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| INTRODUC TI ON

Soils store more carbon (C) than plants and the atmosphere combined [START_REF] Jackson | The ecology of soil carbon: Pools, vulnerabilities, and biotic and abiotic controls[END_REF][START_REF] Köchy | Global distribution of soil organic carbon-Part 1: Masses and frequency distributions of SOC stocks for the tropics, permafrost regions, wetlands, and the world[END_REF]. Finding ways to increase soil organic carbon (SOC) stocks is not only an important climate change mitigation strategy [START_REF] Crowther | Quantifying global soil carbon losses in response to warming[END_REF] but also a key approach to improve the delivery of multiple ecosystem services [START_REF] Chenu | Increasing organic stocks in agricultural soils: Knowledge gaps and potential innovations[END_REF][START_REF] Wiesmeier | Soil organic carbon storage as a key function of soils-A review of drivers and indicators at various scales[END_REF]. Agricultural soils store more than 140 Pg C in the top 30 cm [START_REF] Zomer | Global sequestration potential of increased organic carbon in cropland soils[END_REF]. This accounts for 19% of the global SOC stocks estimated at this soil depth [START_REF] Foley | Solutions for a cultivated planet[END_REF][START_REF] Jackson | The ecology of soil carbon: Pools, vulnerabilities, and biotic and abiotic controls[END_REF], which is not only the most relevant soil layer for agricultural production but also heavily impacted by the management of these systems, causing an ongoing loss of SOC from agricultural soils [START_REF] Keel | Loss of soil organic carbon in Swiss long-term agricultural experiments over a wide range of management practices[END_REF][START_REF] Sanderman | Soil carbon debt of 12,000 years of human land use[END_REF][START_REF] Smith | Schweizerische Referenzmethoden der Eidgenössischen Forschungsanstalten[END_REF]. This trend will likely increase under increasing temperatures, fueling accelerated decomposition of SOC, particularly in temperate regions [START_REF] Crowther | Quantifying global soil carbon losses in response to warming[END_REF][START_REF] Wiesmeier | Projected loss of soil organic carbon in temperate agricultural soils in the 21st century: Effects of climate change and carbon input trends[END_REF]. As such, there is a growing need to evaluate the potential impacts of soil management practices across contrasting environmental conditions, which will ultimately help to find solutions that can simultaneously address climate change mitigation and food security [START_REF] Lal | Agricultural activities and the global carbon cycle[END_REF].

Soil aggregate stability, or the ability of soils to withstand physical forces, is interlinked with SOC [START_REF] Wiesmeier | Soil organic carbon storage as a key function of soils-A review of drivers and indicators at various scales[END_REF], and has been identified as a major indicator of soil quality and fertility [START_REF] Bünemann | Soil quality-A critical review[END_REF][START_REF] Garland | A closer look at the functions behind ecosystem multifunctionality: A review[END_REF][START_REF] Lehmann | The concept and future prospects of soil health[END_REF]. This is not only because of its role in stabilizing the soil matrix and storing SOC [START_REF] Tisdall | Organic matter and water-stable aggregates in soils[END_REF] but also because of its sensitivity to changes in land use and soil management [START_REF] Or | Natural and managed soil structure: On the fragile scaffolding for soil functioning[END_REF]. The complex dynamics of soil aggregation and physical soil organic matter stabilization are impacted by a range of intrinsic and external factors. In addition to abiotic drivers, plants and soil biota play an integral role in the formation and stabilization of soil aggregates and SOC [START_REF] Edlinger | Influences of mycelial fungi on soil aggregation and organic matter storage in conventional and no-tillage soils[END_REF][START_REF] Lehmann | Soil biota contributions to soil aggregation[END_REF][START_REF] Six | Soil organic matter, biota and aggregation in temperate and tropical soils-Effects of no-tillage[END_REF]. Thus, although soil aggregate formation and turnover are largely determined by pedoclimatic factors [START_REF] Bronick | Soil structure and management: A review[END_REF][START_REF] Or | Natural and managed soil structure: On the fragile scaffolding for soil functioning[END_REF][START_REF] Wiesmeier | Soil organic carbon storage as a key function of soils-A review of drivers and indicators at various scales[END_REF]. For example, soils in grasslands are known to be more aggregated [START_REF] Elliott | Aggregate structure and carbon, nitrogen, and phosphorus in native and cultivated soils[END_REF][START_REF] Williams | The influence of soil management on soil health: An on-farm study in southern Sweden[END_REF] and richer in SOC than in cultivated lands [START_REF] Guo | Soil carbon stocks and land use change: A meta analysis[END_REF]. In arable systems, no-till farming can promote aggregate stability, and several studies have identified the accumulation of SOC in aggregate pools as a significant driver of C accrual during the conversion from conventional till to no-till systems [START_REF] Singh | Soil organic carbon and aggregation in response to thirty-nine years of tillage management in the southeastern US[END_REF][START_REF] Six | Aggregate and soil organic matter dynamics under conventional and no-tillage systems[END_REF][START_REF] Six | Soil macroaggregate turnover and microaggregate formation: A mechanism for C sequestration under no-tillage agriculture[END_REF] or following periods of ley in the crop rotation [START_REF] Guest | Soil macroaggregation drives sequestration of organic carbon and nitrogen with three-year grass-clover leys in arable rotations[END_REF]. In addition, continuous soil cover can enhance soil aggregation and SOC storage compared with systems with bare fallow periods in dryland farming [START_REF] Rosenzweig | Intensifying rotations increases soil carbon, fungi, and aggregation in semi-arid agroecosystems[END_REF]. More diverse crop rotations can also promote soil aggregation and SOC accumulation through interactions with the microbial community in specific agricultural contexts [START_REF] Mcdaniel | Does agricultural crop diversity enhance soil microbial biomass and organic matter dynamics? A meta-analysis[END_REF][START_REF] Tiemann | Crop rotational diversity enhances belowground communities and functions in an agroecosystem[END_REF]. However, studies investigating the effect of land use or agricultural management practices on soil aggregation and SOC protection commonly focus on factorial comparisons of isolated management practices (e.g., till vs. no-till, conventional vs. organic, monoculture vs. crop rotation; [START_REF] Bai | Effects of agricultural management practices on soil quality: A review of long-term experiments for Europe and China[END_REF][START_REF] Mäder | Soil fertility and biodiversity in organic farming[END_REF][START_REF] Mcdaniel | Does agricultural crop diversity enhance soil microbial biomass and organic matter dynamics? A meta-analysis[END_REF][START_REF] Rosenzweig | Intensifying rotations increases soil carbon, fungi, and aggregation in semi-arid agroecosystems[END_REF] or are limited to a narrow biogeographical context (Keel (-35%) in the topsoil (20 cm) were lower in croplands compared with neighboring grassland sites (uncropped sites with perennial vegetation and little or no external inputs). Land use and aridity were strong drivers of soil aggregation explaining 33% and 20% of the variation, respectively. SOC stocks were best explained by calcium content (20% of explained variation) followed by aridity (15%) and mean annual temperature (10%). We also found a threshold-like pattern for SOC stocks and aggregate stability in response to aridity, with lower values at sites with higher aridity. The impact of crop management on aggregate stability and SOC stocks appeared to be regulated by these thresholds, with more pronounced positive effects of crop diversity and more severe negative effects of crop management intensity in nondryland compared with dryland regions. We link the higher sensitivity of SOC stocks and aggregate stability in nondryland regions to a higher climatic potential for aggregate-mediated SOC stabilization. The presented findings are relevant for improving predictions of management effects on soil structure and C storage and highlight the need for site-specific agri-environmental policies to improve soil quality and C sequestration.

