Soil-crop feedbacks within contrasted cropping systems influence crop resistance to extreme climate events
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Abstract
The management of agroecosystems – such as crop residue handling and rotation practices – significantly influences soil conditions, which in turn affect crop yields. However, soil-crop feedbacks remain insufficiently accounted for in climate change impact assessments. Using long-term simulations with the soil-crop model STICS, this study investigates how extreme climate events affect crop yields, and how soil-crop feedbacks influence crop resistance to these events – defined as the ability of the system to keep yields close to normal levels during a climate event. The main crops analyzed are winter wheat, rapeseed and pea, under different climate change scenarios in Belgium, in 2040-2070 and 2070-2100 with RCP4.5 and RCP8.5. To investigate contrasted soil-crop feedbacks, we compare crop yields across three different crop rotations – business-as-usual, vegan and integrated crop-livestock – which vary in their composition, the management of crop residues and the use of manure. Results indicate that climate change impacts crop yields through both an average shift – either gain or loss – and increased crop stresses resulting from more frequent and intense extreme weather events. The resistance to such events contrasts between crop rotations, and is inferior in the system which does not benefit from the restitution of livestock manure and which exhibits the lowest soil organic carbon levels. In the opposite, integrating livestock into cropping systems – externally through straw-manure exchanges or at the farm level with temporary grasslands – increases such resistance. This illustrates how soil-crop models can help assess crop resistance to extreme climate conditions and how management affects it through soil-crop feedbacks. 
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Introduction
Food systems are at the core of severe environmental, sanitary and socioeconomic impacts (Vermeulen et al., 2012; Smith et al., 2014; Myers et al., 2017). To address part of these problems, calls for reducing or even suppressing animal products in human diets, allowing reduction of e.g. land use, greenhouse gas emissions or acidification abound in the literature (e.g. Tilman and Clark, 2014; Godfray et al., 2018; Poore and Nemecek, 2018; Aiking and de Boer, 2020). Yet there is no consensus about the degree of reduction of these animal-source foods to decrease the environmental impacts of food systems (Frehner et al., 2020). The EAT-Lancet Commission described a reference diet which should be both healthy and respectful of the planetary boundaries (Willett et al., 2019). This diet consists of a diversity of plant-based foods, and low or even null amounts of animal source foods. Within this EAT-Lancet diet, van Selm et al. (2022) found that producing mainly milk, dairy beef and pork (instead of poultry) would allow to increase the circularity of the supply of animal-source nutrients and therefore to reduce even further greenhouse gas emissions and arable land use, in agreement with Poux and Aubert (2018). In this direction, integrated crop-livestock systems (ICLS) benefit from the advantages of this circular approach by relying on the complementarities between crops and livestock at different scales, from within the farm with pastures or cover crops grazing to collaborations between farmers with exchanges of resources such as manure, grain and straw (Martin et al., 2016).
	Climate change already poses a tremendous threat to crops and livestock, and is expected with very high confidence to intensify (IPCC, 2019; Jägermeyr et al., 2021). Extreme climatic events such as droughts and extreme heat damage crop production (Moriondo et al., 2011; Lesk et al., 2016; Powell and Reinhard, 2016) and might lead to exacerbated socio-economic impacts when occurring in close temporal and/or spatial compounding (Raymond et al., 2020). The impact of these perturbations can be assessed using various conceptual frameworks. These range from the stability of productivity – expressing its constancy over long inter-annual periods of time and across diverse spatial environments, to its resistance – assessing the system ability to maintain productivity levels close to normal when facing sudden extreme intra-annual perturbations (Urruty et al., 2016). Yet agricultural systems also constitute key levers to mitigate climate change, firstly because of their role in greenhouse gas emissions (Crippa et al., 2021), but also for their potential in carbon dioxide removal from the atmosphere (IPCC, 2019). 
[bookmark: _Hlk203034746]In this context, process-based models, considering explicit physical, biological and chemical processes with most parameters having a clear ecological meaning, are essential tools to investigate potential outcomes of agricultural scenarios such as keeping highly specialized agricultural systems or suppressing livestock. Most of the agricultural circularity and prospective systems analyses use mass-flow models: based on average inputs and outputs associated with crops and livestock, such as nitrogen fertilizers or yields from national statistics or surveys, these models simulate physical flows between crop and livestock activities. They excel at providing general comparisons between agricultural systems schemes with varying levels of integration between crops and livestock (Schader et al., 2015; Muller et al., 2017; van Selm et al., 2023). Yet comparing contrasting systems under climate change scenarios is not possible with mass-flow approaches, since they base on historical statistics. Moreover, such approaches do not consider the feedbacks between the soil and the crops, which significantly influence evaluations of climate change effects on crop yields (Basso et al., 2018). In the opposite, process-based approaches allow to simulate climate change conditions, and to perform granular analyses of carbon (C) and nitrogen (N) cycles. Studies of this kind remain scarce in the field of agricultural circularity research, which investigates the reuse and recycling of resources. This includes comparing, within agroecosystems supporting contrasting human diets, the utilization of products and byproducts – whether through system export, direct return to the soil, or using byproducts for animal feed with manure reintroduced as an input. 
