Combining field measurements and process-based modelling to analyze soil tillage and crop residues management impacts on crop production and carbon balance in temperate areas
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Abstract  
Crop residues management is an important issue in the context of climate change. They might be kept on the field and restituted to the soil to enhance its fertility or exported for other uses such as the production of energy through biomethanization. Furthermore, the choices regarding tillage operations  impact the potential to incorporate residues, which in turns affects soil physical (e.g. structure, water retention), biological (e.g. organic matter, microorganisms) and chemical (e.g. nutrient release through mineralization) fertility. We combined measurements from a 14-year field experiment in the Hesbaye loamy region of Belgium and its simulation with the STICS soil-crop model to investigate the impacts of soil tillage and crop residues management on crop production, soil characteristics and carbon balance. Four treatments were compared, where all combinations of the incorporation versus exportation of crop residues and conventional versus reduced tillage were tested. The comparison of field observations with model simulations proved that the STICS model is adequate to explore the impacts of such contrasted management. The combined analysis of field data and soil-crop model outputs showed that crop production was positively influenced by conventional tillage but unresponsive to crop residues fate. Reduced tillage led to a clear stratification in observed SOC content in the topsoil (0-30 cm), but also to an increase in simulated SOC stocks (0-26 cm). This SOC gain led to greater water retention under reduced tillage. Moreover, in both tillage treatments, incorporating residues increased soil organic carbon despite the associated augmentation in soil heterotrophic respiration. Finally, the importance of environmental conditions in carbon balance suggests that crop modelling might be very useful to explore the impacts of soil tillage and crop residues management in specific agro-pedoclimatic contexts, especially when facing climate change.
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Introduction
Soils are known to store more than twice as much carbon as is contained in the vegetation or the atmosphere (Bellamy et al., 2005). Increasing soil organic carbon (SOC) is seen as a challenging but promising way to mitigate the increase in atmospheric CO2 concentration and thus attenuate climate change (Martin et al., 2021). However, soils emit through autotrophic and heterotrophic respiration 10 times more CO2 into the atmosphere than human activities (Basile-Doelsch et al., 2020). Moreover, records indicate that global soil respiration increased between 1989 and 2008 with a global Q10 response to air temperature of 1.5 (Bond-Lamberty and Thomson, 2010). SOC is also the most often reported indicator from long-term studies of soil quality and agronomic sustainability, because of its additional impact on other physical, chemical and biological indicators, including soil quality, water filtration, erosion control and nutrient cycling (Basso et al., 2006; Fujisaki et al., 2018).
Tillage has important impacts on soil-crop-atmosphere carbon cycles. Soil tillage is sometimes reported as a significant historical cause of SOC losses and a driver of the increase in atmospheric CO2 in the past decades (Lal, 1997; Lal, 2004). Yet its precise impact on SOC is still unclear as it depends on climate and soil characteristics (Luo et al., 2010; Powlson et al., 2014; Meurer et al., 2018; Ogle et al., 2019; Mary et al., 2020; Sun et al., 2020). It is also widely reported that differences in C inputs are more important than differences in tillage systems in determining changes in SOC stocks (Virto et al., 2012; Martin et al., 2021). The fate of crop residues, that might be left on the field and incorporated into the soil with conventional or reduced tillage, or which can be exported e.g. for animal fodder or bioenergy production, is therefore critical. But its impact on soil heterotrophic respiration is not clear, with driving variables subject to high variability in both space and time (Buysse et al., 2013).
Davis et al. (2010), investigating the variations due to tillage practices in Net Ecosystem Exchange with eddy covariance towers, showed that spatial variation was greater than treatment effects and that large numbers of replicates were necessary to address this spatial variability. Because of such variability in soil tillage and crop residues management responses, crop modelling appears as a relevant tool to complement field experiments. Process-based soil-crop models allow the prediction of SOC dynamics in the long term across a range of land use, management and pedoclimatic conditions (Stockmann et al., 2013; Campbell and Paustian, 2015; Clivot et al., 2019: Morais et al., 2019). Investigating contrasted scenarios for improved agricultural circularity, related to e.g. straw-manure exchange or bioenergy production, requires trustworthy simulations of crop residues management in their effects on SOC, such as performed by Stella et al. (2019). Yet modelling approaches are still a challenge (Ogle et al., 2010), and there is a need for finer predictions of potential SOC changes related to tillage and residues management, as well as more detailed analyses of the amount of respired C versus the C which is effectively transferred to soil (Stockmann et al., 2013).