| 3179 EDLINGER et al. et al., 2019; Williams et al., 2020). While these studies allow for a controlled assessment of specific management practices under a given set of local constraints, they cannot be used to understand the relative importance of different management practices in relation to a broader range of climatic and soil properties.

The growing evidence showing that the influence of climate, and particularly aridity, on several soil properties can be characterized by abrupt or nonlinear changes in certain ecosystems [START_REF] Berdugo | Global ecosystem thresholds driven by aridity[END_REF][START_REF] Feng | Temperature thresholds drive the global distribution of soil fungal decomposers[END_REF], calls for studies examining interactions between potential climatic thresholds with agricultural management. For example, the occurrence of aridity thresholds for various soil properties, including SOC, in global drylands has been observed by [START_REF] Berdugo | Global ecosystem thresholds driven by aridity[END_REF]. However, we do not know whether we can expect abrupt changes in aggregate stability and SOC also in agricultural soils, or whether climatic thresholds determine the sensitivity of soil properties to soil management. Addressing these knowledge gaps is highly relevant for appropriate predictions of soil management effects on soil structure and SOC storage, as well as for targeted agri-environmental policies.

Here we report results from a large-scale observational study across a 3000 km gradient in Europe spanning from Sweden to Spain and comprising a total of 162 field soils (104 cropland soils and 58 soils originating from adjacent marginal land and grasslands). We aimed to (1) compare soil aggregate stability, SOC pools and SOC stocks across different land uses (cropland vs. uncropped sites), (2) assess the relative contribution of management intensity, climate, and soil properties to aggregate stability and SOC storage, and (3) explore potential nonlinearity and interactions of these drivers on soil aggregation and SOC. We hypothesized that soil aggregate stability and SOC stocks are mainly regulated by inherent soil and climatic factors, but that agricultural management acts as an important driver within distinct location-specific contexts. Moreover, we expect to observe threshold-like relationships between climatic factors and the investigated soil properties and assume that such thresholds determine the interaction effects of climate and agricultural management on SOC and aggregation.

| MATERIAL S AND ME THODS

| Field sites

We selected 104 cropland sites and 58 adjacent noncropped sites across a North-South gradient in Europe including sites in Sweden (n = 21), Germany (n = 40), Switzerland (n = 39), France (n = 30), and Spain (n = 32; Figure 1). For this study, we focused on a subset of the initially sampled arable sites (n = 155) used in [START_REF] Garland | A closer look at the functions behind ecosystem multifunctionality: A review[END_REF], as outlined in Appendix S1. Sampling took place during the spring of 2017. To minimize variation caused by different crop types, we selected arable fields planted with wheat (Triticum sp., n = 80), or closely related cereals like barley (Hordeum vulgare, n = 21) and oat (Avena sativa, n = 3), when wheat fields were not available. Furthermore, we targeted plots where conventional tilling practices had been used throughout the previous year. In each country, we selected arable fields that varied in crop rotational diversity, that is, with differing numbers of crop species over a 10-year crop rotation, to be able to determine whether crop diversification influences soil aggregate stability and SOC storage. Moreover, the selected arable fields varied in management intensity related to tillage, fertilizer and pesticide application, and we obtained such information using questionnaires at each site [START_REF] Garland | A closer look at the functions behind ecosystem multifunctionality: A review[END_REF]. The noncropped sites were located in the vicinity of the croplands to cover similar soil characteristics and served as a benchmark for the approximate potential for soil aggregation and SOC storage. These sites comprised extensively managed grasslands and marginal land (field strips) neighbouring the croplands that were characterized by a permanent, predominantly herbaceous plant cover that was not part of a crop rotation. Most of these sites were unfertilized and occasionally mowed, although the exact information on fertilization, grazing and mowing was not available for all sites. Following the classification by the Eurostat Land Use/Cover Area Frame Survey (LUCAS; Eurostat, 2018), we refer to these plots as grassland sites hereafter.