Through the present work, we investigate how extreme climate events affect crop yields, and how soil-crop feedbacks influence crop resistance to these events. The main crops analyzed are winter wheat (Triticum aestivum), rapeseed (Brassica napus) and pea (Pisum sativum), under different climate change scenarios in Belgium, in 2040-2070 and 2070-2100 with RCP4.5 and RCP8.5. To investigate contrasted soil-crop feedbacks, we compare crop yields across three different crop rotations, which vary in both their composition and their circularity schemes – that is, the management of crop residues and the use of manure. The three crop rotations are the business-as-usual, representing the baseline in Belgium with an import of manure in exchange for exported wheat straw; the Vegan, simulating an agriculture that excludes livestock and therefore uses no manure; and the system integrating crops and livestock at farm scale, with temporary grasslands and sheep. The objective of this study was to assess the impacts of contrasted crop rotations – differentiated by the use of crop residues and manure – on crop yields and resistance to extreme climatic events for the same crops. We began by investigating soil organic carbon (SOC) dynamics for each crop rotation. From there, we adopted a progressively narrowing approach, examining the evolution of crop yields under climate change – for winter wheat, pea, and faba bean, the three crops common to all rotations, and subsequently for other crops such as potato, sugar beet, silage maize, or faba bean. This analysis then led us to explore the crops resistance to extreme climatic events and responses to specific crop stresses – thermal, stomatal water, waterlogging, and nitrogen.
Material and Methods
Crop rotations design
To design the three crop rotations, we based on the work of De Clerck et al. (in review). As an initial phase of this study, a collaborative process was carried out involving specialists in agronomy, nutrition, and ecology. Together, they developed 40 distinct crop rotations, each differing in length and the mix of crop species and types. The central aim of this effort was to align agricultural practices with the dietary recommendations outlined by the EAT-Lancet Commission (Willett et al., 2019). Moreover, several agronomic principles were incorporated, such as prioritizing the use of cover crops, ensuring that legumes were not repeated within less than a three-year interval, and rotating crops across different botanical families to enhance soil and ecosystem health. The second step of this study consisted in conceiving an innovative decisional model to optimize the use of crop products, byproducts and crop residues. The objectives were (i) to minimize the volume of food and feed imports and exports associated with meeting local nutritional demands while (ii) satisfying either omnivorous, ovo-lacto vegetarian or vegan diets, under the EAT-Lancet guidelines. This model was built on the average productivity of various crop species in Wallonia and the feed needs for producing animal-based foods. 
[bookmark: _Hlk202775573]From the outputs of this modelling work, we selected three 8-year crop rotations contrasting (i) by the crops that compose them, (ii) by the way the integration of livestock is considered, and (iii) by the composition of the diet that they aim to provide. These crop rotations are described in Fig. 1 and, with more details about crop management, in Fig. A1, A2 and A3. The Business-as-usual (BAU) system includes the principal crops of the loamy Hesbaye region, mainly being ‘cash crops’, i.e. export-oriented crops that are selected for their financial value (Govereh and Jayne, 2003). While most crop rotations have a length of 3-5 years (Statbel, 2024), the BAU appears as a longer crop rotation than usual. This rotation was designed i) to mimic the actual Walloon land use (Statbel, 2024) while ii) respecting good agricultural practices (e.g. alternating winter and spring crops) and legal requirements (e.g. cover crops implementation prior to spring crops). In this system, livestock and cropping systems are not connected at the farm level. Within specialized crop farms (as the BAU system), manure is imported from other livestock farms in exchange for wheat straw; such exchanges are the norm in the Belgian Hesbaye region. Therefore, in the BAU system, all wheat straw is systematically exported, leaving on the field the stubbles and the roots. In exchange, a fixed amount of bovine manure, 40 Mg ha-1 – determined following common practice in Belgium for straw-manure exchange – is applied once during the 8-year rotation, one month before sugarbeet sowing (Fig. 1a and A1). The Vegan system includes crops that are selected to mainly provide food and not feed; no manure is used but all crop residues are incorporated into the soil after harvest (Fig. 1b and A2). The Integrated crop-livestock system (ICLS) comprises 2.5 years of temporary grasslands over the 8-year rotation, which are harvested to feed sheep. Grasslands are mowed twice a year on May 31st and September 15th, while the residual biomass at the end of the 2.5-year grassland cycle is incorporated in the soil. This illustrates the typical method of managing temporary pastures in Wallonia, where mowing is the main practice. Rather than simulating sheep grazing directly in the fields, our approach involves interactions between crops and