain actors and financial institutions, it is recommended to support stable markets and 
reward structures for legumes and other rotational crops for example through long-term contracts, price 
premiums, or risk-sharing mechanisms. Second, it is recommended to integrate environmental indicators in 
sourcing and reporting, including biodiversity-related metrics alongside carbon and nutrient indicators. Third, 
it is recommended to take a whole-system perspective rather than steering on single indicators, including 
consideration of all crops within the rotation. 

4.3.3 Policymakers 

First, for policymakers it is recommended to align regenerative agriculture programmes with climate and 
water policies. Coordination with water management and drought-adaptation policies is recommended to 
ensure that promoted practices remain viable under changing climatic conditions. Second, it is recommended 
that the cultivation of leguminous crops be stimulated through complementary measures, including 
increasing market demand, establishing a more level playing field, and providing targeted incentives through 
CAP Eco-schemes. Third, environmental footprints should be incorporated into product prices to create a 
direct financial incentive for farmers to adopt lower-impact production practices. In addition, the creation and 
strengthening of farmer networks, alongside the development of decision-support tools are recommended to 
facilitate peer learning and support farmers in evaluating their own performance. Finally, strategies to reduce 
system-level dependence on synthetic fertiliser should be explored.  

4.3.4 Research and development 

First, for research and development it is recommended to refine integrated assessment tools by further 
integrating soil biological indicators, habitat quality, and landscape structure, and by using more context-
specific parameters for nutrient losses and pesticide fate. It is further recommended to develop more specific 
soil life indicators and improve the understanding of their relation to the effects of regenerative farming 
practices. Second, it is recommended to include larger and more diverse farm samples across Europe, 
covering multiple years and price conditions. With regard to key assumptions, it is recommended to critically 
evaluate them over time and to gradually replace generic assumptions with more crop- and country-specific 
estimates as evidence becomes available. Finally, it is recommended to develop a more systematic approach 
to integrate data collection files with default model data in farm-level simulation models to improve empirical 
relevance. 
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Appendix 1 Methods 

Table A1.1  Data sources for the parameterisation of FarmDyn 

Section Variables assessed Farm specific input Combination of both FarmDyn default 

Farm overview Farm size (ha), labour input 
expressed in full-time 
equivalents (FTE), total farm 
energy use, irrigation source, 
crop rotation, and historical 
yields per ha on the farm 

Size 
crops 
Labour 
Yields 
 

Not used  Not used  

Farm economics Land cost (EUR/ha), 
investment capacity (EUR), 
the presence or absence of 
CAP premiums, interest rate, 
labour cost, energy cost, 
manure costs, fertiliser 
costs, and costs for plant 
protection. 

Crop prices 
labour wages, energy 
prices (fuel), fertiliser 
prices 

Not used  CAP premiums, 
Manure import cost 

Mechanisation Type of available machinery, 
lease price or purchase 
value, time in business (age 
of machine), depreciation, 
annual costs and usage, and 
crop-specific use of each 
machine. 

Not used  Not used  Specific mechanisation 
(from KTBL) 

Storage Storage type, initial 
investment, expected 
business lifetime, 
depreciation, annual costs, 
and total storage capacity. 

Not used  Not used  Specific storage (derived 
from KTBL) 

Crop-specific data Revenues (EUR), costs for 
starting material, 
fertilisation, crop protection, 
irrigation, mulching (if 
applicable), delivery and 
allocated costs, as well as 
the number and type of field 
operations carried out. 

Area shares 
Yields 
Cost of plant protection 
and seed 

Combination of farm-
specific input 
requirements for 
common operations 
Variable input cost for 
observed crops/tillag  

Field operations per crop 
and machinery 
requirements 
Variable input cost (seed, 
plant protection) by crop 
and tillage 
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Appendix 2 BFFF calculation details 

This annex provides the explicit equations, parameters, and units used to compute footprint size (pressure) 
and depth (biodiversity impact) for each stressor. All variables are expressed per ha of occupied land. 

Water footprint size 
Water footprint size converts CWU from depth (mm) to volume (m3 per ha): 
 
𝑊𝑊𝑊𝑊𝑊𝑊𝑚𝑚3/ℎ𝑎𝑎

𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔/𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 = 10 × 𝐶𝐶𝐶𝐶𝐶𝐶𝑚𝑚𝑚𝑚
𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔/𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 Equation 1 

 
where 𝑊𝑊𝑊𝑊𝑊𝑊𝑚𝑚3/ℎ𝑎𝑎

𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔/𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 is the water footprint in m3 per ha, 𝐶𝐶𝐶𝐶𝐶𝐶𝑚𝑚𝑚𝑚
𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔/𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 is the crop water use in millimetres, 

and the factor 10 converts a depth in millimetres over one ha to volume in cubic metres (since 1 mm over 
1 ha = 10 m3). A full description of the CWU methodology, data, and scaling is available in Mialyk et al. 
(2024). 

Water footprint depth 
Water footprint depth is obtained by multiplying total consumptive use by the country-specific 
characterisation factor for water consumption from LC-IMPACT: 
 
𝑊𝑊𝑊𝑊𝑊𝑊𝑃𝑃𝑃𝑃𝑃𝑃.𝑦𝑦𝑦𝑦/ℎ𝑎𝑎

𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑ℎ = 𝑊𝑊𝑊𝑊𝑊𝑊𝑚𝑚3/ℎ𝑎𝑎 × 𝐶𝐶𝐶𝐶𝑃𝑃𝑃𝑃𝑃𝑃.𝑦𝑦𝑦𝑦/𝑚𝑚3
𝑖𝑖  Equation 2 

 
here, 𝑊𝑊𝑊𝑊𝑊𝑊𝑃𝑃𝑃𝑃𝑃𝑃.𝑦𝑦𝑦𝑦/ℎ𝑎𝑎

𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑ℎ  is the water footprint depth in PDF per ha, 𝑊𝑊𝑊𝑊𝑊𝑊𝑚𝑚3/ℎ𝑎𝑎 is the sum of green and blue WF per 
m3 per ha, 𝐶𝐶𝐶𝐶𝑃𝑃𝑃𝑃𝑃𝑃 .𝑦𝑦𝑦𝑦/𝑚𝑚3

𝑖𝑖 is the LC-IMPACT characterisation factor for country 𝑖𝑖 (PDF.yr/m3). 