F I G U R E

| Climate information

To characterize the variation in climate along the sampled gradient, information on mean annual temperature (MAT) and mean annual precipitation (MAP) was extracted from the WorldClim Global Climate Data [START_REF] Fick | WorldClim 2: New 1-km spatial resolution climate surfaces for global land areas[END_REF], which is a high-resolution global geo-database of monthly average data based on a high number of climate observations and SRTM (Shuttle Radar Topography Mission) topographical data. Additionally, climate variability was represented by temperature and precipitation seasonality, that is, the coefficient of variation of monthly temperature and precipitation, respectively. The aridity index (AI) was derived from the CGIAR-CSI database which uses climate data related to evapotranspiration processes and rainfall deficit for potential vegetative growth [START_REF] Trabucco | Global aridity index and potential evapotranspiration (ET0) climate database v2[END_REF]. We calculated aridity as 1 minus AI following [START_REF] Berdugo | Global ecosystem thresholds driven by aridity[END_REF] and [START_REF] García-Palacios | Climate mediates the biodiversity-ecosystem stability relationship globally[END_REF] so that higher aridity values indicate drier conditions. Aridity was highly correlated with annual precipitation (ρ = -0.93) and less with MAT (ρ = 0.47; Table S2) and had a curve-shaped distribution along the sampled gradient, with highest aridity values in Spain, and lowest values in Switzerland (Figure S2a). The MAT decreased gradually from southern to northern countries (Figure S2b).

| Soil sampling and analyses

To reduce the variation in soil properties due to different developmental stages of plants and the associated management practices, soil samples were collected around flowering time (ranging from May in Spain to August in Northern Sweden). At each site, eight soil cores were taken in a circular pattern within a 10 m radius using a 5 cm diameter auger and to a depth of 20 cm. Three of the soil cores were kept intact and stored at 4°C before using them to assess aggregate stability and bulk density. The other soil cores were homogenized and sieved to 2 mm. A portion of this soil was air-dried for further processing of soil physical and chemical analyses. Soil texture was assessed by measuring sedimentation of suspended soil particles at different time intervals in an aqueous solution after humus oxidation. The soil pH was measured with H 2 O using a 1:2 soil: water ratio. SOC was determined by a potassium dichromatesulfuric acid wet oxidation method with back-titration with ferrous sulphate. Exchangeable calcium and magnesium were assessed by atomic spectrometry following extraction of the samples with a barium chloride/triethanolamine solution buffered to pH 8. 1 (Swiss Federal Research Stations, 1996).

| Soil aggregate stability and SOC

For estimations of bulk density, the intact soil cores were weighed, and the soil moisture was recorded from a subsample after homogenization of the soil by gently removing stones and residues larger than 8 mm. The bulk density of the remaining soil was calculated by subtracting the mass and volume of these large fragments from the total dry mass and volume of the collected soil cores and served as a basis for the estimation of SOC stocks. The volume of the stones was determined by water displacement in a graduated cylinder [START_REF] Corti | Classing the soil skeleton (greater than two millimeters): Proposed approach and procedure[END_REF]. The air-dried, 8 mm sieved soil was subsequently used to measure aggregate stability by applying a wet sieving method, coupled with a correction for aggregatesized sand to obtain the sand-free aggregates by subtracting the mass content of sand particles in each aggregate fraction (i.e., >53 μm in the free microaggregate fraction, >250 μm in the small and >2000 μm in the large macroaggregate fraction, respectively; [START_REF] Six | Aggregation and soil organic matter accumulation in cultivated and native grassland soils[END_REF]. This technique is commonly employed to assess the impacts of soil aggregation on organic matter dynamics, as the aggregates which resist the integral slaking step are known to be more stable than other methods used to assess aggregation, and thus are more likely to be involved with carbon stabilization mechanisms [START_REF] Elliott | Aggregate structure and carbon, nitrogen, and phosphorus in native and cultivated soils[END_REF]. The large macroaggregate (>2000 μm), small macroaggregate (250-2000 μm), free microaggregate (53-250 μm) and free silt and clay fraction (<53 μm) were collected. The mean weight diameter (MWD) of aggregate fractions, a commonly used index to describe the stability of soil aggregates, was calculated using Equation ( 1):

where S i is the average diameter (μm) of the ith fraction (i.e., macroaggregate, microaggregate, etc.) and P i the mass proportion of the ith fraction using the sand-free base [START_REF] Van Bavel | Mean weight-diameter of soil aggregates as a statistical index of aggregation[END_REF].

SOC within each aggregate fraction was measured using the potassium dichromate-sulphuric acid wet oxidation method as described above (Swiss Federal Research Stations, 1996) fraction [START_REF] Edlinger | The impact of agricultural management on soil aggregation and carbon storage is regulated by climate[END_REF] and was expressed as g of aggregate associated SOC per kg of dry soil.

SOC stocks were calculated for the 0-20 cm depth increment based on the mass of soil particles smaller than 8 mm using a minimum equivalent soil mass approach [START_REF] Ellert | Calculation of organic matter and nutrients stored in soils under contrasting management regimes[END_REF][START_REF] Lee | Determining soil carbon stock changes: Simple bulk density corrections fail[END_REF] following the formulas described by [START_REF] Poeplau | Soil organic carbon stocks are systematically overestimated by misuse of the parameters bulk density and rock fragment content[END_REF] and [START_REF] Schiedung | Deep soil flipping increases carbon stocks of New Zealand grasslands[END_REF]. We chose an equivalent soil mass rather than volume-based approach to estimate SOC stocks because this allows for comparisons of SOC stored within a defined mass of soil across different locations and land-use types, irrespective of influences of management on bulk density [START_REF] Wendt | An equivalent soil mass procedure for monitoring soil organic carbon in multiple soil layers[END_REF]. The calculation steps are further outlined in Appendix S2. Values should be interpreted carefully since SOC was analyzed on 2 mm sieved soil and SOC stock estimates could not be corrected for stones 2-8 mm, which could lead to an overestimation of SOC stocks. This does not affect the interpretation of patterns observed in this study but needs to be considered when comparing presented SOC stocks with other studies.

| Crop management

To determine the relative effects of crop management on soil aggregation and SOC storage in the arable fields, we collected information on several crop management parameters, including crop diversity, the duration of crop cover, fertilizer and pesticide use, tillage, and overall management intensity (range and units in Table S1).

To consider the legacy effect of crop species cultivated in each site, both the proportion of time with crop cover and the level of crop diversity were calculated considering the last 10 years before the field sampling. The proportion of time with crop cover was defined as the number of months with living plants covering the soil divided by the total number of months in the crop rotation period.

Crop diversification was evaluated by using a modified Shannon index, a measure of crop evenness during the 10 years of crop rotation, following [START_REF] Garland | A closer look at the functions behind ecosystem multifunctionality: A review[END_REF]Appendix S3).