livestock at the scale of the farm. In this setup, forage – mown grass and cover crop biomass – is removed from the fields to serve as feed for the sheep, which produce meat. In return, the resulting manure is brought back and applied to the fields, creating a circular exchange of nutrients. In the first wheat cropping season, wheat straw is removed post-harvest, used as sheep bedding, and subsequently converted into manure, while it is incorporated in the soil during the second wheat cropping season. The quantity of manure reintroduced into the system is calculated from the number of sheep. As further detailed in Appendix B, we assume that all crops of the 8-year crop rotation are simultaneously present across the farm, reflecting the common practice among farmers of cultivating different crops from the rotation on separate field plots concurrently. We therefore compute the number of sheep considering that they are nourished only with the grass biomass of the grasslands and of the cover crop, with no additional feed. Further details about ICLS, such as manure composition and method of application, are in Appendix B. Both the Vegan and the ICLS systems were also designed to respect good agricultural practices and legal requirements. In all three crop rotations, mustard (Sinapis alba) cover crops are sown prior to spring crops and faba bean and destroyed by conventional tillage. When preceding faba bean, the cover crop is terminated a few days before sowing in early September. When preceding other spring crops, it is destroyed in mid-November, following common practice in Belgium. This earlier termination facilitates field access and helps prevent nitrogen immobilization, as well as potential weed and pest pressure associated with spring tillage.
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Figure 1. 8-year crop rotations simulated in Gembloux (Belgium)
Crops that are common to different crop rotations are identically managed concerning nitrogen fertilization and soil tillage (crop management detailed in Fig. A1, A2 and A3). 
Crop rotations were simulated as implemented on the experimental farm of Gembloux Agro-Bio Tech, University of Liège, in Belgium (50°33’49.6’’N, 4°42’45.0’’E), leveraging previous studies in which the STICS model had already been parameterized for the local soil conditions (Delandmeter et al., 2023; 2024b). Soil initialization was similar for all three crop rotations. The soil is a Cutanic Luvisol (IUSS Working Group WRB, 2014) with 70-80% of silt, 18-22% of clay and 5-10% of sand. The climate is temperate (Cfb in Köppen-Geiger classification (Peel, Finlayson and McMahon, 2007)) with an average annual rainfall of 793 mm and average annual temperature of 10.2°C. 
Model simulations
	We used the soil-crop model STICS, which is a process-based model that simulates, in a daily time step, plant growth as well as water, C and N fluxes (Beaudoin et al., 2022). Crop development is calculated from a daily thermal index which is based on crop temperature, photoperiod, vernalization requirements or effects of water and nitrogen stresses. Potential shoot biomass is computed from the Leaf Area Index (LAI), relying on the Radiation Use Efficiency (RUE) concept which is the linear relationship between accumulated biomass in the plant and radiation intercepted by foliage. This potential is influenced by factors like crop temperature, water and nitrogen stress, atmospheric CO2 levels, and the possible redistribution of stored crop resources. Nitrogen uptake is modeled based on the concepts of soil supply and crop demand. The N balance within the soil-plant system is determined by key processes that influence the organic and mineral N pools in the soil – such as mineralization, immobilization, nitrification, volatilization, denitrification, and leaching – as well as the source/sink effect of the crop like symbiotic nitrogen fixation and uptake of mineral N. The different C and N pools considered by STICS include organic residues added to the soil – crop residues such as straw or roots, manure, senescent leaves – , microbial biomass decomposing organic residues, humified organic matter, mineral pools, etc. Humified organic carbon in soil is divided into two pools: an active pool (35% of total) and an inert pool (65%). The active pool is sustained by the humification of fresh organic residues and contributes to mineralization, while the inert pool is considered stable and non-reactive over a timescale of a century. Soil organic matter is assumed to decompose only in the biologically active upper soil layer (0-26 cm in this study, slightly greater than the ploughing depth of 25 cm, as recommended by Beaudoin et al. (2022)), with mineralization considered negligible below this depth.
The STICS model provides a granular analysis of crop abiotic stresses, which is useful to investigate the drivers behind yield evolutions with climate change scenarios. A water stress index, based on the available water content in the root zone, decreases radiation use efficiency (RUE) and transpiration. RUE is also decreased by a thermal stress index when daily average crop temperature is below or above thresholds, and by a nitrogen stress index through the concept of critical nitrogen concentration. Finally, the waterlogging effect on RUE is also simulated by computing the proportion of the root profile that is under anoxic conditions (Beaudoin et al., 2022).