Carbon footprint size 
The total carbon footprint size (kg CO2-eq per ha) is: 
 

𝐶𝐶𝐶𝐶𝐶𝐶𝑘𝑘𝑘𝑘 𝐶𝐶𝐶𝐶2𝑒𝑒/ℎ𝑎𝑎
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = �𝐹𝐹𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑[𝐿𝐿/ℎ𝑎𝑎] × 𝐸𝐸𝐸𝐸𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

𝐶𝐶𝐶𝐶2𝑒𝑒 [𝑘𝑘𝑘𝑘 𝐶𝐶𝐶𝐶2𝑒𝑒/𝐿𝐿]�  +  �𝑁𝑁𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓  ×  𝐸𝐸𝐸𝐸𝑁𝑁 ,𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓
𝑑𝑑𝑑𝑑𝑑𝑑  +  𝑁𝑁𝑚𝑚𝑚𝑚𝑚𝑚  ×  𝐸𝐸𝐸𝐸𝑁𝑁 ,𝑚𝑚𝑚𝑚𝑚𝑚

𝑑𝑑𝑑𝑑𝑑𝑑 �  +  �𝑁𝑁𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓  ×  𝐸𝐸𝐸𝐸𝑁𝑁
𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚  +

 𝑃𝑃𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓  ×  𝐸𝐸𝐸𝐸𝑃𝑃
𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚  +  𝐾𝐾𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓  ×  𝐸𝐸𝐸𝐸𝐾𝐾

𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚�    Equation 3 

 
Where 𝐶𝐶𝐶𝐶𝐶𝐶𝑘𝑘𝑘𝑘 𝐶𝐶𝐶𝐶2𝑒𝑒/ℎ𝑎𝑎

𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠  is the carbon footprint size in kg CO2e per ha, 𝐹𝐹𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 is diesel consumed per ha, 𝐸𝐸𝐸𝐸𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝐶𝐶𝐶𝐶2𝑒𝑒  is 

the composite CO2e factor for diesel combustion (2.63 kg CO2 per liter of diesel; IPCC, 2006; IPCC, 2019), 
𝑁𝑁𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 and 𝑁𝑁𝑚𝑚𝑚𝑚𝑚𝑚 are mineral and manure nitrogen applied (kg N/ha), 𝑃𝑃𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 and 𝐾𝐾𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 are mineral phosphorus and 
potassium applied (kg P/ha and kg K/ha), 𝐸𝐸𝐸𝐸𝑁𝑁,𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

𝑑𝑑𝑑𝑑𝑑𝑑  and 𝐸𝐸𝐸𝐸𝑁𝑁,𝑚𝑚𝑚𝑚𝑚𝑚
𝑑𝑑𝑑𝑑𝑑𝑑  are direct N2O emission factors converted to 

CO2e (6.66 kg CO2e/kg N for synthetic N in wet climates; 2.50 kg CO2e/kg N for manure, consistent with 
IPCC Tier 1 disaggregations and Menegat et al., 2022), and 𝐸𝐸𝐸𝐸𝑁𝑁

𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 , 𝐸𝐸𝐸𝐸𝑃𝑃
𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚and 𝐸𝐸𝐸𝐸𝐾𝐾

𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚are cradle-to-gate 
fertiliser manufacturing factors (3.6, 1.3, and 0.8 kg CO2e per kg of N, P, and K nutrients, respectively; Agri-
footprint 6.0). 

Carbon footprint depth 
 
𝐶𝐶𝐶𝐶𝐶𝐶𝑃𝑃𝑃𝑃𝑃𝑃.𝑦𝑦𝑦𝑦/ℎ𝑎𝑎

𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑ℎ  =  𝐶𝐶𝐶𝐶𝐶𝐶𝑘𝑘𝑘𝑘 𝐶𝐶𝐶𝐶2𝑒𝑒/ℎ𝑎𝑎
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠  ×  𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶2

𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,   𝑒𝑒𝑒𝑒𝑒𝑒[𝑃𝑃𝑃𝑃𝑃𝑃.𝑦𝑦𝑦𝑦/𝑘𝑘𝑘𝑘 𝐶𝐶𝐶𝐶2] Equation 4 

 
where 𝐶𝐶𝐶𝐶𝐶𝐶𝑃𝑃𝑃𝑃𝑃𝑃 .𝑦𝑦𝑦𝑦/ℎ𝑎𝑎

𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑ℎ  is the carbon footprint depth (PDF.yr/ha), 𝐶𝐶𝐶𝐶𝐶𝐶𝑘𝑘𝑘𝑘 𝐶𝐶𝐶𝐶2𝑒𝑒/ℎ𝑎𝑎
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠  is the total carbon footprint size 

aggregated in CO2-equivalent (kg CO2 e/ha), and 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶2
𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,   𝑒𝑒𝑒𝑒𝑒𝑒 is the LC-IMPACT endpoint characterisation factor 

for ecosystem quality per kg CO2 (PDF·yr/kg). 
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Nitrogen Footprint size 
Nitrogen footprint size is: 
 
𝑁𝑁𝑁𝑁𝑁𝑁𝑘𝑘𝑘𝑘/ℎ𝑎𝑎

𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠  =  𝑓𝑓𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑁𝑁  ×  𝑁𝑁𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 with 𝑁𝑁𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎  =  𝑁𝑁𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓  +  𝑁𝑁𝑚𝑚𝑚𝑚𝑚𝑚 Equation 5 

 
where 𝑁𝑁𝑁𝑁𝑁𝑁𝑘𝑘𝑘𝑘/ℎ𝑎𝑎

𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠  is the nitrogen footprint size in kilograms per ha, 𝑓𝑓𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑁𝑁  is the fraction of applied nitrogen not 
taken up by crops, 𝑁𝑁𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 is the total nitrogen applied, and 𝑁𝑁𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 and 𝑁𝑁𝑚𝑚𝑚𝑚𝑚𝑚 are mineral fertiliser and manure 
inputs, respectively. 