Considering the range of different management practices performed in each site across environmental gradient [START_REF] Edlinger | The impact of agricultural management on soil aggregation and carbon storage is regulated by climate[END_REF], we created a single variable to describe management intensity which could then be compared across sites. This included data on the number of pesticide (fungicide, herbicide, and insecticide) application events, the amount of mineral nitrogen (N) applied, and the number and maximum depth of tillage events from the 2017 growing season. To aggregate these different practices into one index, the individual management variables were normalized by calculating z-scores, which were then averaged to attain an overall management intensity index. Z-scores were calculated as z = (x-μ)/σ, where x is the raw score to be standardized, μ the mean of the variable, and σ the standard deviation of the variable. Individual missing crop management values were replaced with the median of the respective management value of each country, prior to calculating the management intensity index.

Organic fertilization reflected organic fertilizer application during 1 year before the field sampling and was represented as a binary variable (i.e., 1 when organic fertilizers were used at least once during 12 months previous to sampling, 0 if no organic fertilizers were used during this period of time).

| Statistical analyses

All statistical analyses were performed using the R statistical program (R Core Team, 2018, version 3.5.3). We applied different machine learning techniques to evaluate the relative importance of and interactions between the different variables (e.g., climate, management, and soil properties) to explain soil aggregation and SOC. The script used for the permutation-based random forest, partial-dependence plots and model-based trees was adapted from [START_REF] Ryo | Statistically reinforced machine learning for nonlinear patterns and variable interactions[END_REF] and is available at https://doi.org/10.6084/m9.figsh are.19762039.

| Grouping according to high and low aridity and clay content

We explored the differences in the relative amount of water-stable aggregate fractions and the fraction-associated SOC along the climatic and soil texture gradient. To do so, we grouped the sampled sites according to their aridity and clay content, into "high" and "low" aridity as well as "high" and "low" clay content groups following the Jenks' natural breaks approach [START_REF] Jenks | The data model concept in statistical mapping[END_REF] using the R package BAMMtools (version 2.1.10; [START_REF] Rabosky | BAMMtools: An R package for the analysis of evolutionary dynamics on phylogenetic trees[END_REF]. This approach forms optimal groups based on data distribution to reduce variation in aridity and clay within groups and increase variation between groups.

| Random forests algorithm with variable selection

To estimate the relative importance of site-specific versus management factors influencing aggregate stability and SOC, we first applied a random forest algorithm [START_REF] Breiman | Random forests[END_REF], using the R package randomForest version 4.6.14 [START_REF] Liaw | Classification and regression by random-Forest[END_REF]. Random forest models are increasingly applied in ecological studies [START_REF] Banerjee | Agricultural intensification reduces microbial network complexity and the abundance of keystone taxa in roots[END_REF][START_REF] Delgado-Baquerizo | Microbial diversity drives multifunctionality in terrestrial ecosystems[END_REF]. They allow the modeling of nonlinear relationships between response and explanatory variables and are less prone to suffer from collinearity between predictors compared with parametric statistical models. We examined the best predictors for aggregate stability and SOC independently, using a set of pre-selected climatic factors, physicochemical soil properties, and soil management practices (Table S2) that are known to influence SOC storage and aggregation [START_REF] Bronick | Soil structure and management: A review[END_REF][START_REF] Wiesmeier | Soil organic carbon storage as a key function of soils-A review of drivers and indicators at various scales[END_REF]. Even though tree-based models like random forests are less prone to issues of multi-collinearity than regression-based models, we tried to avoid strong correlations between predictors (i.e., ρ > 0.80) to allow for a representative relative importance estimate.

This pre-selection resulted in a total of four climate variables (aridity, MAT, temperature seasonality, and precipitation seasonality), five To account for the additional variation in cropland fields, four predictors describing crop management were included (crop diversity, crop cover, management intensity, and organic fertilization). Additionally, we included the spatial location along the sampled gradient (despite a strong correlation between the geographic location and climate)

in the analysis to account for additional variation that was not accounted for by the other variables such as soil mineralogy but attributable to spatial autocorrelation [START_REF] Mascaro | A tale of two "forests": Random Forest machine learning Aids tropical Forest carbon mapping[END_REF]. We set the hyperparameters to 2000 permutation steps, 100 trees, and the others as defaults (Figure S4; [START_REF] Ryo | Statistically reinforced machine learning for nonlinear patterns and variable interactions[END_REF].

| Identifying key predictors and their associations with the responses

The relative importance of predictors was measured by evaluating how much each predictor contributed to increasing the model accuracy. To do so, we first conducted variable selection based on the approach suggested by [START_REF] Hapfelmeier | A new variable selection approach using random forests[END_REF]. This was done based on models comprising both croplands and grassland sites to draw general conclusions about management versus environmental factors. No relative importance measures were calculated at the land-use level since it is advised to run random-forest algorithms on datasets exceeding 100 samples [START_REF] Ryo | Statistically reinforced machine learning for nonlinear patterns and variable interactions[END_REF].

We further explored the associations of the response variables with the selected predictors from the random forest models using partial dependence plots (R package mlr version 2.17.1; [START_REF] Bischl | Mlr: Machine learning in R[END_REF]. This allowed us to investigate correlation patterns in the two land use types separately as well as to explore the characteristics of nonlinear associations (e.g., threshold-like behavior) of aggregate stability and SOC to the environmental and management factors. To support and illustrate the identified nonlinear relationships, the modelled associations and apparent thresholds were further explored using simple and segmented regression analyses. For simple regression analysis, the best fitting model was chosen testing linear, logarithmic, polynomial first-order, second-order, or third-order relationships between predictors and response variables. Additionally, segmented regression was conducted using the R package segmented, version 1.2.0 [START_REF] Muggeo | Segmented: An R package to fit regression models with broken-line relationships[END_REF] to statistically test the thresholds observed through the partial dependence analysis and to estimate their confidence intervals. Since these parametric methods require a normal distribution of residuals, the MWD was log-transformed and SOC was square-root transformed.

| Exploring context dependency of management effects

Finally, we explored interactions between predictors, to evaluate which environmental factors determine the effect of land use and most important crop management practices, respectively, on soil aggregate stability and SOC stocks (e.g., to assess whether there is an effect of crop management in certain environmental conditions).