Model parameterization originates from Delandmeter et al. (2023) and Delandmeter et al. (2024b): the two field experiments investigated in these papers, one located at the same site as used in this study and the other at 3 km, comprised the same crops than in BAU, Vegan and ICLS systems with similar management. These studies assessed the model ability to simulate crop biomass, yield and SOC dynamics, capturing the influence of environmental drivers (Delandmeter et al., 2023) and the impact of crop residue retention or removal (Delandmeter et al., 2024b). Minor modifications, based on literature, were made in some root parameters to suppress uncoherent simulated root death at the early development stage due to low soil water reserve (Appendix C). For grass, we used the standard STICS parameters for Italian ryegrass, with parameters related to root system growth of grassland based on the future standard parameter file, as in Delandmeter et al. (2024a). 
The soil parameters used to initiate the simulations originate from Delandmeter et al. (2024b), derived from observations collected on the experimental site that established a standard profile. Table A1 outlines the essential parameters for soil initialization, including both global values and those specific to each soil layer. 
Historical climatic data (temperatures, precipitations, solar radiation) from 1980 to 2010 were provided by the meteorological station of Ernage (Belgium), which is located at a distance of 5 km. Future climatic data (temperatures, precipitations, solar radiation, atmospheric CO2 concentration) were provided by the RMIB (Royal Meteorological Institute of Belgium) which used the regional climate model ALARO-0 (Giot et al., 2016; Leemans et al., 2017). In addition to the historical period 1980-2010, we considered two different future periods: 2040-2070 and 2070-2100. Each led to two different climate scenarios following the Representative Concentration Pathways RCP4.5 and RCP8.5 (IPCC, 2013), designating an approximate radiative forcing (RF) in year 2100 relative to 1750 equal to 4.5 W m-2 for RCP4.5 and to 8.5 W m-2 for RCP8.5. RCP4.5 represents a stabilization scenario, where RF stabilizes by 2100, while RCP8.5 constitutes a scenario with very high greenhouse gas emissions where RF does not peak by year 2100. Relatively to 1986-2005, a period which is close to the historical climatic conditions considered in this study (1980-2010), increases of global mean surface temperatures for 2081–2100 are projected to be 1.1°C to 2.6°C for RCP4.5 and 2.6°C to 4.8°C for RCP8.5 (IPCC, 2013). CO2 contents are equal to 385, 475, 575, 525 and 775 ppm in 1980-2010, 2040-2070 (RCP4.5), 2040-2070 (RCP8.5), 2070-2100 (RCP4.5) and 2070-2100 (RCP8.5) respectively. For each scenario to be the most representative, each 8-year crop rotation was replicated three successive times to compare the scenarios on 24 years. Since the performance of a crop rotation is impacted by the occurrence of a specific crop in a specific year (e.g. agricultural system performance would not be the same if an extreme climatic year would occur during a maize season or on a winter wheat season), each 24 years were shifted 8 times (starting on year y, y+1, y+2, …, y+7) to take this variability into account. This methodology allows each extreme climatic event to be tested on multiple crops (Fig. 2).
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Figure 2. Simulation methodology. Each 8-year crop rotation was duplicated 3 successive times, and each sequence of 24 years was shifted 8 times. It allows each extreme climatic event to be tested on multiple crops.
Yield resistance to extreme climatic events
Yield resistance represents the proximity of yields to normal levels during a climate event (Isbell et al., 2015). To characterize the years as ‘normal’ or ‘moderately’/’extremely’ dry or wet, we used the SPEI (Standardized Precipitation-Evapotranspiration Index) drought index. It quantifies the onset, duration and magnitude of dry and wet periods, based on the difference between precipitations and evapotranspiration (Vicente-Serrano et al., 2010). We first computed the SPEI index for each month of the different 24-year scenarios. The potential evapotranspiration calculation was based on Shuttleworth and Wallace’s formula (Shuttleworth and Wallace, 1985). As in Delandmeter et al. (2024a), a time scale of 3 months was used, meaning that for each month, the SPEI-3 index is based on the water balance of the concerned month and the two preceding ones. Secondly, climatic events were identified as ‘extreme’ if they occurred less than once per decade, i.e. less than 10% of the time (below quantile q0.1 for extreme dry events and above quantile q0.9 for extreme wet events). In the same way, we qualified them as ‘moderate’ if they occurred between once per decade and once out of four years (between quantiles q0.1  and q0.25 for moderately dry and between quantiles q0.75 and q0.9 for moderately wet events). Periods that are neither moderate nor extreme were categorized as ‘normal’. Similarly to Delandmeter al. (2024a), for each climate scenario, we used the same quantiles computed over the historical period 1980-2010. This means that climatic events were qualified as ‘moderate’ or ‘extreme’ compared to current climatic conditions although they might become the norm under future climatic conditions. In the same direction, to compute the SPEI-3 index for future climate scenarios, we used the same coefficients of the distribution that were obtained under the historical period 1980-2010. SPEI-3 indices, with moderate and extreme climatic events, are shown for each climate scenario in Fig. A4. 
