Agroecological transitions reveal trade-offs and synergies among ecosystem services
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Abstract
The management of agroecosystems not only shapes the ecosystem services they provide – e.g., food production and soil carbon (C) sequestration – but also determines the environmental impacts they generate – e.g., nitrate leaching and greenhouse gas (GHG) emissions. Here, using soil-crop simulations from the validated STICS model, we compare eight crop rotations over 541,800 hectares in southern Belgium. Starting from a conventional and intensive crop rotation, we examined the impacts of progressively adopting various agroecological levers in crop rotations. They range from efficiency improvements – reducing nitrogen (N) fertilization, to agroecosystems redesign – increasing crop diversity and integrating pastures and livestock under different modalities. Results show that reduced N fertilization lowers GHG emissions and nitrate leaching, but also reduces productivity and hence soil organic carbon. Deeper agroecosystem transformations – crop diversification and, to a further extent, integrated crop-livestock systems (ICLS) – further amplify the reductions of GHG emissions and nitrate leaching, while also enhancing SOC and increasing the stability of the productivity. While the primary environmental benefits of crop diversification stem from reduced N fertilizer use, ICLS are crucial for overcoming the traditional trade-off between C storage and N supply. However, the advantages of ICLS largely depend on how pastures are managed regarding to grazing or mowing practices. Our study measures over large spatio-temporal scales the trade-offs between maximizing productivity and minimizing environmental impacts. By quantifying the environmental benefits and economic losses of gradually adopting these agroecological practices, it shows that broader adoption would require financial support for farmers and/or internalizing the environmental costs of agroecosystems.
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Introduction
[bookmark: _Hlk226546111]Agroecosystems deliver multiple ecosystem services (ES), either provisioning (e.g., food, feed, fiber and even fuel production), supporting (e.g., nutrient cycling and soil fertility), or regulating (e.g., climate change mitigation and pollination) (Zhang et al., 2007). Yet agriculture also generates dis-services, among which greenhouse gas (GHG) emissions, nutrient runoff, pesticide poisoning or wildlife habitat loss (Crippa et al., 2021; Zhang et al., 2007). These were particularly exacerbated through the specialization that agriculture has undergone over recent decades (Naylor et al., 2005; Foley et al., 2011). To counteract these effects, there is growing recognition that shifting toward more diverse and intricate agricultural systems is essential for balancing food production with environmental sustainability (Barbieri et al., 2017; Gaudin et al., 2015). Strategies that enhance variation over time and space in cropping systems include diversifying crop rotations, incorporating more perennial plants, maintaining soil cover or reducing reliance on synthetic inputs. They can improve how efficiently nutrients and water are used, suppress weed and disease outbreaks, and strengthen soil structure and overall health (Liu et al., 2022; Malisch et al., 2024). Integrated crop-livestock systems (ICLS) capitalize on the natural interactions between plants and animals, for instance, by allowing livestock to repurpose byproducts unsuitable for human consumption (Bonaudo et al., 2014). These systems offer multiple ecological and economic advantages, including better nutrient recycling, more diverse income opportunities, and less dependence on external inputs (Mori et al., 2025; Franzluebbers and Hendrickson, 2024; Sekaran et al., 2021). However, evidence remains limited regarding the advantages and drawbacks of ICLS compared with cash-crop systems across different contexts, not only in terms of productivity but also with respect to other ES, including GHG emissions such as methane from livestock.
Management practices shape ES, often leading to trade-offs and synergies where the enhancement of one ES positively or negatively affects another (Power, 2010). These interactions commonly arise between provisioning services on one hand and regulating or cultural services – such as biodiversity conservation, water purification, and soil conservation – on the other (Power, 2010). Reviewing the literature on how ES trade-offs and synergies are assessed, Dade et al. (2019) found that most studies rely on non-mechanistic approaches – such as correlation and overlap analyses – that cannot uncover the causal drivers or underlying mechanisms shaping relationships among ES. While some controlled experiments have been conducted, they are constrained by the limited range of variables they examine and are not well suited to capturing the broader spatial scales relevant to certain ES. Dade et al. (2019) instead advocate for the use of mechanistic approaches, including process-based models, which are better suited to identifying and characterizing the effects of these causal drivers. Only a small number of such studies exist. For example, Kragt and Robertson (2014), using the APSIM biophysical farm-systems model in Australia, show that increasing the share of perennial pastures in crop rotations can enhance ES provision, but at the expense of reduced production value for farmers. Another study used the DayCent process-based model to quantify and optimize ES from irrigated corn production systems in Colorado, USA (Nguyen et al., 2018). However, these studies remain scarce and typically focus on a limited number of sites, which may not be representative of larger regions. It is crucial to assess these trade-offs and synergies in terms of their spatial and temporal scales, as well as their reversibility (Rodriguez et al., 2006). How quickly do these dynamics emerge? Are they consistent across locations, or do they depend on site-specific pedoclimatic conditions that influence the capacity to generate a given ES (Nelson et al., 2009)? There is a need for studies that explore these questions across large spatio-temporal scales while maintaining a granular level of detail. Additionally, we need research that examines the individual impacts of diverse agroecological levers to better understand their role in agroecosystem performance. This would complement systemic comparisons, which can make it difficult to discern the specific drivers of ES outcomes.    