This was done using a model-based tree algorithm, which couples the features of parametric statistical models such as linear models with decision tree models. With means of a linear model-based tree algorithm based on the M-fluctuation test [START_REF] Zeileis | Model-based recursive partitioning Torsten Hothorn[END_REF], we searched for those predictors (from the pool of significant pedoclimatic predictors selected through the random forest algorithm) that significantly modulate the parameter values of the specified models assuming a linear relationship between land use/crop management and the response variables. The model-based tree algorithm was conducted using the package partykit, version 1.2.9 [START_REF] Hothorn | partykit: A modular toolkit for recursive Partytioning in R[END_REF].

| RE SULTS

| Land-use impact on soil aggregation and soil organic carbon across the European gradient

We observed an average MWD of soil aggregates of 1.25 mm in the cropland sites, and over twice this value in the neighboring uncropped grassland sites (2.83 mm; p < .001, Table S3), comprising extensively used grassland and marginal land. Similarly, SOC stocks at a depth of 20 cm were on average 1.5 times higher in uncropped grassland sites (28.5 Mg ha -1 ) than in croplands (18.6 Mg ha -1 ;

Table S3). The distribution of SOC content associated with the different aggregate fractions varied amongst land use types across the studied sites (Figure 2b). Grouping sites into "high aridity" and "low aridity" as well as "high clay" and "low clay" sites, revealed that the MWD and SOC associated with aggregates decrease with higher aridity and increase with higher clay content. The absolute differences in macroaggregate-associated SOC pools were thus particularly pronounced in sites characterized by low aridity and high clay contents.

Regression analysis revealed a high correlation between SOC stocks and the MWD, which differed between croplands and grassland sites and was mediated by aridity (Figure 3). There was a strong linear relationship between MWD and SOC stocks in croplands. In grasslands, the relationship between MWD and SOC stocks levelled off at high SOC stock values, which were predominantly found in low aridity settings.

| Environmental drivers of aggregate stability and soil organic carbon across Europe

Using random forest analysis, we assessed the relative importance of land use and a range of climatic, edaphic, and crop management factors for explaining variations in soil aggregate stability and SOC stocks (Figure 4). Among 14 possible predictors, 13 significantly explained the variation in the MWD (R 2 = 0.84; Figure 4a). Land use had
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by far the strongest influence (R 2 = 0.33), followed by the climatic gradient represented by aridity (R 2 = 0.20) and MAT (R 2 = 0.07). Even though the relative importance of management practices within croplands was small compared with climate and land use, a range of crop management predictors contributed significantly to explaining the variation of the MWD (9%) including crop cover and crop diversity (Figure 4b).

A similar set of predictors (n = 9) contributed to explaining a substantial amount of variation in SOC stocks (R 2 = 0.69, Figure 4a). In contrast to soil aggregation, SOC stocks were shaped to a larger extent by soil properties (41%) and climate (39%; Figure 4b). Particularly soil Ca had a strong influence (R 2 = 0.20) on variation in SOC, followed by aridity (R 2 = 0.15) and MAT (0.10). Land use (7%) and crop management (2%) were significant predictors of SOC stocks but comparably less important than the MWD.

Using partial dependence plots, we further investigated the influence of the identified predictors in shaping MWD and C stocks in croplands and grassland sites separately (Figures S5 andS6).

This analysis indicated that the importance of certain predictors differed between the two land use types. For example, soil Ca contents correlated more strongly with SOC stocks in grassland than in croplands (Figure S6a,b). In croplands, on the other hand, aridity and MAT correlated more strongly with SOC stocks than in grasslands.

| Nonlinear patterns of aggregate stability and SOC

Partial dependence plots also indicated nonlinear relationships of aridity and MAT with aggregate stability and SOC (Figures S5 andS6). These patterns were further investigated by simple and segmented regression analysis. Generally, the MWD decreased with increasing aridity and MAT (Figure 5a; Figure S7a). Additionally, we observed that the relationship between the MWD and MAT changed at a threshold ranging between 8.0 and 10.3°C. The relationship between aridity and MWD differed between land-use types. In uncropped grassland sites, the relationship between MWD and aridity levelled off at a threshold of 0.2 (0-0.4 confidence interval). This threshold was similar in arable sites (0.2-0.4), and an additional threshold was observed at about -0.1 (confidence interval -0.2 -0; Figure 5a). Importantly, this threshold-like behavior was consistently detected in the partial dependence plots (Figures S5 andS6)

as well as the fitted second and third-order polynomial regressions, suggesting that the identified patterns were not sensitive to the selection of statistical models.

Total SOC exhibited similar trends compared with aggregate stability in the partial dependence plots (Figure 5b) where nonlinear patterns for aridity and MAT were visible. However, observed thresholds could only be confirmed for the aridity-SOC relationship, while the MAT-SOC relationship was fitted by a linear function with no breakpoints (Figure S7b). In addition to climate, we observed that SOC stocks increased drastically with increasing soil Ca content within a range of 10%-20%, especially in the uncropped grassland sites (Figure S6a). However, the uneven distribution of Ca content across the climatic gradient limited our ability to investigate Camediated state changes using regression analysis.

F I G U R E 2
Thresholds of aggregate stability and SOC along aridity and MAT gradients were further confirmed by a model-based tree, in the sense that these thresholds modulated the effect of land use on the MWD of soil aggregates and SOC stocks (Table S4). For example, the absolute difference in MWD was highest at an intermediate aridity between -1.32 and 0.48 (2.39 mm), and lowest under the most humid conditions (1.72 mm; Table S4a), corresponding to visual observations (Figure 5a). Notably, the relative difference in soil aggregate stability increased along with aridity, showing 0.8-fold (aridity <0.48), 2.05-fold (aridity -1.32-0.48) and 4.7-fold (aridity >0.48)

increases in the MWD. Absolute differences in SOC stocks were driven by aridity, Ca content and temperature seasonality, spanning between 0.15 and 0.92 Mg ha -1 (Table S4b).

| Interaction effects of environmental and crop management variables on MWD and SOC

The prevailing influence of the climatic gradient, as well as Ca content, was consistently visible in the model-based tree analysis, which tests all possible interactions between the most important crop management practices and all other predictors (i.e., climatic, edaphic, and other management predictors) and suggests key interactions. Focusing on cropland sites, the algorithm revealed that the above-mentioned thresholds of aridity and soil Ca significantly modulated the relationship of crop management practices with the MWD of soil aggregates and SOC (Figure 6; Table S5).