Nitrogen footprint depth 
Unrecovered nitrogen is partitioned into environmental compartments: 
• Soil/groundwater: 𝑓𝑓𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑁𝑁 =0.20 
• Surface freshwater: 𝑓𝑓𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑁𝑁 =0.25 
 
Nitrogen footprint depth considers soil/groundwater and freshwater fractions under marine eutrophication at 
the endpoint level: 
 
𝑁𝑁𝑁𝑁𝑁𝑁𝑃𝑃𝑃𝑃𝑃𝑃.𝑦𝑦𝑦𝑦

𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑ℎ  =  (𝑓𝑓𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑁𝑁 ×𝑁𝑁𝑁𝑁𝑁𝑁𝑘𝑘𝑘𝑘/ℎ𝑎𝑎
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 ) × 𝐶𝐶𝐶𝐶𝑖𝑖

𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒,𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠  + (𝑓𝑓𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑁𝑁 ×𝑁𝑁𝑁𝑁𝑁𝑁𝑘𝑘𝑘𝑘/ℎ𝑎𝑎
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 ) × 𝐶𝐶𝐶𝐶𝑖𝑖

𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒,𝑓𝑓𝑓𝑓  Equation 6 

 
Where 𝑓𝑓𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑁𝑁  and 𝑓𝑓𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑁𝑁  are the share of unrecovered nitrogen routed to soil/groundwater and freshwater, 
respectively, 𝑁𝑁𝑁𝑁𝑁𝑁𝑘𝑘𝑘𝑘/ℎ𝑎𝑎

𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠  is the nitrogen footprint size, and 𝐶𝐶𝐶𝐶𝑖𝑖
𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒,𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 and 𝐶𝐶𝐶𝐶𝑖𝑖

𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒,𝑓𝑓𝑓𝑓 are the LC-IMPACT country-
level characterisation factors for emissions to soil (groundwater route) and to surface freshwater, 
respectively (PDF·yr per kg N) for country 𝑖𝑖. 

Phosphorus footprint size 
Phosphorus footprint size is: 
 
𝑃𝑃𝑃𝑃𝑃𝑃𝑘𝑘𝑘𝑘/ℎ𝑎𝑎

𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠  =  𝑓𝑓𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑃𝑃  × 𝑃𝑃𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 with 𝑃𝑃𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎  =  𝑃𝑃𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓  + 𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚  Equation 7  

 
where 𝑃𝑃𝑃𝑃𝑃𝑃𝑘𝑘𝑘𝑘/ℎ𝑎𝑎

𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠  is the nitrogen footprint size in kilograms per ha, 𝑓𝑓𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙
𝑝𝑝  is the fraction of applied phosphorus lost 

to the environment, 𝑃𝑃𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 is the total nitrogen applied, and 𝑃𝑃𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 and 𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚 are mineral fertiliser and manure 
inputs, respectively. 

Phosphorus footprint depth 
Unrecovered phosphorus is partitioned as: 
• Soil/groundwater storage: 𝑓𝑓𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑃𝑃 =0.65 
• Surface freshwater: 𝑓𝑓𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑃𝑃 =0.05 
 
Phosphorus footprint depth is: 
 
𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃.𝑦𝑦𝑦𝑦

𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑ℎ  =  (𝑓𝑓𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑃𝑃 × 𝑃𝑃𝑃𝑃𝑃𝑃𝑘𝑘𝑘𝑘/ℎ𝑎𝑎
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 ) × 𝐶𝐶𝐶𝐶𝑖𝑖

𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒,𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠  +  (𝑓𝑓𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑃𝑃 × 𝑃𝑃𝑃𝑃𝑃𝑃𝑘𝑘𝑘𝑘/ℎ𝑎𝑎
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 ) × 𝐶𝐶𝐶𝐶𝑖𝑖

𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒,𝑓𝑓𝑓𝑓  Equation 8 

 
Where 𝑓𝑓𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑃𝑃  and 𝑓𝑓𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑃𝑃  are the share of unrecovered phosphorus routed to soil/groundwater and freshwater, 
respectively, 𝑃𝑃𝑃𝑃𝑃𝑃𝑘𝑘𝑘𝑘/ℎ𝑎𝑎

𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠  is the phosporus footprint size, and 𝐶𝐶𝐶𝐶𝑖𝑖
𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 ,𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 and 𝐶𝐶𝐶𝐶𝑖𝑖

𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒,𝑓𝑓𝑓𝑓 are the LC-IMPACT 
characterisation factors for the country 𝑖𝑖 (PDF·yr per kg phosphorus emitted to soil and to freshwater, 
respectively). This follows the LC-IMPACT freshwater eutrophication pathway, where both soil-to-freshwater 
transfer and direct freshwater emissions contribute to ecosystem damage, potentially leading to a 
disappearing fraction of species over time. 
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Chemical footprint size 
Chemical footprint size is the sum of all active ingredients: 
 
𝐶𝐶ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑘𝑘𝑘𝑘/ℎ𝑎𝑎

𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠  =  ∑ 𝑀𝑀𝛼𝛼,𝑘𝑘𝑘𝑘/ℎ𝑎𝑎𝛼𝛼 ∈ 𝐴𝐴𝐴𝐴𝐴𝐴  , 𝑀𝑀𝛼𝛼,𝑘𝑘𝑘𝑘/ℎ𝑎𝑎  =  ∑ 𝐴𝐴𝑃𝑃 × 𝑐𝑐𝑝𝑝,𝛼𝛼�× 𝜌𝜌𝑝𝑝 𝑖𝑖𝑖𝑖 𝐴𝐴𝑃𝑃  𝑖𝑖𝑖𝑖 𝐿𝐿/ℎ𝑎𝑎�𝑝𝑝   Equation 9 

 
where 𝐶𝐶ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑘𝑘𝑘𝑘/ℎ𝑎𝑎

𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠  is the chemical footprint size (kilograms of active ingredients per ha), 𝑀𝑀𝛼𝛼,𝑘𝑘𝑘𝑘/ℎ𝑎𝑎 is the total 
mass per ha of active ingredient α, 𝐴𝐴𝑃𝑃 is the application rate of the product p (kg/ha or L/ha), 𝑐𝑐𝑝𝑝,𝛼𝛼 is the mass 
fraction of AI α in product p (kg AI per kg product) and 𝜌𝜌𝑝𝑝 is the product density (kg/L) used when 𝐴𝐴𝑃𝑃 is 
reported in L/ha (set 𝜌𝜌𝑝𝑝 = 1 when 𝐴𝐴𝑃𝑃   is already in kg/ha). 