In this paper, we compare two different crop residues treatments (incorporation or exportation) and two different tillage techniques (conventional or reduced), combined to form four different treatments. To this end, we used a 14-year field experiment in Gembloux (Belgium – Hiel at al., 2018) and its simulation with the soil-crop model STICS (Brisson et al., 2009). The crop rotation included five different crops which are very common in the Belgian region of Hesbaye with loamy soils and temperate climate. The objectives of this study were (i) to extend the analysis initiated by Hiel et al. (2018) on the observations made between 2008-2015 about the impacts of the combination of tillage and residues management to the whole dataset 2008-2021, (ii) to assess the ability of the soil-crop model STICS to reproduce the results and trends observed on the field, and (iii) to investigate further the drivers of the variability between the four management treatments, and establish how their carbon budget (respiration, photosynthesis and Net Ecosystem Exchange) is impacted.
Material and Methods
 Field trial
The field experiment is situated on the experimental farm of Gembloux Agro-Bio Tech, University of Liège, in Belgium (50°33’49.6’’N, 4°42’45.0’’E). The soil is a Cutanic Luvisol (IUSS Working Group WRB, 2014), containing 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 average annual precipitations of 819 mm and average annual temperature of 9.8°C. Further details about soil and climate are available in Hiel et al. (2018).
The field was designed as a Latin square with four replications, each plot measuring 40m long and 15m large. The experimentation compared two different management practices: (i) the type of tillage: conventional (CT) or reduced (RT), and (ii) the restitution (IN) or the exportation (OUT) of crop residues. The combination of these practices led to four modalities: CT-IN, CT-OUT, RT-IN and RT-OUT. In all treatments, CT and RT, stubble breaking (10 cm depth) was performed following cereals harvests, but in CT treatments, ploughing was also executed (25 cm depth). In the IN treatments, stubbles and straw were left on the field after harvest whereas in the OUT treatments, only stubbles remained. The 14-year experiment comprised winter wheat, rapeseed, sugarbeet, maize, faba bean and mustard cover crops, sown and harvested at the same dates for all treatments. Fertilization was also similar in all treatments, and for all of them, on the 1st September of 2016, 30 T ha-1 of cattle manure was spread. Relevant information for the crop model regarding the crop management is detailed in Table A1. It includes data related to the restitution or exportation of crop residues, soil tillage, stubble breaking, sowing, nitrogen fertilization and harvest. Other aspects of crop management (pesticides, brand of material used, etc.) are detailed in Hiel et al. (2018).
[bookmark: _Hlk157695060]During the 2008-2021 period, three types of data were regularly collected: crop growth, yields and soil organic carbon. During the 2009-2015 period - analyzed in Hiel et al. (2018) - experimental data included dynamic measurements of shoots and grain yield elaboration, determination of crop residues amount and mineral content, as well as multiple soil sampling on which mineral and organic compositions were characterized. Soil sampling was performed twice a year (around April and October) at 0-10, 10-20 and 20-30 cm depths. The SOC content in 0-30 cm depth was computed through a simple average of the SOC contents in 0-10, 10-20 and 20-30 cm depths, as no density data were measured for each horizon. Since 2016, only final yields were measured and annual soil sampling were performed. Further details about sampling methodology within each replicate are presented in Table A2 as well as in Hiel et al. (2018).
 The STICS soil-crop model (v10)
2.2.1 Overview
[bookmark: _Hlk157592623]STICS (Simulateur mulTIdisciplinaire pour les Cultures Standard in French) is a daily soil-crop model with input variables relating to climate, soil and the cropping system which gives as outputs variables both agronomic (e.g. biomass and yield) and environmental (e.g. SOC, soil water and nitrogen, etc.) (Brisson et al., 2009). Its process-based approach allows to provide a deep understanding of the links between different physiological mechanisms, and how they are impacted by contrasted pedo-climatic conditions or human management. 