We explored what drives the relationship between soil aggregate stability and crop diversity or crop cover (both showing a positive correlation in the partial dependence analysis, Figure S5b).

When aridity levels were lower than 0.48, we observed that the MWD increased with crop diversity, particularly above a Shannon index of 1, while no such relationship was found at higher aridity levels. Focusing on SOC stocks, we observed a negative correlation with management intensity (Figure S6b), but only at aridity levels lower than 0.48 (Figure 6b). Interestingly, under this low aridity level, Ca values determined the strength of the observed management intensity-SOC relationship (R 2 = 0.33 where Ca ≤10.2; otherwise R 2 = 0.12), and SOC stocks tented to be higher in soils with high Ca content.

F I G U R E 3

| DISCUSS ION

In this large-scale, field-based study, we assessed the relative importance of land use, crop management, climatic conditions, and soil properties on soil aggregation and SOC storage. Our findings demonstrate higher soil aggregate stability (showing a 125% increase in MWD of soil aggregates) and SOC stocks (+53%) in the uncropped grassland sites compared with croplands. We found aridity thresholds determining SOC and aggregate stability, and most importantly, we provide evidence that such nonlinear patterns mediate the impacts of soil management (i.e., land use and cropping practices) on these variables. Here we discuss these findings in more detail, as well as the resulting potential to improve soil structure and SOC storage across the European gradient studied.

| Drivers and nonlinear patterns of aggregate stability and SOC across a European climatic and soil gradient

Climate and inherent soil properties were key drivers of soil aggregate stability and SOC storage, which is in line with previous studies [START_REF] Bronick | Soil structure and management: A review[END_REF][START_REF] Doetterl | Soil carbon storage controlled by interactions between geochemistry and climate[END_REF][START_REF] Wiesmeier | Soil organic carbon storage as a key function of soils-A review of drivers and indicators at various scales[END_REF].

Aridity was the most important climatic predictor for aggregate stability and SOC stocks. It is not surprising that aridity plays such a big role in soil structure and SOC, since changes in moisture levels can affect aggregation and SOC stabilization directly and indirectly through a number of mechanisms. First, aridity represents moisture availability for potential plant growth and biological activity and thus determines the amount of potential inputs of organic residues into the soil [START_REF] Trabucco | Global aridity index and potential evapotranspiration (ET0) climate database v2[END_REF]. Higher inputs of plant residues, particularly of roots, enhance SOC storage [START_REF] Kätterer | Roots contribute more to refractory soil organic matter than above-ground crop residues, as revealed by a long-term field experiment[END_REF] and increase microbial activity in the soil, stimulating aggregate formation and stabilization of SOC within aggregates [START_REF] Watts | Aggregation of a soil with different cropping histories following the addition of organic materials[END_REF]. Apart from this, aridity may constrain the physical stabilization of aggregates through roots, and also the abundance and activity of microbes [START_REF] Maestre | Increasing aridity reduces soil microbial diversity and abundance in global drylands[END_REF][START_REF] Manzoni | Responses of soil microbial communities to water stress: Results from a meta-analysis[END_REF][START_REF] Querejeta | Lower relative abundance of ectomycorrhizal fungi under a warmer and drier climate is linked to enhanced soil organic matter decomposition[END_REF], including fungal biomass and hyphal density [START_REF] Wan | Global soil microbial biomass decreases with aridity and land-use intensification[END_REF][START_REF] Weber | Responses of arbuscular mycorrhizal fungi to multiple coinciding global change drivers[END_REF], which play an important role for soil structure [START_REF] Lehmann | Soil biota contributions to soil aggregation[END_REF]. Our results support these earlier observations, as we found more stable soil aggregates and a much bigger share of SOC protected within soil aggregates in soils stemming from sites with a lower aridity. Apart from this, MAT was particularly important for SOC stocks in our study. On the one hand, this could relate to the influence of MAT on potential evapotranspiration, in turn driving aridity. On the other hand, temperature exerts a strong control over decomposition rates of SOM [START_REF] Davidson | Temperature sensitivity of soil carbon decomposition and feedbacks to climate change[END_REF][START_REF] Ofiti | Warming promotes loss of subsoil carbon through accelerated degradation of plant-derived organic matter[END_REF], and lower MATs result in higher accumulation of SOC, at least when vegetation growth is not constrained by other factors like precipitation [START_REF] Franzluebbers | Climatic influences on active fractions of soil organic matter[END_REF].

Evidence is growing that climate, and especially aridity, affects soil ecosystems in a nonlinear way [START_REF] Feng | Temperature thresholds drive the global distribution of soil fungal decomposers[END_REF]. For example, [START_REF] Berdugo | Global ecosystem thresholds driven by aridity[END_REF] showed that the response of multiple ecosys- the UNEP World Atlas of Desertification [START_REF] Jackson | The ecology of soil carbon: Pools, vulnerabilities, and biotic and abiotic controls[END_REF][START_REF] Köchy | Global distribution of soil organic carbon-Part 1: Masses and frequency distributions of SOC stocks for the tropics, permafrost regions, wetlands, and the world[END_REF] defined as the limit between drylands and nondrylands [START_REF] Middleton | World atlas of desertification[END_REF]. Additionally, our results suggest the existence of another threshold at an aridity of -0.1, below which soil aggregate stability in arable fields increases and approaches the values of the uncropped grassland sites (Figure 5a). Similarly, the correlation between SOC stocks and MWD levelled off in sites with low aridity (Figure 3). This indicates a disconnection between aggregate stability and SOC storage in grasslands under humid conditions, which could have implications for aggregate-mediated SOC stabilization [START_REF] Six | Stabilization mechanisms of soil organic matter: Implications for C-saturation of soils[END_REF]. It is important to note, however, that the observed saturation curve is distinct to the uncropped grassland sites studied, and may shift under different land use F I G U R E 6 Drivers modulating the relationships between the mean weight diameter of soil aggregates (mm) and crop diversity (a); and drivers modulating the relationship between soil organic carbon stocks (Mg ha -1 ) and management intensity (b). A linear model-based tree was used to detect environmental factors that have an interaction with the predictors in hierarchical order (i.e., split nodes). The resulting subsets (i.e., terminal nodes) show the context-dependent relationship modulated by the factors in the split nodes. Aridity (1-aridity index, unitless), soil calcium content (cmol kg -1 ), n (number of observations).