This study examines eight agronomic scenarios along a management gradient that progressively increases the duration and complexity of crop rotations. The scenarios range from a conventional, intensive 4-year rotation dominated by cash crops to an 8-year diversified ICLS incorporating temporary pastures, either mowed or grazed, each scenario being duplicated with two modalities: full and reduced nitrogen fertilization (Fig. 1). The STICS soil-crop model was used to simulate the scenarios at a daily time step over a 24-year period, between 1980 and 2004. We investigate a wide range of ES, including provisioning (productivity levels and their stability), supporting (soil carbon sequestration and nitrate leaching reduction), and regulating (GHG emissions). This investigation covers 11,515 distinct locations across 541,800 hectares in southern Belgium (Wallonia), a region characterized by highly contrasting pedoclimatic conditions. Our objectives are to (i) assess the effectiveness of these management strategies in delivering these ES; and (ii) examine the variability, trade-offs, and synergies among these ES across Wallonia’s diverse pedoclimatic conditions.
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[bookmark: _Hlk214348002]Figure 1. Agroecological levers considered in this study, and resulting crop rotations which increase in duration and complexity along an agronomic management gradient. There are four distinct crop rotations, and each one is duplicated with a reduced fertilization (RF) modality, leading to eight scenarios in total.
Material and Methods
Study area
[bookmark: _Hlk226626161]The Walloon region has a temperate climate, marked by moderate average temperatures (around 11°C annually), persistent cloud cover, and regular but light rainfall, totaling approximately 837 mm per year. Additional information on the spatial patterns and seasonal variation of temperature and rainfall is provided in Delandmeter et al. (2026b). 
The soil composition is varied. The northern part of the region is mainly made up of silty and sandy-loamy soils that are largely used for crop production. In the Condroz, Famenne, and Calestienne areas, soils are stonier and siltier, with either acidic or calcareous characteristics, and are used for a mix of agriculture, grazing, and forestry. The Belgian Ardennes are dominated by relatively poor, acidic silty or slightly stony silty soils, which are mostly used for pasture and woodland. In Belgian Lorraine, soils are more varied, including clayey and sandy-loamy types with differing levels of agricultural potential (Statbel, 2024). Of the utilized agricultural area in Wallonia excluding permanent grassland (as considered in this study), 40% is devoted to cereals, 24% to forage crops, 16% to industrial crops, and 10% to potatoes (Statbel, 2024). 35% of all agricultural holdings in Wallonia are engaged in arable farming, 43% in cattle farming (both dairy and beef), and only 11% are mixed farms combining crops and cattle.
Agronomic management scenarios
We compared eight management scenarios which gradually increase in crop diversity, duration of crop rotation, and the activation of agroecological levers such as reduced nitrogen (N) fertilization and grasslands, pastures, and livestock integration. All scenarios include cover crops (mustard; Sinapis alba) which are sown in the fall before subsequent spring crops, complying with legal requirements, and which are destroyed by conventional tillage (25 cm deep, as commonly practiced in Belgium) (see Fig. A1-A8 for detailed management of each scenario). 
The Business-as-usual (BAU) scenario reflects the conventional crop rotation in the Hesbaye region of Wallonia, the primary area for arable crops. It consists of a 4-year crop rotation composed of two cash crops, sugar beet (Beta vulgaris) and potato (Solanum tuberosum), very common in Wallonia because of their economic value, along with winter wheat (Triticum aestivum) (Fig. 1). In this rotation, as it is commonly practiced in Wallonia, wheat straw is systemically exported in exchange for imported bovine manure, considering the usual rules of exchange between specialized crop and livestock farms. Further details about this scenario are in Fig. A1. In this scenario, cover crop biomass is not removed but incorporated into the soil.
The Diversified (DIV) scenario is an 8-year crop rotation which adds rapeseed (Brassica napus), pea (Pisum sativum) and silage maize (Zea mays) to the BAU scenario (Fig. 1 and Fig. A3). As in the BAU scenario, we also have in the DIV scenario a systematic wheat straw-bovine manure exchange, as well as incorporation into the soil of cover crops. The selection of crops used for diversification was based on Delandmeter et al. (2026a), who investigated this particular scenario at a single site in Gembloux, Belgium. The crop composition was designed to reflect actual Walloon land use within a single rotation while still supporting a healthy and sustainable diet through limited imports and exports (Delandmeter et al., 2026a).
The Mowing (MOW) scenario incorporates 2.5 years of temporary grasslands (ryegrass; Lelium perenne) within an 8-year crop rotation (Fig. 1 and Fig. A5): they are sown after the pea crop (Year 6) in late summer, maintained for the following two years (Years 7 and 8), and then terminated by conventional tillage (25 cm deep) before maize, which is the first crop of the rotation (Year 1). As for the DIV scenario, the MOW scenario was also investigated in Delandmeter et al. (2026a; 2026b), which removed in this scenario root crops (potato and sugar beet) to minimize the imports and exports necessary to provide a healthy, sustainable diet to a local population. In the MOW scenario, grasslands are mowed twice a year in Years 7 and 8 to provide feed for sheep. This represents the typical method for managing temporary grasslands in Wallonia, where mowing is the primary practice. The amount of manure returned to the system is calculated based on exported grassland and cover crop biomass (Appendix C). During the second wheat growing season, the straw is collected after harvest for use as sheep bedding and to produce farmyard manure, whereas in the first season, the straw is left and incorporated into the soil. Sheep are assumed to rely exclusively on on-farm biomass for feed, with no external feed inputs, based on the assumption that the 8-year crop rotation is continuously implemented across the farm – reflecting the common practice of growing different rotation crops simultaneously on separate field plots. This scenario also results in the production of sheep meat. More details about the MOW scenarios, including the computation of the number of sheep in these scenarios, are in Appendix C.