2.2.2 Tillage simulation
Tillage in STICS mixes the newly added organic residues and remixes the previous residues which are decomposing, homogenizing C-N pools, water and mineral N content in a given soil layer specified by the user. It also modifies the environmental conditions of decomposition such as temperature, soil water content, porosity and mineral N availability.
To simulate the impact of tillage on soil bulk density, we applied two different simulation schemes in CT and RT. Because bulk density is uniformized in CT by frequent tillage operations, it was considered as constant and set at 1.3 g cm-3 for the 0-30 cm layer, based on initial observations. On the opposite, bulk density is known to stratify under decreasing disturbance and increasing SOC concentration (Fowler et al., 2023; Schlüter et al., 2018). These changes in bulk density were implemented using the fragmentation and compaction formalisms in STICS model (Beaudoin et al., 2022). The fragmentation STICS formalism allows to define distinct resulting bulk densities after chiselling or ploughing operations, whereas the compaction formalism permits to simulate an increase in bulk density as a consequence of sowing and harvesting operations. Therefore we considered that chiselling operations in RT reduced the bulk density to 1.1 g cm-3 on the tilled layer (0-10 cm), in coherence with Fowler et al. (2023), whereas compaction increased it to 1.5 g cm-3 on the 10-30 cm soil horizon after 4 years of experiment (Schlüter et al., 2018; Krauss et al., 2022). In order to convert simulated SOC stocks into contents and allow comparisons with observed SOC contents, as the model outputs do not differentiate SOC within the humified sub-horizons and only considers one main horizon (0-26 cm), we used an average bulk density of  1.3 g cm-3 to convert both CT and RT values. This value is inherently coherent for CT treatment, and is consistent for RT considering that bulk density is lower in the upper tilled layer, where SOC content is the greatest (and vice-versa for the deeper horizons).
2.2.3 Crop residues simulation
[bookmark: _Hlk168562286]	STICS simulates the decomposition of the different crop residues and their humification due to microbial activity. Mineralization is assumed to occur down to a certain depth which must be equal to or slightly greater than the maximum ploughing depth, since several studies suggest that the contribution of lower layers to total mineralization is small (Beaudoin et al., 2022). It is recommended for the STICS model to set the parameter expressing the maximal depth with an active biological activity as equal to or 10% greater than the ploughing depth (Beaudoin et al., 2008; Mary et al., 1999; Ravelojaona et al., 2023). Since the maximal ploughing depth is 25 cm, and that, on the field trial, the presence of the plough sole is confirmed to be found around this approximative depth (Figure A1), we set this parameter expressing the biologically active layer at 26 cm (for both treatments CT and RT since we simulate them since the initialization of a contrasted tillage). The fate of crop residues, either left on the field (the whole plant, or only the straw or stubble) or exported, is also a parameter of the model.
	The decomposition of crop residues left as mulch on the ground is simulated by considering that it is composed of two layers: (i) the upper one, which is above the soil and does not decompose yet; and (ii) the lower one, assumed to be in direct contact with the soil. Decomposition rates were fitted on incubation experiments and are function of crop residues C/N ratio.  
	In STICS, the presence of mulch residues has an impact on several soil physical conditions. It (i) reduces water surface runoff, (ii) intercepts water, (iii) reduces direct soil evaporation, depending on the proportion of soil covered by the mulch (which is related to its quantity), and (iv) modifies both crop and soil temperatures, with a modification of the surface albedo and an impact on energy balance.
2.2.4 Carbon balance
The STICS model allows to compare SOC stocks over the biologically active soil layer where mineralization occurs (0-26 cm) (Beaudoin et al., 2022).
To be complete, in addition to SOC analysis, the evaluation of carbon balance must investigate carbon atmospheric fluxes such as respiration, photosynthesis and Net Ecosystem Exchange (NEE). Following the methodology of Delandmeter et al. (2023), we derived from STICS model simulations (i) Gross Primary Productivity (GPP) from the autotrophic respiration and from the Net Primary Productivity, which was itself computed as the C increase in the aboveground and belowground parts of the plant; (ii) autotrophic respiration (AR) by separately considering maintenance respiration (MR; computed from plant biomass and plant nitrogen concentration) and growth respiration (GR; calculated as a fixed fraction of the available carbon for growth (GPP-MR)), (iii) heterotrophic respiration (HR) from the mineralization of residues and organic matter, and (iv) the NEE from the sum of GPP, AR and HR.