Chemical footprint depth 
LC-IMPACT freshwater ecotoxicity provides characterisation factors per active ingredient α: 
 

𝐶𝐶𝐶𝐶𝛼𝛼𝑒𝑒𝑒𝑒𝑒𝑒  (𝑃𝑃𝑃𝑃𝑃𝑃.𝑚𝑚3.𝑑𝑑𝑑𝑑𝑑𝑑/𝑘𝑘𝑘𝑘) 

 
To convert to PDF·yr/ha, an exposed water volume during a low-flow period is defined as: 
 
𝑉𝑉𝑒𝑒𝑒𝑒𝑒𝑒  =  𝑄𝑄95 [𝑚𝑚3/𝑠𝑠] × 𝜏𝜏 [𝑑𝑑𝑑𝑑𝑑𝑑]  ×  86,400 [𝑠𝑠/𝑑𝑑𝑑𝑑𝑑𝑑]  Equation 10 

 
where 𝑄𝑄95 is the 95th percentile low flow discharge at the relevant reach, and 𝜏𝜏 = 14 days represents a short-
term residence/mixing window under low flow conditions, and 86,400 seconds converted to days. 𝑄𝑄95 is a 
standard hydrological statistic for water-quality and scarcity assessments and is widely used as a 
conservative design basis for exposure during vulnerable periods (Smakhtin, 2001). The 14-day window is 
consistent with common low-flow design horizons used in water-quality regulation (for example, 7- to 30-day 
criteria such as the US EPA’s 7Q10 for chronic assessments) and with typical aquatic dissipation half-lives for 
many pesticides, which are on the order of days to a few weeks (US EPA, 1991; Lewis et al., 2016). When 
reach-specific 𝑄𝑄95  is unavailable, mean monthly discharge may be used with sensitivity tests against 𝑄𝑄95  or 
an alternative low-flow index (US EPA, 1991). This approach yields chemical-footprint depth in PDF·yr per ha 
and preserves consistency with the LC-IMPACT endpoint framework (Verones et al., 2020): 
 

𝐶𝐶ℎ𝑒𝑒𝑒𝑒𝐹𝐹𝐹𝐹𝑃𝑃𝑃𝑃𝑃𝑃.𝑦𝑦𝑦𝑦/ℎ𝑎𝑎
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑ℎ =  ∑ �𝐶𝐶ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝛼𝛼,𝑘𝑘𝑘𝑘/ℎ𝑎𝑎

𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 × 𝐶𝐶𝐶𝐶𝛼𝛼𝑒𝑒𝑒𝑒𝑒𝑒 (𝑃𝑃𝑃𝑃𝑃𝑃.𝑚𝑚3.𝑑𝑑𝑑𝑑𝑑𝑑/𝑘𝑘𝑘𝑘)  × 1
𝑉𝑉𝑒𝑒𝑒𝑒𝑒𝑒(𝑚𝑚3) × 1

365
(𝑦𝑦𝑦𝑦/𝑑𝑑𝑑𝑑𝑑𝑑)�𝛼𝛼 ∈ 𝐴𝐴𝐴𝐴𝐴𝐴  Equation 11 

 
where 𝐶𝐶ℎ𝑒𝑒𝑒𝑒𝐹𝐹𝐹𝐹𝑃𝑃𝑃𝑃𝑃𝑃.𝑦𝑦𝑦𝑦/ℎ𝑎𝑎

𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑ℎ  is the chemical footprint depth in PDF.yr per ha, 𝐶𝐶ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝛼𝛼,𝑘𝑘𝑘𝑘/ℎ𝑎𝑎
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠  is the applied mass per 

ha of active ingredient 𝛼𝛼 (kg/ha), 𝐶𝐶𝐶𝐶𝛼𝛼𝑒𝑒𝑒𝑒𝑒𝑒 is the LC-IMPACT freshwater ecotoxicity characterisation factor for α 
(PDF.m3.day/kg) and 𝑉𝑉𝑒𝑒𝑒𝑒𝑒𝑒 is the exposed volume in m3, with 1/365 converting days to years 𝑄𝑄95  values were 
derived from the closest main rivers to farm locations and averaged at the country level.  

Land footprint size 
Land footprint size equals the functional unit of the assessment: 
 
𝐿𝐿𝐿𝐿𝐿𝐿ℎ𝑎𝑎𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 =  𝐴𝐴ℎ𝑎𝑎  =  1  Equation 12 

 
Where 𝐿𝐿𝐿𝐿𝐿𝐿ℎ𝑎𝑎𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 is the land footprint size (ha) and 𝐴𝐴ℎ𝑎𝑎 is the assessed area in ha. 

Land footprint depth 
Land footprint depth uses country-level characterisation factors for intensive cropland from Chaudhary and 
Brooks (2018): 
 
𝐿𝐿𝐿𝐿𝐿𝐿𝑃𝑃𝑃𝑃𝑃𝑃.𝑦𝑦𝑦𝑦/ℎ𝑎𝑎

𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑ℎ =  𝐶𝐶𝐶𝐶𝑖𝑖
𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙,𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖  [𝑃𝑃𝑃𝑃𝑃𝑃/𝑚𝑚2]  ×  10,000 [𝑚𝑚2/ℎ𝑎𝑎]        Equation 13 

 
where 𝐿𝐿𝐿𝐿𝐿𝐿𝑃𝑃𝑃𝑃𝑃𝑃.𝑦𝑦𝑦𝑦/ℎ𝑎𝑎

𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑ℎ  is the land footprint depth (PDF.yr/ha), 𝐶𝐶𝐶𝐶𝑖𝑖
𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙,𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 is the country-level characterisation 

factor for intensive cropland in country 𝑖𝑖 (PDF/m2) and 10,000 converts m2 to ha. 
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Biodiversity footprint 
The total biodiversity footprint per farm–crop is the sum of depth metrics across all stressors, expressed in 
PDF·yr per ha: 
 
𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 𝐹𝐹𝐹𝐹𝑃𝑃𝑃𝑃𝑃𝑃.𝑦𝑦𝑦𝑦/ℎ𝑎𝑎  =  𝑊𝑊𝑊𝑊𝑊𝑊𝑃𝑃𝑃𝑃𝑃𝑃.𝑦𝑦𝑦𝑦/ℎ𝑎𝑎

𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑ℎ  + 𝑁𝑁𝑁𝑁𝑁𝑁𝑃𝑃𝑃𝑃𝑃𝑃.𝑦𝑦𝑦𝑦/ℎ𝑎𝑎
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑ℎ  + 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃.𝑦𝑦𝑦𝑦/ℎ𝑎𝑎

𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑ℎ  + 𝐶𝐶ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑃𝑃𝑃𝑃𝑃𝑃.𝑦𝑦𝑦𝑦/ℎ𝑎𝑎
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑ℎ  + 𝐿𝐿𝐿𝐿𝐿𝐿𝑃𝑃𝑃𝑃𝑃𝑃.𝑦𝑦𝑦𝑦/ℎ𝑎𝑎

𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑ℎ   

Equation 14 

Where each term is the depth of the corresponding footprint expressed in PDF·yr/ha. 
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Appendix 3 Results 

Table A3.1  Farm-level results for ten farms in Germany, showing crop diversity, soil cover, nutrient inputs and surpluses (N, P, K), carbon input, and economic 
performance (net return per ha) 