(a) (b) scenarios. Apart from this, the relationship between soil aggregate stability and SOC stocks depends on the method used to estimate aggregate stability [START_REF] Haynes | Interactions between soil organic matter status, cropping history, method of quantification and sample pretreatment and their effects on measured aggregate stability[END_REF]. In this study, we estimated the ability of soil aggregates to withstand disruptive forces such as slaking due to rewetting of dry soil. Slaking is an important breakdown mechanism for soil aggregates, especially in regions that experience periods of drought and heavy rainfall events, which is increasingly the case in many European countries [START_REF] Rakovec | The 2018-2020 multi-year drought sets a new benchmark in Europe[END_REF][START_REF] Zeder | Observed extreme precipitation trends and scaling in Central Europe[END_REF]. Mechanistic studies under different climate scenarios with respect to their distinct influences on soil aggregate stability and SOC accrual (e.g., taking slaking effects into account or not) are needed to provide further experimental evidence for the existence of thresholds of aggregate stability and SOC storage in response to aridity.

In addition to climate, we found that soil properties played a crucial role in SOC storage, even overshadowing the influence of MAT and aridity. It is well known that clay content plays an important role in the stabilization of soil organic matter and hence SOC storage [START_REF] Hassink | A model of the physical protection of organic matter in soils the capacity of soils to preserve organic C and N by their association with clay and silt particles[END_REF][START_REF] Kaiser | Mineral surfaces and soil organic matter[END_REF], which is in line with our findings. For example, we found that fields with higher clay contents had higher levels of water-stable aggregates and more SOC stored within soil aggregates. However, in accordance with [START_REF] Rasmussen | Beyond clay: Towards an improved set of variables for predicting soil organic matter content[END_REF] we show that exchangeable soil Ca is a much better predictor of SOC stocks than clay content, emphasizing the need to better reflect the role of various soil physicochemical properties for SOC in biogeochemical models. Based on current evidence, Ca can stabilize SOC through increased soil aggregation and chemical sorption, and it has widely been recognized that exchangeable Ca positively correlates with SOC [START_REF] Bertrand | Carbon and nitrogen mineralization in acidic, limed and calcareous agricultural soils: Apparent and actual effects[END_REF][START_REF] Rowley | Calcium-mediated stabilisation of soil organic carbon[END_REF]. Here we could not only further support the importance of Ca for SOC stabilization, but our results indicate that soil Ca contents might even modulate the response of SOC to soil management (Figure 6b). However, since the coverage of high and low Ca contents was not distributed homogenously across the climatic gradient studied, the observed interaction effects of Ca content and management on SOC stocks need to be further validated within controlled experimental settings in future studies.

| Sensitivity of soil aggregate stability and SOC to crop management under different environmental contexts

In our study, land use was the most important predictor of soil aggregate stability, yielding a relative importance of 38%. We ascribe the higher aggregate stability in the uncropped grassland sites to the omission of physical disturbance by ploughing and the permanent plant cover, allowing for a natural build-up of soil structure [START_REF] Or | Natural and managed soil structure: On the fragile scaffolding for soil functioning[END_REF], for example, through the stabilization of soil particles by roots and hyphae [START_REF] Barto | Contributions of biotic and abiotic factors to soil aggregation across a land use gradient[END_REF]. For SOC stocks, land use contributed to only 7% of the explained variation, due to the overruling importance of edaphic and climatic conditions (Figure 4). This is in support of previous studies showing that the direction and magnitude of the shifts in SOC after conversion to cropland depend on climate factors and soil mineralogy [START_REF] Powers | Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License | 3191 EDLINGER et al. with tropical land-use changes precludes spatial extrapolation[END_REF]. Similarly, we found that pedo-climatic conditions (climate and soil Ca content) determined the magnitude of differences in aggregate stability and SOC between the two land-use types, with largest differences found in regions with intermediate to low aridity suggesting that arid conditions pose a limitation to soil aggregation and build-up of SOC [START_REF] Plaza | Soil resources and element stocks in drylands to face global issues[END_REF]. It is important to keep in mind that this study specifically focused on wheat cropping systems and that the relative importance of land use on SOC will depend on the specific crops planted [START_REF] Mathew | What crop type for atmospheric carbon sequestration: Results from a global data analysis[END_REF].

Apart from land use differences, management practices used for crop cultivation are known to exert a strong influence on soil structure and SOC [START_REF] Bronick | Soil structure and management: A review[END_REF][START_REF] Liu | Effects of agricultural management on soil organic matter and carbon transformation-A review[END_REF][START_REF] Wiesmeier | Soil organic carbon storage as a key function of soils-A review of drivers and indicators at various scales[END_REF]. In this study, we detected beneficial effects of crop diversity for soil aggregation and SOC storage across a large spatial gradient, in line with earlier findings demonstrating the benefits of crop rotations compared with mono-cropping [START_REF] Bai | Effects of agricultural management practices on soil quality: A review of long-term experiments for Europe and China[END_REF], and diversified crop rotations within specific locations [START_REF] Tiemann | Crop rotational diversity enhances belowground communities and functions in an agroecosystem[END_REF]. There may be several mechanisms explaining the positive influence of diverse cropping systems on soils. For example, the benefits of crop diversification (e.g., through the inclusion of cover crops) on soil ecosystems have been attributed to higher and more diverse inputs of fresh C to the soil, stimulating microbial abundance and activity [START_REF] Poeplau | Carbon sequestration in agricultural soils via cultivation of cover crops-A meta-analysis[END_REF][START_REF] Rosenzweig | Intensifying rotations increases soil carbon, fungi, and aggregation in semi-arid agroecosystems[END_REF][START_REF] Tiemann | Crop rotational diversity enhances belowground communities and functions in an agroecosystem[END_REF]. Although this study suggests that a higher diversity of crops promotes SOC storage and aggregation, the inclusion of specific crops in the crop rotation, such as grass-clover leys, can be particularly beneficial for aggregate-mediated SOC accrual [START_REF] Guest | Soil macroaggregation drives sequestration of organic carbon and nitrogen with three-year grass-clover leys in arable rotations[END_REF]. Future studies exploring complex crop rotations should therefore also consider the identity of crops in the crop rotation, including associated management practices (e.g., hoeing in beets and pumpkin).