Before computing the resistance, we standardized all yields relative to the crop and to the climate scenario, to allow a global comparison between systems. Then, each yield was associated with the SPEI-3 index of its harvest month, meaning that each cropping season is characterized according to the 3 months preceding crop harvest, qualifying the level of dryness or wetness of a critical pre-harvest crop growth period. With  the mean productivity during normal years and  the productivity during an extreme event (moderately/extremely wet/dry), resistance is dimensionless and computed as  (Isbell et al., 2015). Each mean productivity  is specific to a crop, but also to a climate scenario to avoid a confounding response of the CO2 fertilization effect which increases leaf photosynthesis with rising CO2 atmospheric concentration (IPCC, 2013). 
The impacts of extreme climatic events on crop yields were also investigated through quadratic regressions between the SPEI-3 index and yields from all crop rotations (Delandmeter et al., 2024a; Vicente-Serrano et al., 2010). 
Statistics
Statistical analyses were performed in the R programming language (R Core Team, 2022). Generalized linear models were fitted under Gaussian or log-normal distributions, using the glmmTMB package (v1.1.8; Mollie et al., 2017). Conditions of normality and homogeneity of variances were assessed with the DHARMA package (v0.4.6; Hartig, 2022). One-tailed analyses of variance (ANOVAs) and least-square means were subsequently performed in order to determine statistical differences with 95%-confidence. Statistics were performed to compare 1) crop yields (response variable) between climatic scenarios (fixed factor), 2) crop yields (response variable) between crop rotations (fixed factor), and 3) resistance capacities (response variable) between crop rotations (fixed factor).
Principal Components Analyses
To investigate the drivers of yield evolutions and capture trends between yields and crop thermal, water, nitrogen and waterlogging stresses related to crop rotations and climate change scenarios, we performed a principal components analysis (PCA) over the whole dataset gathering each crop season agronomic data for each crop rotation, climate scenario and temporal shift within the climate scenario. By reducing dimensionality, PCAs provided a valuable tool for synthesizing model outputs, resulting from a multitude of simulated processes, into a more interpretable form, and allowed us to identify the primary drivers of variability in yields and to assess how these factors vary across crop rotations and climate change scenarios. To facilitate comparisons mixing different crops, crop rotations and climatic scenarios, each yield and crop stress was standardized relative to the crop to compare climate scenarios (Fig. 6d) and relatively to the crop but also to the climate scenario to compare crop rotations (Fig. A12). For analyzing the amount of data dispersion around centroids, an analysis of multivariate homogeneity of group dispersions (Anderson, 2006) was made with the function betadisper of the vegan package (v2.6.4; Oksanen et al., 2022) in R programming language (R Core Team, 2022). It assesses whether the different groups – defined by crop rotations and climate scenarios – exhibit comparable levels of variability in multivariate space. In other words, it examines whether the groups differ not only in their average values but also in the degree to which their data points are dispersed.

Results
Crop rotations impacts on SOC
ICLS is found to increase the most SOC over the whole soil horizon considered by STICS (0-200 cm), mostly thanks to its temporary grasslands (+14.78 Mg ha-1 on average in 1980-2010 over 24 years; Fig. 3a). Moreover, in future climatic conditions, it is the only crop rotation that appears to increase SOC compared to the 1980-2010 period (Fig. 3b). The Vegan rotation is the one resulting in the lowest SOC augmentation (representing for instance in 2070-2100 (RCP8.5) only 21% of the ICLS SOC increase and 65% of the BAU SOC gain). The BAU system is most often situated between the two others (representing only 33% of the ICLS increase in 2070-2100 (RCP8.5)). Whereas, over the whole soil horizon, all three crop rotations always lead to an increase in SOC, in topsoil (0-26 cm depth), SOC decreases for each one of them, but still with the same hierarchy in SOC stock 24-year evolutions: ICLS > BAU > Vegan (Fig. A7).
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[bookmark: _Hlk149576925]Figure 3. Soil organic carbon (SOC) over the whole soil horizon considered by STICS (0-200 cm), in Gembloux (Belgium). a) SOC dynamics over three successive 8-year crop rotations for the scenario 2070-2100 (RCP8.5), with the line representing the average SOC over all shifts of the rotation (see Fig. 2 for methodology) and the ribbon the maximum and minimum values across shifts, and b) gain in SOC after the three successive 8-year crop rotations for each climate scenario.