Farm number → 
Indicator ↓ 

Description DE01 DE02 DE03 DE04 DE05 DE06 DE07 DE08 DE09 DE10 

Number of unique Crops Number of different crops grown 3 4 5 4 5 4 4 5 5 4 

% nitrogen-fixing crops Share of nitrogen-fixing crops (%) 0 0 0 0 0 0 0 13 0 0 

% Rest crops Share of fallow or rest crops (%) 20 83 80 50 56 100 80 75 40 89 

Shannon index Crop diversity (richness + evenness) 1.03 1.24 1.61 1.36 1.43 1.33 1.33 1.56 1.56 1.27 

Main crop cover Area covered by main crops (%) 72 71 70 52 64 76 64 62 58 56 

Rest crop cover Area covered by rest crops (%) 16 63 60  31 42 76 56 51 31 50 

Cover crop cover Area covered by cover crops (%) 12 4 5 29 19 8 0 0 0 6 

Total cover Total annual soil cover (%) 85 76 75 81 84 85 64 62 58 63 

N fertiliser N from mineral fertiliser (kg/ha/year) 37 99 66 106 72 137 133 60 86 162 

N manure N from animal manure (kg/ha/year) 151 102 55 0 16 56 0 52 30 0 

N total input Total nitrogen input (kg/ha/year) 188 201 121 106 88 193 133 113 115 162 

N removal N removed by harvested crops (kg/ha/year) 140 128 143 90 156 106 122 140 622 148 

N surplus Input minus removal (N excess) 
(kg/ha/year) 

25 55 -37 14 -69 78 8 -5 -513 9 

P fertiliser P from mineral fertiliser (kg/ha/year) 94 8 0 42 0 0 0 0 18 0 

P manure P from animal manure(kg/ha/year) 87 57 34 0 9 31 0 29 18 0 

P total input Total phosphorus input (kg/ha/year) 181 64 34 42 9 31 0 29 37 0 

P removal  P removed by harvested crops (kg/ha/year) 59 53 59 38 62 48 57 51 238 64 

P surplus Input minus removal (N excess) 
(kg/ha/year) 

122 11 -25 4 -53 -17 -57 -21 -201 -64 

K fertiliser K from mineral fertiliser (kg/ha/year) 0 7 0 106 0 0 53 8 48 80 

K manure K from animal manure (kg/ha/year) 185 88 123 0 14 49 0 46 66 0 

K total Total potassium input (kg/ha/year) 185 95 123 106 14 49 53 54 114 80 

K removal K removed by harvested crops (kg/ha/year) 148 42 67 94 102 33 72 84 280 58 

C input  Carbon input to soil (kg effective C/ha/year)  1,187 1,331 1,653 990 1,103 1,266 1,319 829 5,368 1,366 

Net return Euros/ha 553 1,218 767 1,641 861 421 1,091 1,820 1,843 1,106 
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Table A3.2  Farm-level results for ten farms in France, showing crop diversity, soil cover, nutrient inputs and surpluses (N, P, K), carbon input, and economic performance 
(net return per ha) 

Farm number → 
Indicator ↓ 

Description FR01 FR02 FR03 FR04 FR05 FR06 FR07 FR08 FR09 FR10 

Number of unique Crops Number of crop species grown 4 4 5 4 5 4 3 5 4 4 

% nitrogen-fixing crops Share of nitrogen-fixing crops (%) 0 0 0 0 11 0 0 10 0 0 

% Rest crops Share of fallow or rest crops (%) 83 58 75 75 56 67 75 90 63 67 

Shannon index Crop diversity (richness + evenness) 0.84 1.31 1.49 1.21 1.52 1.15 1.04 1.36 1.21 1.24 

Main crop cover Area covered by main crops (%) 75 67 63 70 62 72 77 73 65 72 

Rest crop cover Area covered by rest crops (%) 66 45 49 54 37 52 61 68 42 54 

Cover crop cover Area covered by cover crops (%) 10 0 14 6 14 8 6 5 13 8 

Total cover Total annual soil cover (%) 86 67 77 76 76 80 83 78 77 80 

N fertiliser N from mineral fertiliser (kg/ha/year) 174 179 158 130 30 133 187 154 124 174 

N manure N from animal manure (kg/ha/year) 3 0 20 0 95 0 6 0 10 0 

N total input Total nitrogen input (kg/ha/year) 177 179 178 130 125 133 193 154 135 174 

N removal N removed by harvested crops (kg/ha/year) 160 122 132 125 122 138 138 137 124 134 

N surplus Input minus removal (N excess) 
(kg/ha/year) 

13 50 42 2 7 -9 47 38 6 36 

P fertiliser P from mineral fertiliser (kg/ha/year) 33 0 43 48 10 28 64 4 10 20 

P manure P from animal manure(kg/ha/year) 3 8 23 0 59 0 0 0 7 0 

P total input Total phosphorus input (kg/ha/year) 36 8 66 48 69 28 65 4 17 20 

P removal  P removed by harvested crops (kg/ha/year) 63 55 55 57 57 59 63 54 51 57 

P surplus Input minus removal (N excess) 
(kg/ha/year) 

-27 -47 11 -10 13 -31 2 -50 -34 -37 

K fertiliser K from mineral fertiliser (kg/ha/year) 33 0 92 101 0 0 0 11 30 59 

K manure K from animal manure (kg/ha/year) 3 8 22 0 214 0 125 0 200 0 

K total Total potassium input (kg/ha/year) 36 8 114 101 214 0 125 11 230 59 

K removal K removed by harvested crops (kg/ha/year) 64 77 87 87 89 100 88 43 102 71 

C input  Carbon input to soil (kg effective C/ha/year)  1,540 1,388 1,621 1,233 2,623 1,509 1,211 1,214 1,539 1,360 

Net return  Euros/ha 588 1,450 1,191 1,413 1,667 1,755 1,933 1,021 1,459 1,336 
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Table A3.3  Farm-level results for ten farms in Hungary, showing crop diversity, soil cover, nutrient inputs and surpluses (N, P, K), carbon input, and economic 
performance (net return per ha) 

Farm number → 
Indicator ↓ 

Description HU01 HU02 HU03 HU04 HU05 HU06 HU07 HU08 HU09 HU10 

Number of unique Crops Number of crop species grown 4 3 4 3 4 5 3 4 2 3 

% nitrogen-fixing crops Share of nitrogen-fixing crops (%) 8 0 25 0 0 25 0 0 0 0 

% Rest crops Share of fallow or rest crops (%) 75 75 88 60 91 100 100 89 100 100 

Shannon index Crop diversity (richness + evenness) 1.29 1.08 1.32 1.05 1.29 1.56 0.97 1.15 0.67 0.80 