The Grazed (GRAZ) scenario is the same crop rotation as MOW, except that temporary grasslands (ryegrass; Lelium perenne) are not mowed as in the MOW scenario but grazed by beef cattle (hence grasslands are qualified in the GRAZ system as ‘pastures’; Fig. 1 and Fig. A7). This means that pastures are regularly cut to simulate animal grazing, every 14 days from April to June and every 30 days between June to October, and feces and urine are returned after each cut. In the same manner than the BAU and DIV scenarios, wheat straw is exported during one cropping season in exchange of imported bovine manure. In addition to crop products, this scenario produces beef meat. In the GRAZ scenarios, we do not simulate a fixed number of animals. Instead, we derive beef live weight gain and enteric methane emissions directly from dry matter intake, which is represented through regular cuts in sward biomass which simulate animal grazing, as described in the model description below. As for BAU and DIV scenarios, cover crop biomass is not removed but incorporated into the soil. More details about GRAZ scenarios are also in Appendix C. 
Each of the four scenarios is duplicated with a Reduced Fertilization (RF) modality, in which synthetic mineral nitrogen (N) fertilization is reduced by 25% (Fig. A2, A4, A6, and A8). Quantities of imported manure (obtained in exchange for exported wheat straw) were not reduced in BAU-RF and DIV-RF scenarios as winter wheat yields and straw production decline only marginally when synthetic N fertilization is reduced by moderate amounts, such as 25% (van Grinsven et al., 2022). Within full and reduced fertilization scenarios, the synthetic fertilization rate for each crop was similar between scenarios, in order to facilitate comparisons (Fig. A1-A8). 
Model description
The STICS soil-crop model was used for simulations (Beaudoin et al., 2022). It is a process-based model which simulates at a daily time step plant growth and the energy, water, carbon (C), and N balances across the crop cycle and during fallow periods. It represents the agroecosystem in one dimension, with the top boundary set at the low layer of the atmosphere (2 m high), where weather conditions are measured, and the bottom boundary at the subsoil layer, where water and nutrients drain beyond the crop’s root zone (Dumont et al., 2025). Phenology is determined using a daily thermal index that accounts for crop temperature, photoperiod, vernalization requirements, as well as the effects of water and nitrogen stress. Potential shoot biomass is then estimated from the leaf area index (LAI) using the radiation use efficiency (RUE) concept, which assumes a linear relationship between the plant’s accumulated biomass and the amount of radiation intercepted by its foliage. The model represents the dynamics of soil water and N to assess both their accessibility to plants and the risk of environmental losses. It adopts a compartmental framework, dividing the system into a series of distinct interacting pools. Crop N uptake depends on mineral N availability in the soil and C accumulation in the crop. The N balance in the soil-plant system is governed by key processes affecting both organic and N nitrogen pools in the soil, including mineralization, immobilization, nitrification, volatilization, denitrification, and leaching. It also accounts for crop-related source and sink dynamics, such as symbiotic N fixation and the uptake of mineral N. In STICS, the C and N pools considered include added organic residues – such as straw, roots, manure, and senescent leaves – along with microbial biomass involved in decomposition, humified organic matter, and mineral pools.
We used the plant parameterization calibrated and validated in Delandmeter et al. (2023, 2024b), which successfully replicated field experiments conducted in Gembloux and Lonzée, central Wallonia. These experiments featured the same crops as this study, under similar management conditions, and validated the model’s performance in predicting crop biomass, yield, and soil organic carbon (SOC) dynamics. Delandmeter et al. (2023) used STICS outputs to simulate daily CO2 fluxes (net ecosystem exchange, gross primary productivity, and ecosystem respiration) from a diversified 16-year crop rotation comprising winter wheat, maize, potato, sugar beet and mustard cover crop. They concluded that, for the model to accurately simulate these daily fluxes, it must first reliably reproduce all the variables required to compute them – including crop biomass and yield, LAI, plant N content, and soil mineralization – which they validated by comparing model outputs with granular field measurements. They also examined how well STICS captures the environmental drivers underlying the interseasonal variability of CO2 fluxes. Delandmeter et al. (2024b) investigated the effects of retaining or removing crop residues, under two tillage practices (conventional versus reduced), on crop biomass and yield and SOC dynamics. The study spanned a 14-year crop rotation that included winter wheat, rapeseed, sugar beet, maize, faba bean, and mustard cover crops. Finally, we used grass-specific plant parameters from Delandmeter et al. (2024a). Additionally, the STICS model’s accuracy in simulating nitrogen dynamics, including nitrate leaching, was validated under comparable agro-pedoclimatic conditions, such as in Northern France (Yin et al., 2020). The same STICS plant parameterization used in this study was also applied at the scale of Wallonia in Delandmeter et al. (2026b), using similar comparison indicators such as productivity, GHG emissions, nitrate leaching, and SOC.
In the MOW scenarios, sheep are fed with the grass biomass of the grasslands and of the cover crop. The grasslands are mowed twice annually, and based on the grass removed through mowing and the biomass from cover crops, the number of sheep in the MOW system is determined. Additionally, the manure produced by the sheep is calculated, taking into account the amount of wheat straw required. Within the GRAZ scenarios, beef cattle grazing is simulated using the methodology of Delandmeter et al. (2024a), where regular cuts simulate animal bites and the amount of feces and urine returned to the system are computed from the amount of biomass removed, simulating dry matter intake. Building on the approach outlined by Delandmeter et al. (2024a), the calculation of live weight gain is based on the amount of dry matter consumed by sheep and beef cattle. From this gain, the total meat yield is estimated by applying a dressing percentage and determining the portion suitable for retail. Additionally, methane (CH4) emissions are assessed in relation to dry matter intake. More information on MOW and GRAZ simulation methodology can be found in Appendix C.
Input data
Daily weather data originate from the reanalysis ERA5 (Hersbach et al., 2020). They include, at a 5 km spatial resolution, maximum and minimum temperatures, precipitation, downward surface shortwave radiation, and maximum and minimum relative humidities. 