Trends in crop yields
[bookmark: _Hlk202792034]	Results of simulations indicate that the evolution of yields under climate change is expected to vary between crops, ranging from losses as low as -49% to gains as high as 51% (Fig. 4b). The highest increases in yield concern spring crops (maize, potato, sugar beet). Except for winter wheat and sometimes rapeseed, other winter crops experience decreases in yields (Fig. 4b and Fig. A5). We also observe a general increase in yield variability, driven by greater inter-annual climatic variability (Fig. A4). Among the crops that are common to at least two of the analyzed crop rotations, climate change increases yields for winter wheat and maize (p < 0.05), but decreases them for pea and faba beans (Fig. A5). Between systems, few significant differences appear (Fig. A5 and A6). Yet the Vegan system generally tends to produce the lowest yields, e.g. for rapeseed (p < 0.05) (Fig. A5 and A6), and is also the system leading to the largest yields losses (Fig. 4).[image: Une image contenant texte, diagramme, capture d’écran, Plan
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[bookmark: _Hlk202780468]Figure 4. Yield evolution compared to the historical period 1980-2010 for each crop rotation (left-hand legend) and each crop (right-hand legend), in Gembloux (Belgium). Error bars indicate standard deviation divided by the average yield in 1980-2010. WW = winter wheat; RS = rapeseed; PE = pea; MZ = maize; FB = faba bean; SB = sugar beet; PT = potato; GR = grass.
Influence of extreme climatic events on crop yields
The increased yield variability under climate change noted above highlights the need to investigate the impact of extreme climatic events. On Figure 5, for each crop which is included in at least two crop rotations, quadratic regressions represent the relationship between crop yields and the drought index SPEI-3. This index represents the dryness or wetness of the 3-month period preceding harvest, a critical period for yield elaboration. An inverted U-shaped relationship, such as for wheat in historical climatic conditions (Fig. 5a), characterizes a crop which has higher yields under ‘normal’ climatic conditions than when facing extreme weather. On Figure 5, we see that the main crops present in our three crop rotations react very differently to extreme climatic events. For winter wheat and pea, while yields in 1980-2010 are higher under ‘normal’ conditions, the curvature of the negative quadratic correlation with SPEI-3 indices slightly and not significatively flattens under future climatic conditions, suggesting a reduced sensitivity to extreme events. This change of curvature under climate change scenarios goes along with an upward shift for winter wheat (Fig. 5a) and backward for pea (Fig. 5c) because of the yields average evolution noticed above (Fig. 4). Conversely, for rapeseed (Fig. 5b), with future changing climatic conditions, the curve slightly accentuates yields loss under dry periods. Overall, we observe that for all five crops, the future distribution of SPEI-3 indices (on top of each subfigure) reveals an increase in the frequency of moderate and extreme climatic events, especially droughts, compared to historical climatic conditions (Fig. 5). Combined with a decrease on average yield under such extreme conditions, it explains, for example for rapeseed, the slight average yield loss in future changing climatic conditions.
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Figure 5. Yields (in dry matter) as a function of the SPEI-3 index (expressing dryness/wetness), computed over the 3 months preceding harvest, for three different climate scenarios and for a) winter wheat, b) rapeseed, c) pea, d) maize and e) faba bean, in Gembloux (Belgium). On top of each figure is shown the density distribution of SPEI-3 for each climate scenario.
Crop yields resistance to stresses and extreme climatic events
Standardized yields for the crops that are common to all three crop rotations (winter wheat, rapeseed and pea) are higher in ‘normal’ climatic conditions compared to wet and dry climatic conditions as qualified from the SPEI index, except for extremely wet conditions which do not lead to statistically different yields (Fig. 6a). It is therefore desirable to increase crops resistance, which we compare between crop rotations when these crops faced moderate and extreme climatic events in all climate scenarios (Fig. 6b and 6c). The Vegan system appears as the most vulnerable (p < 0.05), whereas the integration of livestock, in an external manner (BAU system) or closer with temporary grasslands (ICLS), increase crop resistance. Finally, the principal components analysis shows that the three crop rotations mostly differ relatively to yields (BAU > ICLS > Vegan) and to nitrogen stress (the ICLS being the most stressed, followed by the Vegan system) as indicated by different dispersion of points around the centroids (p < 0.05; Fig. A12). Concerning the different climate scenarios, they differ both in dispersion and location (p < 0.05; Fig. 6d): future climatic conditions would progressively induce a decrease in thermal (indicating, in STICS, stresses due to both cold and hot temperatures) and stomatic water stresses, but higher stress due to waterlogging (Fig. 6d and Fig. A8-A11). 