Main crop cover Area covered by main crops (%) 57 54 61 55 60 60 58 49 62 58 

Rest crop cover Area covered by rest crops (%) 46 44 56 38 56 60 58 44 62 58 

Cover crop cover Area covered by cover crops (%) 0 0 0 0 0 0 0 0 0 0 

Total cover Total annual soil cover (%) 57 54 61 55 60 60 58 49 62 58 

N fertiliser N from mineral fertiliser (kg/ha/year) 52 110 62 53 114 105 80 167 52 148 

N manure N from animal manure (kg/ha/year) 0 0 71 0 0 0 0 0 0 0 

N total input Total nitrogen input (kg/ha/year) 52 110 133 53 114 105 80 167 52 148 

N removal N removed by harvested crops (kg/ha/year) 90 70 121 90 70 139 64 75 102 89 

N surplus Input minus removal (N excess) 
(kg/ha/year) 

-14 34 83 -39 42 38 14 84 -53 56 

P fertiliser P from mineral fertiliser (kg/ha/year) 0 30 0 0 0 42 11 93 28 48 

P manure P from animal manure(kg/ha/year) 0 0 79 0 0 0 0 0 0 0 

P total input Total phosphorus input (kg/ha/year) 0 30 79 0 0 42 11 93 28 48 

P removal  P removed by harvested crops (kg/ha/year) 30 28 24 36 31 39 27 30 39 35 

P surplus Input minus removal (N excess) 
(kg/ha/year) 

-30 2 55 -36 -31 3 -16 63 -12 13 

K fertiliser K from mineral fertiliser (kg/ha/year) 0 30 0 0 0 42 28 0 25 48 

K manure K from animal manure (kg/ha/year) 0 0 72 0 0 0 0 0 0 0 

K total Total potassium input (kg/ha/year) 0 30 72 0 0 42 28 0 25 48 

K removal K removed by harvested crops (kg/ha/year) 33 28 30 40 24 34 19 22 29 25 

C input  Carbon input to soil (kg effective C/ha/year)  962 911 1,598 1,040 920 826 886 638 1,240 823 

Net return per ha Euros/ha 1,496 1,166 677 511 800 876 876 233 1,389 674 
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Table 4  Farm-level results for ten farms in Poland, showing crop diversity, soil cover, nutrient inputs and surpluses (N, P, K), carbon input, and economic performance 
(net return per ha) 

Farm number → 
Indicator ↓ 

Description PL01 PL02 PL03 PL04 PL05 PL06 PL07 PL08 PL09 PL10 

Number of unique crops Number of crop species grown 4 3 4 4 5 4 3 5 4 6 

% nitrogen-fixing crops Share of nitrogen-fixing crops (%) 25 0 0 17 0 25 0 25 0 9 

% Rest crops Share of fallow or rest crops (%) 88 67 75 75 80 100 75 83 75 82 

Shannon index Crop diversity (richness + evenness) 1.32 1.10 1.39 1.36 1.61 1.32 1.04 1.47 1.32 1.64 

Main crop cover Area covered by main crops (%) 68 72 61 68 73 32 48 49 47 53 

Rest crop cover Area covered by rest crops (%) 61 57 50 58 65 32 37 42 37 45 

Cover crop cover Area covered by cover crops (%) 3 0 0 0 0 0 0 0 0 0 

Total cover Total annual soil cover (%) 70 72 61 68 73 32 48 49 47 53 

N fertiliser N from mineral fertiliser (kg/ha/year) 120 211 170 165 142 84 164 146 51 120 

N manure N from animal manure (kg/ha/year) 84 0 0 0 11 0 0 0 0 0 

N total input Total nitrogen input (kg/ha/year) 204 211 170 165 152 84 164 146 51 120 

N removal N removed by harvested crops (kg/ha/year) 457 153 155 156 100 118 131 124 173 126 

N surplus Input minus removal (N excess) (kg/ha/year) -213 50 9 43 45 12 28 68 -125 3 

P fertiliser P from mineral fertiliser (kg/ha/year) 10 55 42 54 43 20 22 68 30 16 

P manure P from animal manure(kg/ha/year) 68 0 0 0 12 0 0 0 0 0 

P total input Total phosphorus input (kg/ha/year) 78 55 42 54 55 20 22 68 30 16 

P removal  P removed by harvested crops (kg/ha/year) 201 63 66 60 45 43 53 41 71 48 

P surplus Input minus removal (N excess) (kg/ha/year) -123 -8 -23 -6 10 -23 -31 26 -41 -32 

K fertiliser K from mineral fertiliser (kg/ha/year) 48 24 88 81 33 30 33 94 40 16 

K manure K from animal manure (kg/ha/year) 40 0 0 0 11 0 0 0 0 0 

K total Total potassium input (kg/ha/year) 87 24 88 81 44 30 33 94 40 16 

K removal K removed by harvested crops (kg/ha/year) 157 59 63 56 36 36 49 41 68 47 

C input  Carbon input to soil (kg effective C/ha/year)  2,434 1,204 1,301 1,059 916 816 1,064 734 1,578 1,104 

Net return Euros/ha 756 1,187 614 717 184 541 489 1,099 1,395 631 
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Table A3.5  Operation- and investment cash flow at farm level in euros per ha of arable land for Germany (Formulas in the second columns with letters A-F, L, R show the 
relations between the reported numbers) 
  

DE02 DE03 
  

Baseline  Scenario A  Scenario B  Baseline  Scenario A  Scenario B  
Surplus minus calc. labour cost R=A-L 1,082 877 900 200 124 155 
Calculatory labour cost L 256 220 143 239 210 143 
Farm surplus A=B-F 1,338 1,097 1,043 439 334 298 
Cash flow from farm operations B = C+D-E 1,677 1,436 1,393 1,212 1,102 1,097 
Revenue from farm operations C 2,449 2,115 2,022 1,846 1,649 1,622 
CAP premiums received D 300 300 300 300 300 300 
Variable cost of farm operations E = E1+...+E4 1,072 980 928 934 847 825 
_ Purchased inputs E1 569 533 488 499 484 453 
__ Seed 