Soil parameters were derived from SoilGrids maps of soil properties (Poggio et al., 2021). The data had a spatial resolution of 250-meter-sided squares (6.25 hectares). Soil parameters include clay content after decarbonation, pH, soil organic N content, initial C/N ratio, total carbonate content, and bulk density (see Delandmeter et al. (2024b) for further details). Pedotransfer functions were applied using the R package euptf2 (Szabó et al., 2021). These parameters were specific to each soil layer included in the model: 0-15, 15-30, 30-60, 60-100 and 100-200 cm. SOC values were obtained from the Walloon Public Service database (Vincent et al., 2019), while CaCO3 data came from the European Soil Data Centre (Orgiazzi et al., 2018). Only areas classified as cropland, excluding permanent pastures, were selected based on current land use information derived from the ESA Climate Change Initiative land cover map (Bontemps et al., 2013), and represent a total of 541,800 hectares. To optimize computational efficiency, the original dataset of 86,688 grid cells was reduced to 11,515 representative clusters through unsupervised X-means clustering (Pelleg & Moore, 2002). Soil parameters for each cluster were calculated as the average of the values from all soils within that cluster. 
Simulations design
The different agronomic management scenarios were simulated across croplands in southern Belgium (Wallonia), at a daily time step for a duration of 24 years between 1980 and 2004.
More specifically, simulations were conducted at the 11,515 locations derived from clustering, with each location assigned a unique identifier (UID). Because the model is one-dimensional (1D), grid cells do not interact spatially, making all simulations spatially independent. Model outputs are, by formalization, normalized per unit area and reported on a per-hectare basis. Consequently, results are treated as distinct for each UID, which serves as the fundamental unit of simulation. The same eight agronomic management scenarios are simulated over the whole Walloon territory, for each UID.
Comparison indicators
The management scenarios are compared over 24 years, representing six (for BAU and BAU-RF) or three (for other scenarios) consecutive crop rotations. We evaluate the delivery of four key ES: productivity and its stability (provision), SOC sequestration and nitrate leaching reduction (support), and GHG emissions abatement (regulation). Each of these indicators is calculated per UID on a per-hectare basis, and analyses are subsequently conducted across all UIDs, which together encompass the entire cropland area of Wallonia.
Productivity. Based on simulated yields and biomasses, we evaluate the overall output of each scenario using three distinct measures: (i) the total production of grain and grassland/pasture biomass (Mg ha-1), (ii) the energy potential (cereal units; CU ha-1) derived from the metabolizable energy content of harvested crops (as referenced by Branktatschk and Finkbeiner, 2014), and (iii) the financial return (€ ha-1), which is calculated based on fixed costs and the average market prices of key commodities over the period from 2018 to 2022, collected from regional and national statistics (see Table A2). Prices for fertilized crops within RF scenarios were modified by removing 25% of costs associated with nitrogen fertilization, which originate from national statistics and concern conventional costs. All energetic values, costs and prices, used in Delandmeter et al. (2026b), are available in Tables A1 and A2. 
Productivity stability. For each UID, the stability of productivity is calculated as the ratio of the average productivity over a single crop rotation to its standard deviation across a 24-year period (following Isbell et al., 2015):
 
 By incorporating both the mean and variability of productivity, this metric balances systems that produce high but fluctuating yields (high μ, high σ) with those that are lower-yielding but more consistent (low μ, low σ) (Delandmeter et al., 2024a). Since productivity is evaluated in three units (metric tons, cereal units, and euros), the dimensionless stability measure is likewise presented in three versions, each based on productivity expressed in one of these units.
SOC sequestration. SOC stock changes (Mg ha-1 year-1) are simulated at two depths: the topsoil (0-30 cm), where mineralization is assumed to occur, and the whole soil (0-200 cm). These are the two soil horizons for which STICS outputs SOC stocks. SOC changes are calculated as an annual average over a 24-year period.
Nitrate leaching. The annual NO3-N leached at the base of the soil profile (2 m depth) is simulated by the model.
[bookmark: _Hlk203554648]GHG emissions. The GHG budget for each scenario is calculated at the farm scale, meaning that we exclude tertiary sources like equipment production and maintenance, but also pesticides and PK fertilizers, which are not simulated by the model. Following Autret et al. (2020), the budget includes: (i) soil CO2 sequestration/release, determined by the total SOC stock change over the 0-200 cm soil profile across 24 years. In the STICS model, SOC changes resulting from root decomposition below depth at which mineralization is assumed to occur (30 cm in this study, following Delandmeter et al. (2024b)) are treated as net inputs, and must therefore be included when assessing SOC sequestration as they correspond to GPP-derived carbon); (ii) direct soil N2O emissions, simulated by STICS through nitrification and denitrification; (iii) indirect soil N2O emissions, based on IPCC emission factors, calculated as 0.75% of nitrogen lost through leaching and 0.1% of nitrogen applied as fertilizer; (iv) CO2 emissions from fossil fuel use in agricultural practices, considering fuel consumption per operation (20.5 L ha-1 for harvesting, 27.6 L ha-1 for ploughing, and 5.6 L ha-1 for surface tillage). All coefficients are from Autret et al. (2020), and following their methodology, harvesting fuel consumption is considered as identical across crops, and the fuel consumption of planting and manure application operations is considered as negligible compared to harvesting and tillage operations. Fuel consumption is multiplied by an emission factor of 0.81 kg C per liter and converted to CO2 using a factor of 3.67 (Autret et al., 2020); (v) CO2 emissions from N fertilizer (urea ammonium nitrate solution) synthesis, calculated as the applied N fertilizer (kg N) multiplied by 6.17 kg CO2-eq per kg N; (vi) CH4 emissions from sheep and beef cattle enteric fermentation in MOW(-RF) and GRAZ(-RF) scenarios, estimated based on live weight gain (Appendix C); and (vii) emissions associated with the storage and application of livestock manure, including CH4 released from anaerobic decomposition during both storage and field application, and N2O emissions arising from storage – either directly via nitrification and denitrification, or indirectly through the loss of volatile nitrogen compounds. Soil CO2 and N2O emissions, indirectly associated with manure, are already captured under earlier GHG emission categories. The computational methodology for the emissions linked to manure is detailed in Appendix D.