 Crop model parameterization and validation
2.3.1 Parameterization
For this study, we used the standard version v10 of STICS (Beaudoin et al., 2022). Soil parameters initializing the simulations originated from observations used to define a standard profile. Key parameters for soil initialization, global and related to each soil layer, are described in Table A3. For the plants, we used the standard parameters files provided with STICS v10, which were validated on the extensive and diversified datasets from which the STICS core team assesses any improvement made to the model formalization (Beaudoin et al., 2022). Few minor parameters were modified from standard values for faba bean (M. Launay, personal communication - based on distinct field experiments) and for winter wheat (based on authors’ previous studies conducted in similar pedo-climatic contexts - Delandmeter et al., 2023; Dumont et al., 2015; Artru et al., 2018).
Technical itineraries were parameterized to simulate the exact crop management of the field experiment, detailing sowing depth and seed density, nitrogen fertilization, stubble breaking, soil tillage, harvest date, etc. (Table A1). 
2.3.2 Validation
In order to evaluate the accuracy of the model simulations, we compared the simulations  and the observations . Based on field data availability, the target variables included the aboveground biomass, the yield of all crops but also specifically the yield of crops for which grains are harvested (wheat, maize, faba bean), the crop residues biomass and topsoil SOC contents.
Three different indicators were used to compare simulations and observations: the Root Mean Square Error (RMSE), the Model Efficiency (EF) and the Normalized Deviation (ND):



We considered the model to be adequate for a certain variable of interest if  and  (Beaudoin et al., 2008). 
[bookmark: _Hlk136355376]A graphical analysis based on RMSE decomposition between its systematic and unsystematic components (Willmott et al., 1981), initially proposed in Taylor (2001), was used to assess model global performance. These two components were calculated as follows:


with  the linear regression of observed versus simulated values. RMSE components were standardized to compare the goodness of fit between variables having different units. Coucheney et al. (2015) used criteria allowing to determine quality-indicator for simulation ranked in three categories: satisfactory, good or very good. 
 Statistics
Statistical analyses were performed using R Statistical Software (v4.2.1; R Core Team 2021). Analyses of variance (2-way ANOVA) were applied to assess the impact of tillage and residues management on crop and soil field measurements and model simulations. Shapiro-Wilk and Bartlett tests were previously executed to check the conditions of application of the ANOVA test. For soil organic carbon analysis, linear regressions were conducted, and one-tailed analyses of variance (ANOVAs) and least-square means were then performed in order to determine statistical differences with 95%-confidence.
Results and Discussion
 Overall model performance
[image: ]
Figure 1. Overall model performance using the graphical representation proposed in Taylor (2001) and Coucheney et al. (2015) that establishes criteria allowing to qualify an indicator simulation as satisfactory, good or very good. Shoot = aboveground biomass; Yield = yield of all crops; Grain = yield of crops for which grains are harvested (wheat, maize, faba bean); Residue = crop residues biomass; SOC = topsoil organic carbon contents. Shoot, grain and residue biomasses were only measured between 2009 and 2015, whereas other data concern the whole experimental period (2009-2021).
The model proved to be able to simulate very satisfyingly aboveground biomass and grain and to a lesser extent yields and crop residues biomass (Fig. 1). Soil NO3 content, as well as grain and residues N content, reinforced our confidence in the model ability to simulate the N cycle (Fig. A2). As shown on Fig. 2, biomasses were globally slightly overestimated (ND = 10%), but no clear difference in simulations quality was observed between treatments (Table A4 and Fig. A3). It is interesting to note that the model was globally better at simulating conventional tillage in comparison to reduced tillage, especially for the yields of sugarbeet and maize. Globally, we see on Fig. 1 that, except for SOC and yields simulated under RT treatment, the RMSE is dominated by its unsystematic component, indicating that model errors relate to data dispersion rather than to a systematic bias in the model (Willmott, 1981; Coucheney et al., 2015). Hence the STICS model appears to be adequate for investigating the impacts of crop residues management on crop production within diversified crop rotations under temperate climate conditions. However, concerning SOC content, simulations were not qualified as satisfactory based solely on model efficiencies and RMSE components, according to Fig. 1; yet further sections of this manuscript will be dedicated to the overall analysis of SOC trends. 