 
107 120 115 112 126 120 

__ Synthetic fertiliser 
 

158 133 124 131 117 114 
___ NP fertilisers 

 
117 93 83 91 76 74 

__ Plant protection 
 

153 145 153 135 132 139 
__ Diesel 

 
139 125 87 111 102 72 

__ Other purchased inputs 12 9 9 9 7 7 
_ Variable machine cost E2 39 30 19 36 29 18 
_ Variable manure application cost E3 236 215 207 224 208 200 
_ Other variable cost E4 228 202 215 175 127 154 
Investment cash flow F 339 339 350 773 769 799 
_ Machinery investment 

 
339 339 350 739 736 772 

_ by machine type Plough 11 0 0 26 0 0 
 

Chisel plough 4 6 1 4 6 1 
 

Conv. Sowing 19 10 0 45 25 0 
 

Direct sowing 0 0 38 0 0 92 
 

Tractors 73 73 73 176 176 176 
 

Other 232 249 238 488 529 503 
Change of labour requirements of crop operations 
[hours per farm and month] 

Feb 
 

-6 -6 
 

-2 -2 
Mar 

 
6 41 

 
3 18 

Apr 
 

-19 -34 
 

-1 -9 
May 

 
-5 -8 

 
1 

 

Jun 
 

-4 -1 
 

-1 1 
Jul 

 
-44 -34 

 
-12 -13 

Aug 
 

4 -133 
 

-4 -57 
Sep 

 
-48 -229 

 
-40 -105 

Oct 
 

-62 -161 
 

-5 -35 
Nov 

      

Annual 
 

-179 -566 
 

-62 -201 
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Table A3.6  Operation- and investment cash flow at farm level in euros per ha of arable land for France (Formulas in the second columns with letters A-F, L, R show the 
relations between the reported numbers) 
  

FR03 FR09 
  

Baseline  Scenario A  Scenario B  Baseline  Scenario A  Scenario B  
Surplus less calc. labour cost R=A-L 1,391 1,318 1,377 1,281 1,128 1,114 
Calculatory labour cost L 300 257 203 354 291 233 
Farm surplus A=B-F 1,690 1,576 1,579 1,635 1,419 1,347 
Cash flow from farm operations B = C+D-E 1,948 1,818 1,808 1,987 1,737 1,640 
Revenue from farm operations C 3,031 2,727 2,674 3,788 3,119 2,872 
CAP premiums received D 300 300 300 300 300 300 
Variable cost of farm operations E = E1+...+E4 1,383 1,209 1,166 2,101 1,682 1,532 
_ Purchased inputs E1 800 708 687 1,500 1,179 1,033 
__ Seed 

 
221 210 221 345 292 271 

__ Synthetic fertiliser 
 

188 171 139 217 180 146 
___ NP fertilisers 

 
123 112 79 136 110 79 

__ Plant protection 
 

247 198 221 777 569 501 
__ Diesel 

 
127 114 91 139 121 98 

__ Other purchased inputs 17 14 14 22 17 16 
_ Variable machine cost E2 61 50 41 76 59 49 
_ Variable manure application cost E3 237 233 244 237 229 240 
_ Other variable cost E4 284 218 194 289 216 210 
Investment cash flow F 258 242 228 353 318 293 
_ Machinery investment 

 
190 185 170 246 231 214 

_ by machine type Plough 7 0 0 7 0 0 
 

Chisel plough 4 6 1 3 6 1 
 

Conv. Sowing 13 7 2 12 7 3 
 

Direct sowing 0 0 9 0 0 12 
 

Tractors 51 51 33 71 48 36 
 

Other 114 121 125 153 171 162 
Change of labour requirements of crop operations 
[hours per farm and month] 

Feb 
 

-28 -36 
 

-31 -43 
Mar 

 
41 -78 

 
8 61 

Apr 
 

-30 161 
 

-36 46 
May 

 
10 22 

 
-1 -4 

Jun 
 

-24 -36 
 

-25 -31 
Jul 

 
-96 -340 

 
87 136 

Aug 
 

-10 -462 
 

-64 -389 
Sep 

 
-547 -1,084 

 
-709 -1,365 

Oct 
 

-191 -227 
 

-149 -241 
Nov 

 
-67 -64 

 
-82 -95 

Annual 
 

-942 -2,144 
 

-1,001 -1,926 
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Table A3.7  Operation- and investment cash flow at farm level in euros per ha of arable land for Hungary (Formulas in the second columns with letters A-F, L, R show the 
relations between the reported numbers) 
  

HU03 HU06 
  

Baseline  Scenario A  Scenario B  Baseline  Scenario A  Scenario B  
Surplus less calc. labour cost R=A-L 699 693 710 1,246 1,236 1,005 
Calculatory labour cost L 74 68 50 57 52 34 
Farm surplus A=B-F 773 761 760 1,303 1,288 1,039 
Cash flow from farm operations B = C+D-E 1,031 998 1,008 1,507 1,488 1,278 
Revenue from farm operations C 1,371 1,308 1,282 1,915 1,843 1,486 
CAP premiums received D 300 300 300 300 300 300 
Variable cost of farm operations E = E1+...+E4 640 610 574 708 655 508 
_ Purchased inputs E1 412 396 373 574 528 404 
__ Seed 

 
96 96 73 82 82 72 

__ Synthetic fertiliser 
 

81 83 81 288 251 163 
___ NP fertilisers 

 
33 36 38 254 216 131 

__ Plant protection 
 

120 112 137 109 107 103 
__ Diesel 

 
101 94 72 86 80 58 

__ Other purchased inputs 13 12 10 10 8 8 
_ Variable machine cost E2 52 45 33 43 37 26 
_ Variable manure application cost E3 113 115 119 0 0 0 
_ Other variable cost E4 62 54 48 90 90 78 
Investment cash flow F 258 237 248 204 200 239 
_ Machinery investment 

 
258 237 248 204 200 239 

_ by machine type Plough 6 0 0 7 0 0 
 

Chisel plough 3 5 1 4 5 1 
 

Conv. Sowing 10 6 6 13 7 0 
 

Direct sowing 0 0 21 0 0 26 
 

Tractors 63 41 41 50 50 50 
 

Other 176 186 180 130 137 162 
Change of labour requirements of crop operations 
[hours per farm and month] 

Feb 
 

-8 -9 
 

-13 -20 
Mar 

 
7 5 

  
-1 

Apr 
 

-3 -17 
  

80 
May 

 
6 -1 

  
4 

Jun 
 

3 -1 
  

-2 
Jul 

 
-128 -222 

 
-79 -249 

Aug 
 

70 -109 
 

53 -200 
Sep 

 
-60 -225 

 
-54 -188 

Oct 
 

-59 -100 
 

-26 37 
Nov 

 
-14 -16 

   