Crop management intensity (estimated by a composite index including tillage, fertilization, and pesticide use) was negatively linked to SOC and aggregate stability in this present study, which underpins the mounting evidence that management intensity can have adverse effects on soil ecosystems [START_REF] Banerjee | Agricultural intensification reduces microbial network complexity and the abundance of keystone taxa in roots[END_REF][START_REF] Liu | Effects of agricultural management on soil organic matter and carbon transformation-A review[END_REF][START_REF] Qin | Intensive management decreases soil aggregation and changes the abundance and community compositions of arbuscular mycorrhizal fungi in Moso bamboo (Phyllostachys pubescens) forests[END_REF][START_REF] Tsiafouli | Intensive agriculture reduces soil biodiversity across Europe[END_REF]. Particularly soil fungal communities, which play an important role in soil aggregation [START_REF] Lehmann | Soil biota contributions to soil aggregation[END_REF][START_REF] Morris | Visualizing the dynamics of soil aggregation as affected by arbuscular mycorrhizal fungi[END_REF] and have been linked to increased SOC [START_REF] Edlinger | Influences of mycelial fungi on soil aggregation and organic matter storage in conventional and no-tillage soils[END_REF][START_REF] Six | Bacterial and fungal contributions to carbon sequestration in agroecosystems[END_REF][START_REF] Wilson | Soil aggregation and carbon sequestration are tightly correlated with the abundance of arbuscular mycorrhizal fungi: Results from long-term field experiments[END_REF], are often negatively impacted by intensive management practices such as tillage [START_REF] Edlinger | Influences of mycelial fungi on soil aggregation and organic matter storage in conventional and no-tillage soils[END_REF], fertilization [START_REF] Treseder | A meta-analysis of mycorrhizal responses to nitrogen, phosphorus, and atmospheric CO 2 in field studies[END_REF] and pesticide use [START_REF] Edlinger | Agricultural management and pesticide use reduce the functioning of beneficial plant symbionts[END_REF][START_REF] Hage-Ahmed | Arbuscular mycorrhizal fungi and their response to pesticides[END_REF][START_REF] Riedo | Widespread occurrence of pesticides in organically managed agricultural soils-The ghost of a conventional agricultural past[END_REF]. The growing evidence of the deteriorating effects of intensive agricultural management on soils calls for finding ways to maintain crop yield while avoiding negative impacts on soil ecosystems, especially if soils should serve as a natural climate solution [START_REF] Bossio | The role of soil carbon in natural climate solutions[END_REF][START_REF] Paustian | Climate-smart" soils: A new management paradigm for global agriculture[END_REF]. For example, organic fertilization can enhance soil aggregation [START_REF] Abiven | The effects of organic inputs over time on soil aggregate stability-A literature analysis[END_REF], and we also observed indications of this positive connection in this study (Figure 4a). Considering 
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The data that support the findings of this study are openly available in "figshare" at 10.6084/m9.figshare.19762114.

also the quantity, type and quality of the organic fertilizer may hence provide a better picture of the relative importance of organic fertilization on SOC storage in future studies.

Our results suggest that the sensitivity of SOC and aggregate stability to management practices is strongly regulated by pedoclimatic conditions (Figure 6). For instance, SOC stocks and soil aggregation appeared to be particularly sensitive to differences in management intensity, crop diversity and crop cover in lessarid contexts (aridity <0.48), while no significant relationship was found under dryland conditions (aridity >0.48). In this study, we found a higher proportion of silt and clay associated SOC with increasing aridity values (Figure 2), thus likely contributing to the lower impact of management practices on this carbon pool. In less arid conditions, on the other hand, the potential for a build-up of SOM through physical protection in soil macro-aggregates appeared to be higher. Macro-aggregate-mediated stabilization of SOM has been identified as a major pathway for the build-up of SOC [START_REF] Guest | Soil macroaggregation drives sequestration of organic carbon and nitrogen with three-year grass-clover leys in arable rotations[END_REF][START_REF] Six | Soil macroaggregate turnover and microaggregate formation: A mechanism for C sequestration under no-tillage agriculture[END_REF]. However, macroaggregates and their associated SOC such as particulate organic carbon are also highly susceptible to management [START_REF] Six | Soil macroaggregate turnover and microaggregate formation: A mechanism for C sequestration under no-tillage agriculture[END_REF] and other factors of global change [START_REF] Rocci | Soil organic carbon response to global environmental change depends on its distribution between mineral-associated and particulate organic matter: A meta-analysis[END_REF]. Therefore, we conclude that in European nondryland regions, where the climatic potential for C storage as well as the susceptibility for SOC losses appear to be largest, the protection and aggregate-mediated build-up of SOC through appropriate soil management is crucial regarding climate change mitigation goals.

| CON CLUS ION

In this study, we assessed the relative importance and interactions of climatic factors, soil properties, and management practices on soil aggregate stability and SOC storage across European agricultural soils. We found that soil properties and climate strongly regulate SOC storage and structure and that these soil properties respond to gradients in aridity and temperature in a nonlinear way. Most importantly, we provide evidence that the observed threshold-like behavior of soil aggregate stability and SOC stocks influences the impacts of soil management (i.e., land use and cropping practices) on these variables. While care should be taken in the interpretation and extrapolation of proposed aridity thresholds to other ecosystems or regions, this study highlights that agricultural management goals and practices should be tailored to the biogeographic context to make use of the potential of soils to serve as C sinks and, thus, to fulfill their potential to mitigate ongoing climate change.

ACK N OWLED G M ENTS

We are thankful to all the farmers and farm managers for allowing us to sample their fields and for completing our detailed questionnaires. We also thank Alain Held, Andrea Bonvicini, Susanne Müller, Shuai Zhao, Vincent Somerville, Andri Brugger, Orlando Scholz, David Bugmann, Robin Heiz, Benjamin Seitz, and Miriam Roser from the Plant-Soil Interactions Group at Agroscope for help with both