To evaluate the net ecosystem GHG balance, i.e., the combined impact of the three GHGs (CO2, N2O and CH4), we use the Global Warming Potential (GWP) metrics. However, traditional GWP metrics, like the 100-year horizon commonly used, do not adequately capture the vast differences in how long these gases remain in the atmosphere. To address this, we also use the GWP* metrics (Cain et al., 2019; Smith et al., 2021). GWP* reinterprets changes in the emission rate of short-lived climate pollutants like methane as being similar to a one-off release of CO2, while still considering the lasting influence of historical CH4 emissions. This method is especially suitable for assessing emissions from ruminant livestock systems, where herd numbers tend to stay relatively constant (del Prado et al., 2021; 2023). All GWP metrics used in this study are provided in Table A3.
Statistics
The statistical analysis was carried out using the R programming language (R Core Team, 2022), on the outputs of model simulations conducted at the 11,515 UIDs. 
We fitted linear mixed-effects models (LMMs) to evaluate the effects of rotation type (BAU, DIV, MOW, and GRAZ), fertilization level (full vs reduced fertilization), and their interaction on the comparative indicators. Spatial unit (UID) was included as a random effect to account for baseline differences among spatial units. When supported by the data and model fit, random slopes for rotation type were additionally included, allowing rotation effects to vary across spatial units. This structure accounts for spatial heterogeneity and enables assessment of context-dependent management effects. For SOC and GHG budget, along with the UID used as a random effect, soil texture and initial SOC were included as fixed effects. Model assumptions were assessed through residual diagnostics, including quantile-quantile plots and residuals versus fitted values, to evaluate normality and homoscedasticity of residuals. For all analyses, the response variable was cube-root transformed to reduce skewness of residuals; the cube-root transformation was chosen to accommodate both positive and negative values. 
In addition to LMMs, non-parametric tests (because the data did not follow a normal distribution) were conducted to assess overall differences between management scenarios and provide letters to denote statistical differences between groups in boxplots. Following significant Kruskal-Wallis tests, pairwise comparisons were performed using Dunn’s test with Bonferroni-adjusted p-values to account for multiple comparisons. Adjusted p-values were used to generate compact letter displays, where groups sharing the same letter are not significantly different at α = 0.05. R packages FSA and rcompanion were used.
[bookmark: _Hlk227676728]Spatial maps were generated in R using the packages sf and ggplot2. Each of the original 86,688 grid cells was linked to one of the 11,515 simulation clusters, and cluster-level model outputs were directly reassigned to all associated grid cells. No spatial interpolation was performed.
Results
 Provisioning services
Productivity
Increasing the duration and complexity of crop rotations significantly decreases the overall productivity of crop rotations – either expressed in yields (Fig. 2a), energetic (Fig. 2b) and economic (Fig. 2c) value (p < 0.001; Table A6). In terms of energetic/economic values, between the full fertilization scenarios, the BAU system exhibites the highest productivity (25%/28%, 130%/93% and 134%/122% higher than DIV, MOW and GRAZ respectively), followed by DIV (84%/50% and 87%/73% higher than MOW and GRAZ respectively) and MOW (2%/15% higher than GRAZ) (Fig 2b and 2c). Reducing nitrogen fertilization by 25% lowers overall energetic productivity by 6% in general and economic productivity (profitability) by 4.4%. Yet the reduction in profitability associated with reduced fertilization was greater under the BAU scenario than under alternative rotations (Table A6). The LMM further revealed strong spatial heterogeneity in economic outcomes, illustrated in Fig. A9. Specifically, variance components indicated that between-location variability (UID-level random effects) was substantially larger than within-location residual variability, highlighting pronounced spatial differences. In addition, correlations between random intercepts and slopes showed that the effects of alternative rotations depended on baseline productivity: lower-performing environments with the BAU scenario tended to experience smaller losses in profitability under alternative rotations, whereas higher-performing environments experienced larger reductions (Table A6 and Fig. A9).

Productivity stability
Production stability, defined as the ratio of its mean over its standard deviation – favoring high and stable productions – follows the opposite hierarchy, significantly rising with the increasing complexity of crop rotation (p < 0.001; Table A7 and Fig. 2d, 2e and 2f). In terms of economic value (Fig. 2f), within full fertilization scenarios, the MOW system has the highest stability (272%, 104% and 17% higher than BAU, DIV and GRAZ respectively), followed by GRAZ (217% and 74% higher than BAU and DIV respectively) and DIV (82% higher than BAU). Following profitability results, the LMM analysis shows that its stability varies substantially across UIDs, and that management exerts a much stronger influence on this stability than fertilization (Table A7).
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Figure 2. Average productivity across Wallonia for the different management scenarios expressed as a)  yield [tons], b) energetic value [cereal units], and c) economic value [euros], and stability (, dimensionless), as the ratio of the mean productivity of a single crop rotation to its standard deviation over the 24-year simulation period, when production is expressed as d) yield, e) energetic value and f) economic value. WW = winter wheat; RS = rapeseed; PE = pea; MZ = maize; FB = faba bean; SB = sugar beet; PT = potato; GR = grass. RF = Reduced Fertilization. Different letters above the boxplots denote statistically significant differences between groups as determined by Dunn’s test (p < 0.05).