[image: ]
Figure 2. Comparison between observed and simulated aboveground biomass (period 2009-2015).
 Biomass and yield
Analysis of field data over the period 2009-2021 showed that the observed cumulative crop yield of the rotation was significantly influenced by tillage but not by crop residues fate (Table A5). This confirms earlier findings reported by Hiel et al. (2018) over the period 2009-2015. Similar conclusions were also drawn by Brennan et al. (2014) and Young et al. (2021). The cumulative yield measured in the field experiment from 2009 to 2021 was higher under conventional than reduced tillage (+6.07% of RT total production). Another study performed on the same experiment suggested that this might notably be due to greater weed pressure in the RT treatment (Lacroix et al., in prep).
[bookmark: _Hlk136356473]The comparisons of simulated yields (Fig. 3) and simulated shoot biomasses (not shown) across treatments led to the same conclusions than field measurements. From the model perspective, it can be  concluded that CT leads to a global yields increase of 17.38% compared to RT total production. The difference was greater with simulated data than for observations (Fig. A4). This was mainly due to the model underestimation of some yields under reduced tillage: sugarbeet and maize yields were slightly underestimated by model simulations but they had a greater importance in total production when expressed in tons per hectare. 
[image: ]
Figure 3. Cumulated yields comparison from simulations for the whole period 2008-2021.
The observed yield loss associated to reduced tillage did not significantly differ between crops (p = 0.68), despite Van den Putte et al. (2010) reviewed a greater loss for maize and to a lesser extent winter wheat compared to root and tuber crops. While Knapp and van der Heijden (2018) indicated that yield stability does not differ between no-till and conventional tillage, the negative impact of reduced tillage on yields under humid climatic conditions was already reported in many studies with losses ranging up to 30% (Van den Putte et al., 2010; Pittelkow et al., 2015b; Sun et al., 2020). Pittelkow et al. (2015b) reported that such a negative impact could be minimized with residue retention on the field. 
No significative difference was found between crop residues fates either in measured yields (except for winter wheat in 2010-2011; Table A5; Hiel et al., 2018) nor in simulations (0.4% of difference between yields in IN and OUT treatments). However, one must be vigilant to the risk of nitrogen deficiency that might happen when incorporated crop residues are particularly rich in carbon content as it is the case within cereal-based cropping systems. Generally speaking, this highlights the importance of a proper and coherent crop rotation management, as advocated in Pittelkow et al. (2015b) or Sun et al. (2020).
 Soil organic carbon
3.3.1 Topsoil organic carbon content
[bookmark: _Hlk136504004]After 14 years of experiment, there was a strong differentiation on the field between tillage treatments in the 0-10 cm and 20-30 cm soil layers (Fig. 4b and 4d). Reduced tillage concentrated SOC in the upper soil layer, leading to a higher SOC content in the 0-10 cm layer compared to conventional tillage, but this resulted in lower SOC content in the 20-30 cm. Conversely, ploughing at 25 cm incorporates the organic matter in the lower layer and uniformizes the SOC content over the whole ploughed layer. These observed impacts of tillage on the distribution of SOC across the profile, with a concentration of SOC within the topsoil associated with a continuous SOC depletion in the undisturbed lower soil layers, almost make consensus and were reported in studies investigating reduced tillage or no-till techniques (Clapp et al., 2000; Lopez-Fando and Pardo, 2001; Hernanz et al., 2009; Luo et al., 2010; Powlson et al., 2014; Ogle et al., 2019; Mary et al., 2020).
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Figure 4. SOC field measurements for different soil profiles. For each measurement date, stars represent significant differences between tillage management (ANOVA, p-value < 0.05) and crosses represent significant differences between residues management (ANOVA, p-value < 0.05). 