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Figure 6. Crop resistance and underlying stresses for the different crop rotations and climate scenarios in Gembloux (Belgium). a) Yields (standardized by crop and by climate scenario) distribution according to the SPEI-3 category of the 3 months before harvest; b and c) Resistance (Ω, dimensionless) for winter wheat, rapeseed and pea, during moderate and extreme climatic events respectively, computed under all climate scenarios combined from yields standardized relatively to the crop and the climate scenario; d) Principal Components Analysis (PCA) over seasonal yields and stresses standardized relatively to the crop (see Methods), grouped (and circled by 95%-confidence ellipses) by climate scenario, for winter wheat, rapeseed and pea. Fig. 6a, 6b and 6c: outliers are not displayed for greater readability; letters refer to groups statistically different (p < 0.05). BAU = Business-as-usual; ICLS = Integrated crop-livestock system.  

Discussion
Rather than only providing an absolute estimate of yield gains or losses with the different climate change scenarios – which we think would be better determined from multi-model ensemble studies (Martre et al., 2015; Wallach et al., 2018), we investigated the different drivers of these yield evolutions with climate change, and how soil-crop feedbacks influenced crop resistance to extreme climate events.
The impacts of climate change on crop yields, observed in Fig. 4, 5 and 6, are complex. They result from a shift of average yields (gains/losses against ‘normal’ climatic conditions) due e.g. to the CO2 fertilization effect (average yield gains) but also higher average crop stresses, especially waterlogging (average yield losses). Yet this average shift is combined with the impacts and occurrence of extreme climatic events (Moriondo et al., 2011; Lesk et al., 2016; Powell and Reinhard, 2016). Climatic conditions would shift towards drier months at the end of the cropping season, and this might provoke a decrease in crop yields when positive effects of climate change do not fully compensate greater crop stresses. This raises the question of adopting adaptation measures such as migrating crops towards pedo-climatic contexts which would become better appropriate for these particular crops in the future (Sloat et al., 2020). 
The analysis of crop stresses allows us to identify cold temperatures and lack of water in the soil as the two main drivers of historical yields in Belgium (Fig. 6). We observe a shift of these stresses through the climate scenarios, moving in the future towards lower thermal (due to hot and cold temperatures), nitrogen and stomatic water stress but higher stress due to waterlogging. This latter would mainly occur in climate change scenarios in winter and early spring and would therefore, following our results (Fig. A10), mostly impact winter crops (Gobin, 2010). Rising temperatures accelerate crop development. This might reduce their vulnerability to drought or heat during the flowering period (Gobin, 2010), as well as diminish the negative effects of low temperatures on shoot and root growth. In addition, the CO2 fertilization effect should allow water to be better used by plants and retained in soil for future drier climatic episodes.
The contrasting evolution of yields with climate change between crops (Fig. 4) underlines the importance of agricultural rotations design. Firstly the human diet that crop rotations aim at providing favors some crop types over others, which are not similarly impacted by climate change. For instance, our results show a positive effect of climate change on spring crops such as maize (Moore and Lobell, 2015; Vanuytrecht et al., 2016), potato (Vanuytrecht et al., 2016; Raymundo et al., 2018) and sugar beet (Moore and Lobell, 2015; Vanuytrecht et al., 2016; Jones et al., 2003). Yet potential drawbacks of spring crops might include difficulties in field access or crop establishment (Lamichhane et al., 2019), or soil erosion and loss of soil fertility, especially if no cover crops are installed in between (Zuazo and Pleguezuelo, 2009). 
Agricultural circularity, i.e. choices in livestock integration and by-product utilization, also has an impact on C and N cycles, and hence on soil fertility and crop resistance. Closely connecting crops with livestock through the integration into the rotation of temporary grasslands – used to feed sheep – increases SOC (Fig. 3). A greater crop resistance to extreme climatic events is found in the ICLS (Fig. 6), but also within the BAU system, which integrates the animal component externally through the use of manure in exchange for wheat straw (de Albuquerque Nunes et al., 2021; Delandmeter et al., 2024a; Sekaran et al., 2021). The lower resistance of the ICLS compared to the BAU system might be due to greater nitrogen stress, particularly for winter wheat (Fig. A11), imputable to slightly lower overall mineral nitrogen fertilization (Fig. A1 and A3) and to increased nitrogen stress in grasslands with climate change (Fig. A11). The predominance of the BAU system in terms of resistance must be balanced with the lack of consideration of the STICS model for the impacts of weeds and pests. Indeed, temporary grasslands and cover crops, moreover when they are grazed, are expected to offer an advantage to the ICLS within scenarios aiming at decreasing or even suppressing pesticides. These agroecological levers predicted to act upon weeds and pests damages (Martin et al., 2020) are not activated in a BAU system. In the opposite, the Vegan system results in inferior SOC levels (Fig. 3), associated with a lower C-retention coefficient of crop residues compared to organic manure (Gross and Glaser, 2021; Maillard and Angers, 2014). This may contribute to reduced crop resistance (Fig. 6), as SOC influences nutrient availability, along with the composition of crop rotations which also impacts soil N and water dynamics. However, while this study aimed to investigate the influence of contrasting crop rotations on the resistance of similar crops, it is important to note that such rotations also result in differing overall productivities. Each system produces distinct outputs – for example, livestock meat or milk in the case of ICLS. Future research would therefore benefit from not only examining resistance at the crop level, but also evaluating the overall productivity of these systems in terms of both average output and stability. Such comparisons should also be made with caution regarding the choice of metrics, as these can significantly influence the conclusions – whether the outcomes are measured in terms of tonnage, caloric content, protein yield, or economic value (Delandmeter et al., 2024a). To go further, it would be interesting to explore scenarios where crop rotations would be tailored to specific pedoclimatic conditions, by modelling the food and feed exchanges between farms with the integration of economic and environmental costs of such transport. It would allow to identify the tradeoffs and synergies emerging from different scales of circularity, connecting crops and livestock at the farm level (such as the ICLS considered in this study) or externally at the landscape level (such as the BAU considered in this study).