 Supporting services 
SOC sequestration
The impacts of crop rotation diversification on SOC differ according to the soil horizon considered – topsoil (0-30 cm depth; Fig. 3a) or whole soil (0-200 cm depth; Fig. 3b). When considering topsoil, all scenarios decrease SOC (e.g., -0.19 Mg ha-1 year-1 in average for BAU, for an average initial SOC stock of 78 Mg ha-1 in 0-30 cm in Wallonia). Crop rotation diversification generally decreases SOC in topsoil (Fig. 3a) but increases it when we consider the whole soil profile (p < 0.001; Table A8 and Fig. 3b). The crop-livestock systems (MOW and GRAZ) are the only scenarios with full N fertilization leading to an increase in SOC over the whole soil profile: +0.3 and +0.1 Mg ha-1 year-1 for MOW and GRAZ respectively. Reduced fertilization (RF) decreases SOC over the whole soil profile by 56 kg ha-1 year-1 in average among all scenarios (Fig. 3b). The LMM comparing the response of SOC over the whole soil profile to management, fertilization, soil texture and initial SOC, firstly confirms that SOC dynamics are strongly driven by management, with MOW and GRAZ substantially increasing SOC relative to BAU, while reduced fertilization decreases SOC gains (Table A8). It also shows that initial SOC exerts a strong negative control on SOC change, with lower SOC gains in soils with higher initial SOC, except in the MOW scenario where higher initial SOC enhances gains. Relative to soil texture, the LMM analysis indicates that, while certain soil textures exhibit lower SOC gains with the BAU scenario, their response to management is stronger: the GRAZ and MOW scenarios show enhanced SOC increases in these textures, reversing their baseline advantage (Table A8).
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Figure 3. Soil organic carbon (SOC) change (Mg ha-1 year-1) at a) 0-30 cm depth and b) 0-200 cm depth (whole soil profile), averaged over the whole Wallonia region. RF = Reduced Fertilization.
Nitrate leaching reduction
Nitrate leaching significantly decreases with crop rotation diversification (p < 0.001; Table A9 and Fig. 4). Among full fertilization scenarios, the BAU system is the one leading to the highest levels of leached nitrate (7.2 kg ha-1 year-1 in average across Wallonia (Fig. A10); +43%, +96% and +98% compared to DIV, MOW and GRAZ respectively), and the GRAZ and MOW the ones leading to the lowest levels (3.65 and 3.68 kg ha-1 year-1 respectively in average across Wallonia). Reducing by 25% the N fertilization also considerably decreases N leaching: -44% between the BAU systems, -37% between the DIV systems, -22% between the MOW systems and -17% between the GRAZ systems (Fig. 4). The LMM analysis first indicates that nitrate leaching substantially varies between UIDs (Fig. A10 and Table A9). It also confirms that all alternative management scenarios reduce nitrate leaching compared to BAU, with the ICLS (MOW and GRAZ) being the most effective ones (Table A9). Finally, it highlights that the benefits of reduced fertilization depend strongly on the scenario: gains are greatest under the BAU rotation, while diminishing returns are observed in other scenarios that already enhance nitrogen-use efficiency.
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Figure 4. Nitrate leached at the base of the soil profile (below 2m depth) for the different management scenarios (boxplots). Horizontal lines and grey points show medians and means, respectively. Different letters above the boxplots denote statistically significant differences between groups as determined by Dunn’s test (p < 0.05).
 Regulating services
GHG budget
All management scenarios are in average net sources of GHG, emitting 1.9 Mg CO2-eq ha-1 year-1 in average across all scenarios in Wallonia (when using GWP*; Fig. 5). Yet GHG budgets greatly vary spatially (Fig. A11), with a standard deviation equal to 1.3 Mg CO2-eq ha-1 year-1 across all UIDs and all scenarios. Net GHG budgets significantly decrease with crop rotation diversification (p < 0.001): the BAU system leads to the highest emissions (35%, 476% and 205% higher than DIV, MOW and GRAZ respectively), followed by DIV (326% and 126% higher than MOW and GRAZ respectively), GRAZ (89% higher than MOW respectively) and MOW (0.62 Mg CO2-eq ha-1 year-1 in average across Wallonia). Similarly, although to a lesser extent, a 25% reduction in N fertilization significantly lowers GHG budgets by 14% in BAU systems, 11% in DIV systems, and 10% in GRAZ systems; however, in MOW systems, it leads to an 8% increase (p < 0.001). Non-SOC GHG emissions (i.e., excluding soil carbon changes) are mainly driven by soil N2O emissions (Fig. A12), which account for 45% of total emissions when using GWP* and 32% when using GWP. The four crop-livestock systems (MOW, MOW-RF, GRAZ, and GRAZ-RF) are the closest to achieving carbon neutrality, with carbon sequestration offsetting methane emissions – particularly when assessed using GWP* (Fig. 5) rather than GWP (Fig. A13). However, sequestration levels remain insufficient to fully counterbalance N2O emissions and CO2 released from fertilizer synthesis (Fig. 5). Using either GWP* either GWP as metrics do not change the hierarchy between scenarios in terms of GHG budget (Fig. 5 and A13). The LMM applied to non-SOC GHG emissions confirms that crop rotation composition exerts a stronger influence on emission reductions than fertilization intensity. In addition, higher initial SOC stocks are associated with increased non-SOC GHG emissions, and random effects indicate substantial between-UID variability relative to residual variance (Table A10). 
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[bookmark: _Hlk190347712][bookmark: _Hlk227329947]Figure 5. a) Greenhouse gas (GHG) emissions budget (CO2, N2O and CH4; Mg CO2-eq ha-1 year-1) averaged across Wallonia. Black points show net GHG budget of each scenario (sum of positive and negative emissions contributions). b and c) GHG emissions budget for the BAU (Fig. 5b) and MOW-RF (Fig. 5c) scenarios in Wallonia. Maps for other scenarios are in Fig. A11. Global warming potential of GHG is computed as GWP* (Smith et al., 2021; Table A3). Black lines indicate provincial boundaries (NUTS-2 level).