Annual 
 

-184 -696 
 

-118 -540 
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Table A3.8  Operation- and investment cash flow at farm level in euros per ha of arable land for Poland (Formulas in the second columns with letters A-F, L, R show the 
relations between the reported numbers) 
  

PL07 PL08 
  

Baseline  Scenario A  Scenario B  Baseline  Scenario A  Scenario B  
Surplus less calc. labour cost R=A-L 622 600 751 1,182 1,277 1,161 
Calculatory labour cost L 81 71 48 100 88 60 
Farm surplus A=B-F 703 671 799 1,282 1,365 1,221 
Cash flow from farm operations B = C+D-E 856 812 914 1,544 1,600 1,443 
Revenue from farm operations C 1,571 1,385 1,356 2,419 2,325 2,041 
CAP premiums received D 300 300 300 300 300 300 
Variable cost of farm operations E = E1+...+E4 1,015 873 742 1,175 1,024 898 
_ Purchased inputs E1 765 689 581 906 790 695 
__ Seed 

 
84 100 108 141 138 130 

__ Synthetic fertiliser 
 

347 305 218 364 296 227 
___ NP fertilisers 

 
306 265 178 304 238 171 

__ Plant protection 
 

216 179 177 267 237 251 
__ Diesel 

 
106 96 69 118 107 75 

__ Other purchased inputs 12 9 9 15 12 12 
_ Variable machine cost E2 38 30 20 41 33 21 
_ Variable manure application cost E3 0 0 0 0 0 0 
_ Other variable cost E4 212 154 141 229 201 182 
Investment cash flow F 153 141 115 262 235 222 
_ Machinery investment 

 
153 141 115 262 235 222 

_ by machine type Plough 8 0 0 12 0 0 
 

Chisel plough 4 6 1 4 6 0 
 

Conv. Sowing 11 5 0 10 6 6 
 

Direct sowing 0 0 9 0 0 21 
 

Tractors 34 26 17 62 40 40 
 

Other 97 103 89 174 183 155 
Change of labour requirements of crop operations 
[hours per farm and month] 

Feb 
 

-26 -49 
 

-19 -28 
Mar 

 
32 116 

 
10 49 

Apr 
 

-81 -144 
 

-9 -80 
May 

 
4 -11 

 
10 

 

Jun 
 

-5 -1 
 

-1 
 

Jul 
 

-209 -242 
 

-156 -149 
Aug 

 
54 -329 

 
12 -138 

Sep 
 

-126 -586 
 

-79 -325 
Oct 

 
-172 -463 

 
-6 -181 

Nov 
    

-14 -17 
Annual 

 
-528 -1709 

 
-251 -868 
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Table A3.9  Environmental impact indicators for ten German farms, expressed per ha (PDF·year/ha), including land use, water use, chemical use, nitrogen, phosphorus, 
carbon emissions, and biodiversity footprint 

↓ Footprint / Farm →  DE01 DE02 DE03 DE04 DE05 DE06 DE07 DE08 DE09 DE10 

Land use impact (PDF.year)/ha 1.94E-10 1.94E-10 1.94E-10 1.94E-10 1.94E-10 1.94E-10 1.94E-10 1.94E-10 1.94E-10 1.94E-10 

Water use impact (PDF.year)/ha 1.66E-11 1.53E-11 1.88E-11 1.83E-11 2.01E-11 1.36E-11 1.71E-11 1.66E-11 1.78E-11 1.84E-11 

Chemical use impact (PDF.year)/ha 5.06E-12 3.56E-10 1.38E-10 3.90E-11 4.28E-11 1.82E-10 4.56E-10 3.68E-10 4.88E-10 3.62E-10 

Nitrogen impact (PDF.year)/ha 3.77E-10 3.50E-10 2.74E-10 1.96E-10 1.56E-10 3.48E-10 2.42E-10 1.80E-10 2.44E-10 2.81E-10 

Phosphorus impact (PDF.year)/ha 1.45E-12 5.63E-13 2.87E-13 4.40E-13 7.97E-14 3.01E-13 0.00E+00 2.45E-13 2.90E-13 0.00E+00 

Carbon emission impact (PDF.year)/ha 2.35E-11 2.98E-11 2.20E-11 3.12E-11 2.07E-11 3.53E-11 3.53E-11 1.67E-11 2.75E-11 4.07E-11 

Biodiversity footprint (PDF.year)/ha 6.17E-10 9.46E-10 6.47E-10 4.79E-10 4.34E-10 7.73E-10 9.44E-10 7.76E-10 9.71E-10 8.96E-10 

 
 
Table A3.10  Environmental impact indicators for ten French farms, expressed per ha (PDF·year/ha), including land use, water use, chemical use, nitrogen, phosphorus, 
carbon emissions, and biodiversity footprint 

↓ Footprint / Farm → FR01 FR02 FR03 FR04 FR05 FR06 FR07 FR08 FR09 FR10 

Land use impact (PDF.year)/ha 4.62E-10 4.62E-10 4.62E-10 4.62E-10 4.62E-10 4.62E-10 4.62E-10 4.62E-10 4.62E-10 4.62E-10 

Water use impact (PDF.year)/ha 2.44E-12 2.49E-12 2.84E-12 2.56E-12 2.40E-12 2.88E-12 2.51E-12 2.71E-12 2.69E-12 2.46E-12 

Chemical use impact (PDF.year)/ha 2.59E-10 4.67E-10 3.24E-10 7.25E-10 2.79E-10 3.70E-10 3.03E-10 4.67E-10 3.31E-10 4.00E-10 

Nitrogen impact (PDF.year)/ha 2.13E-12 2.19E-12 2.22E-12 1.67E-12 2.28E-12 1.50E-12 2.43E-12 1.93E-12 1.87E-12 2.24E-12 

Phosphorus impact (PDF.year)/ha 4.94E-13 1.21E-13 1.02E-12 7.66E-13 9.54E-13 3.66E-13 1.02E-12 4.52E-14 2.42E-13 3.14E-13 

Carbon emission impact (PDF.year)/ha 3.86E-11 4.43E-11 4.03E-11 3.88E-11 1.72E-11 2.95E-11 4.50E-11 3.72E-11 3.14E-11 4.34E-11 

Biodiversity footprint (PDF.year)/ha 7.65E-10 9.77E-10 8.32E-10 1.23E-09 7.64E-10 8.66E-10 8.15E-10 9.71E-10 8.29E-10 9.10E-10 
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