A limitation of the STICS model is that it currently does not simulate impacts of improved SOC on soil water retention properties, which are initialized at the beginning of simulations and do not dynamically evolve with SOC evolution (Beaudoin et al., 2022). This might be a promising property to explore in future modelling efforts. Indeed greater SOC levels improve soil capacity to retain water and decrease stomatic water stress and hence yield losses (He et al., 2025; Lal, 2020; Rawls et al., 2003), benefitting climate change adaptation and crop resilience (Bossio et al., 2020; Roe et al., 2019). In our case, this would likely exacerbate the benefits of ICLS in terms of resistance to extreme weather events (Franzluebbers and Hendrickson, 2024; Szymczak et al., 2020). 
In our STICS simulations, C stocks in the ICLS do not exhibit any tendency toward saturation – when considered over the whole soil profile (Fig. 3a). This might be due to (i) the relatively low initial SOC stock, resulting from a long history of conventional agriculture on the experimental field – including conventional tillage and cash crop cultivation – and (ii) the assumption in the STICS model that no mineralization occurs below the topsoil layer (0-26 cm), within which, in the opposite, SOC decreases (Fig. A7). However, soil C accrual cannot be infinite (Paustian et al., 2016). The potential of grasslands C sequestration to offset ruminant greenhouse gas emissions including enteric methane is highly dependent on the agro-pedoclimatic context (Wang et al., 2023; Soussana et al., 2010; de la Motte et al., 2016). Hence, even if the pedoclimatic conditions investigated in this study are typical of the loamy Hesbaye region, whose surface represents nearly 25% of Wallonia and of which 65% is used for agriculture, making it the largest agricultural region of Wallonia (Walloon Government, 2024), we believe that further research in contrasting pedoclimatic conditions would be welcome. Considering the implications of changes in crop rotations and (by-)products utilization on soil fertility and climate change adaptation is therefore paramount when looking for food systems sustainability.
Conclusion
Our research illustrates the role process-based soil-crop models can play in exploring contrasting cropping systems under climate change. Modelling tools provide key opportunities to design food systems that would optimally perform for climate change adaptation and mitigation (Timlin et al., 2024; Cammarano et al., 2023; Matthews et al., 2013). This required to couple a soil-crop model with an external methodology that designed three distinct crop rotations – each tailored to support sustainable and healthy diets under different dietary constraints. These rotations being different in their composition, in the fate of crop residues and in their use of manure, we demonstrate in this study the importance of considering soil-crop feedbacks into climate change assessments. Indeed, these crop rotations influenced SOC, and hence nutrient availability, along with soil water and N dynamics. These differences impacted the crop resistance to extreme climate events, which was determined in a mathematical way from the characterization of such events based on a drought index. Our results also indicate a shift in the dominant types of crop stress in Belgium, from thermal and stomatal water stress under historical climate conditions to a marked increase in waterlogging under future scenarios.
Yet such modelling work requires particular attention to sensitive parameters in the simulation of climate change impacts on crops, such as water balance and root sensitivity to drought and anoxia, and hence further research in the characterization and modelling of these impacts would be needed. In that direction, future research should address the significant shortcomings remaining in the simulation of waterlogging (Garcia-Vila et al., 2025). While food production is a key indicator of agroecosystem performance, it should not overshadow other ecosystem services and disservices, such as nitrate leaching or impacts on biodiversity. In that regard, efforts are also required to complete greenhouse gas balance with accurate N2O and CH4 emissions simulations. Finally, we believe that it is only with a transdisciplinary approach, such as initiated here by considering human diets resulting from agricultural systems or by involving various stakeholders in their design, that the ability of soil-crop models to perform granular simulations, under various management, pedoclimatic conditions and scales, might be best used.
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