The key performance metrics of each management scenario are summarized in Fig. 6. Activating various agroecological levers generally reduces economic productivity but enhances its stability while also lowering the net GHG budget and nitrate leaching.
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Figure 6. Overview of the performance of the management scenarios relating to (i) economic productivity (x-axis), (ii) greenhouse gas (GHG) budget, i.e. the sum of positive and negative emissions contributions (y-axis), (iii) stability of the economic productivity (, dimensionless), as the ratio of the mean productivity of a single crop rotation to its standard deviation over the 24-year simulation period (point size), and (iv) nitrate leaching (point color). All metrics are averaged over Wallonia.
 Discussion
First, our simulations under historical climate conditions align well with observed trends in Wallonia for crop yields (Table A4), as well as SOC change, nitrate leaching, and nitrous oxide emissions (Table A5). This supports the model validation presented in Methods, reinforcing the confidence in the model.
 Alternative management enhances environmental performance and productivity stability
Starting from a conventional and intensive crop rotation, we examined the impacts of progressively adopting various agroecological levers in crop rotations. Following Gliessmann’s framework to classify levels of change in food systems (Gliessmann, 2016), these levers encompass a gradient of changes, going from efficiency improvements – reducing N fertilization, to agroecosystems redesign – increasing crop diversity and integrating grasslands, pastures, and livestock. The impacts of these levers were assessed across different provisioning, supporting, and regulating ES over 541,800 hectares in southern Belgium.
The agroecological levers we explored in this study mainly enhance supporting and regulating ES, through an increase of SOC sequestration and reduction of nitrate leaching and GHG emissions (Kerr et al., 2023). They also influence provisioning services by reducing overall productivity while enhancing its stability (Szymczak et al., 2020; Delandmeter et al., 2025).
 ICLS convert the trade-off between C storage and N supply into a synergy
The reductions in nitrate leaching and GHG emissions primarily result from a reduced use of synthetic N fertilizers, either through a direct decrease in their application in the field or indirectly by incorporating legumes such as peas and faba beans, as well as fertilization with manure, feces, and urine. This goes in line with Yi et al. (2025) which demonstrated that main benefits of crop diversification come from decreased N fertilizer use. Yet while they argue that a critical trade-off exists between C storage and N supply, we demonstrate that (i) careful consideration of SOC depth is essential, and (ii) the integration of grasslands, pastures, and livestock is key to overcoming this trade-off, transforming it into a synergy. 
Indeed, as shown in Fig. 3, the most significant impacts of crop diversification and grassland/pasture integration on SOC occurred at deeper soil depths (> 30 cm; Yang et al. (2024)), as grasses, maize and rapeseed develop longer root systems than cash crops such as potato (Iwama, 2008). At such depths, where biological activity is reduced and temperature and soil moisture levels remain stable, soil carbon exhibits greater stability, with lower turnover and mineralization rates (Jackson et al., 2017; Schrumpf et al., 2013). As a result, it is less likely to respond rapidly to rising global temperatures, contributing to soil fertility and climate change mitigation. The potential of crop diversification for enhancing SOC is hence promising (Li et al., 2024; McDaniel et al., 2014), especially since SOC contents in Wallonia are among the lowest in Europe (de Brogniez et al., 2015). However, the observed SOC gains at greater depths in our simulations can also be attributed to the assumption by the STICS model that no mineralization occurs below 30 cm – the depth at which biological activity is presumed to take place (Beaudoin et al., 2022). This assumes that SOC in surface layers is more influenced by management than in deeper layers, where its breakdown occurs at a significantly slower pace (Campbell and Paustian, 2015). Yet other research has also suggested that deep soil carbon may break down through microbial activity more quickly than was once believed, because microbial amino sugars tend to accumulate more heavily in deeper soil layers (Erich et al., 2012). This assumption – no mineralization simulated below 30 cm – may partly explain why mowing scenarios continue to sequester additional carbon in soils with high initial SOC, while other management scenarios show a saturation effect. However, the opposite finding is equally important: we show that high-SOC soils are not necessarily better for climate mitigation, because SOC sequestration generally saturates and these soils also increase non-CO2 emissions. Together, these results are particularly relevant for strategies that rely on SOC sequestration to offset GHG emissions (Minasny et al., 2017).
 Transformative agroecosystem transitions maximize synergies between ecosystem services
Efficiency-based approaches, such as a sole reduction of N fertilization, lower GHG emissions and nitrate leaching (Fig. 4 and 5; in agreement with e.g. Hawkesford et al. (2014) and Shcherbak et al. (2014)). Hence, future research could usefully explore how further reductions in synthetic nitrogen fertilization – moving toward organic farming scenarios that eliminate synthetic inputs entirely and rely solely on manure-based fertilization – would affect a broader range of ecosystem services. In this study, our efficiency-based approaches also reduce productivity, thereby decreasing the biomass returned to the soil and negatively impacting SOC (Fig. 3). 
However, deeper agroecosystem transformations – such as diversifying crop rotations and, more significantly, integrating grasslands, pastures, and livestock – enhance SOC at greater depths (Fig. 3b; Franzluebbers and Martin (2022)) while simultaneously reducing GHG emissions and nitrate leaching by improving N availability (Fig. 4 and 5; Yang et al. (2024); Lemaire et al. (2014), Beillouin et al. (2021)). We show that ICLS are particularly well suited to less fertile areas: in these contexts, the productivity loss relative to cash crop-oriented systems is mitigated. Moreover, although certain soil textures exhibit lower SOC gains under baseline conditions, grazing and mowing scenarios enhance SOC accumulation in these soils, effectively reversing their baseline disadvantage. The benefits of ICLS are closely tied to stocking management within pastures. In this study, ICLS were examined through MOW and GRAZ scenarios, both of which simulating crop-livestock integration at varying levels. MOW scenarios involved grassland mowing and exporting forage to feed sheep, while GRAZ scenarios incorporated grazing by beef cattle. The GRAZ scenario consistently underperformed compared to MOW, resulting in lower productivity and reduced soil carbon sequestration without improving other criteria. This suggests that stocking management in GRAZ scenarios was suboptimal, highlighting the need for further studies comparing ICLS under varying stocking densities. Indeed, increasing intensification can gradually reduce carbon sequestration through excessive defoliation, while also contributing to negative effects such as elevated levels of reactive nitrogen and higher methane emissions (Abdalla et al., 2018; Soussana et al., 2014). It is interesting to note that CH4 emissions in crop-only scenarios (BAU and DIV), resulting from manure application, are slightly higher than in ICLS (Fig. 5). This suggests that BAU and DIV scenarios could also be considered a form of across-farm ICLS, involving an external integration of livestock through the exchange of exported wheat straw for imported manure. However, this approach does not appear optimal for minimizing GHG emissions compared with ICLS, which have a much lower stocking density, as it continues to rely heavily on synthetic N fertilization. Finally, while in this study, we explored similar management scenarios over the whole Walloon region, future studies could examine how tailoring land use to local soil characteristics might improve outcomes at the regional level – for instance, placing high-value crops on the most productive soils and directing less fertile areas toward grassland or grazing uses. Such spatially differentiated land-use strategies that are adapted to regional characteristics could further enhance agricultural productivity and improve nutrient cycling (El Fartassi et al., 2026). Future research could also investigate more intensive livestock systems, in which animals are fed not only with pasture and cover crops – as in the extensive systems analyzed here – but also with crops such as silage maize, sugar beet, or potato. This would contribute to the broader debate on land sharing versus land sparing (Phalan et al., 2011).
 Supporting and regulating ecosystem services come at the cost of provisioning reduction
As demonstrated by our large-scale, high-resolution study, ES provision is shaped not only by agronomic management but also strongly influenced by pedoclimatic conditions. Consequently, policies promoting specific management practices should account for local environmental contexts, as uniform recommendations may fail to capture the variability in ecosystem responses across various contexts. This aligns with previous research emphasizing that effective policy design requires place-based, evidence-informed approaches, in which regulations, payments, and charges remain spatially flexible and adaptable to local contexts (Holt et al., 2016).
Our findings establish that while critical trade-offs between ES may arise, they are not systematic. Reductions in GHG emissions and nitrate leaching represent synergies, as increasing nutrient use efficiency minimizes losses to both soil and atmosphere (Langholtz et al., 2021). However, trade-offs exist with soil carbon sequestration (Wang et al., 2025), which depends on net primary productivity (Bolinder et al., 2007), but they can be mitigated through well-managed ICLS. Similarly, trade-offs occur with provisioning levels, which decline as agroecological levers, reducing GHG emissions and nitrate leaching, are progressively activated (Fig. 2a). Going from the BAU scenario to ICLS (MOW and GRAZ scenarios in this study), the economic productivity was approximatively halved (Fig. 2 and 6). This closely aligns with agricultural income data reported by regional statistics in Wallonia in 2016-2018, where farms that combine crop production with non-dairy cattle – such as in the MOW and GRAZ scenarios – achieve incomes that are 54% of those earned by crop-only farms – as the BAU scenario (Walloon Public Service, 2020). Nevertheless, crop diversification and ICLS also enhance productivity stability (Fig. 2b; in accordance with e.g., Bowles et al. (2020) and Gaudin et al. (2015)), which in this study is defined as a balance between high but variable productivity and lower yet more consistent productivity. This notably stems from the ability of ICLS to improve crop resistance to extreme climatic events (Delandmeter et al., 2026a; 2026b). This is critical in the context of climate change, which is expected to impact agroecosystems and induce variability in productivity (Myers et al., 2017). 
Conclusion
[bookmark: _Hlk227679065]The ES investigated in this study varied in both their levels of provision and their trade-offs and synergies, depending on the diverse pedoclimatic conditions across Wallonia and the agronomic management practices tested. These ES are available at different spatial and temporal scales, which can affect farmers' motivation to supply them (Power, 2010). For instance, greater soil carbon sequestration – resulting from crop diversification and crop-livestock integration – contributes to water retention and climate resilience (Lal, 2020). However, these benefits only appear in the long term. In the same direction, SOC potential for climate change mitigation, or the negative impacts of crop rotations such as GHG emissions and nitrate leaching – greater under baseline management – extend beyond the farm level. Hence, such spatio-temporal scales do not incentivize farmers to transition to agroecological management, since their narrow margins compel them to prioritize profitability over other ES. The general trade-off between maximizing productivity and minimizing environmental impacts is well known (Seppelt et al., 2016; Powell, 2010). However, our analysis conducted at large spatio-temporal scales provides a precise quantification of this balance, highlighting the urgent need to support farmers in adopting agroecological practices. In this context, our overview of ES performance (Fig. 5) quantifies both the expected benefits of gradually implementing these practices and the financial support required to compensate for the associated economic losses if we want to increase their level of adoption. For these reasons, policies that internalize both ecosystem services and disservices, for example through market-based instruments such as carbon credits (Oldfield et al., 2022) and result-based payment schemes (Sidemo-Holm et al., 2018), may be of particular interest. Meanwhile, other advantages of agroecological practices demonstrated in this study, such as greater productivity stability, are already inherent to the farm and should serve as incentives for their wider adoption.
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