No significant difference in measured soil organic carbon content over the whole 0-30 cm profile was observed between tillage management or crop residues fate (Fig. 4a). But the SOC evolution between 2009 and 2018 suggests contrasted trends (p = 0.06 for tillage and p = 0.1 for residues management). We therefore decided to compare linear regressions across years over the successive SOC contents observed or simulated (Fig. 5). As the STICS model only accounts for the simulation of organic carbon over the whole humic soil profile, linear regressions were performed over the whole topsoil profile both for the observed (solid lines) and simulated data (dashed lines). The results of regressions, conducted on the period covered by field observations, are detailed in Table A6.
Results show a clear differentiation in global trends (p < 0.05 for both tillage and residues management when comparing regression slopes) both under observations and simulations. In the CT treatment (Fig. 5a), incorporation of crop residues into the soil slightly increased SOC content, whereas exporting them decreased it. In the RT treatment (Fig. 5b), the difference between residues managements was smaller; an augmentation of SOC content was observed in both cases but greater when crop residues were incorporated into the soil.
The STICS model globally proved to be able to simulate topsoil organic carbon contents under contrasted soil tillage and residues management. For each treatment, linear regression slope obtained from simulated SOC contents did not significatively differ from the one obtained from observations (p > 0.05). This suggests that, in our pedoclimatic conditions, the model is able to capture the impacts of the different treatments on topsoil SOC content. Yet we observed that simulating accurately SOC contents under reduced tillage required to account for a dynamic simulation of soil bulk density within the topsoil layer, by distinguishing the tilled (0-10 cm) and the underneath (10-30 cm) layers (cfr Section 2.2.2 of Material and Methods). This was made possible thanks to the last evolutions of the STICS model, which now internally computes SOC at a 1 cm scale and not anymore for the whole biologically active layer as one global pool only, allowing to investigate reduced tillage or no-till management. Yet this finding points to a potential limitation of the STICS model when no granular data on soil bulk densities are available. As suggested by Fowler et al. (2023), we therefore underline that one must be particularly attentive to bulk density parameterization when simulating such systems with contrasted tillage management. The STICS model could also be enhanced by allowing to distinguish the maximal soil depth at which mineralization occurs and the depth of SOC outputs. Indeed, in its current version, STICS outputs SOC content at this same biologically active profile depth, which we set at 26 cm as explained in Material & Methods since (i) the field is ploughed since many years at around 25 cm, (ii) the plough sole is known in the field trial to be around 26 cm (Fig. A1), and (iii) literature using the STICS model confirmed that this parameter should be equal to or 10% greater than the ploughing depth (Beaudoin et al., 2008; Mary et al., 1999; Ravelojaona et al., 2023). We tried setting this parameter at 30 cm, since it is a standard observation depth and in order to allow an easier comparison with field SOC measurements, but it appeared to be unsuitable for a proper simulation in this particular case study. Moreover, since modifying soil bulk density has an influence on SOC stocks and volume, it could be interesting to allow a dynamic simulation of the biologically active profile depth (profhum parameter). We believe that it might be appreciable for STICS to allow for a finer-grained stratification of soil organic matter over the different soil horizons. In the same direction, current work for enhancing the simulation of rooting systems with STICS is made, such as initiated in Strullu et al. (2020), and will be valuable for improving carbon inputs estimations.
[image: ]
Figure 5. Topsoil organic carbon content dynamics under a) conventional tillage and b) reduced tillage, with incorporation of residues (red) and exportation (blue). Field observations are indicated by points, simulations are represented by a curve. The straight lines represent the linear regressions of observations (solid lines) and simulations (dotted lines).
3.3.2 Simulated carbon sequestration
[bookmark: _Hlk157691396]Once the observations proved the model to be valid for simulating SOC contents, we investigated the impacts of soil tillage and crop residues management on carbon sequestration by comparing simulated SOC stocks over the 0-26 cm profile. As in Fig. 5, we analyzed simulated SOC stocks dynamics by comparing linear regressions (Fig. A5). Regressions results are detailed in Table A7.
Firstly, due to the resulting greater amount of C inputs, the incorporation of residues proved to increase carbon sequestration in topsoil (p < 0.05), in accordance with wide literature (Jacinthe et al., 2002; Smith et al., 2008; Hiel et al., 2016; Abbas et al., 2020; Mary et al., 2020).
The increase in SOC was found to be even more important when combined with reduced tillage. The significative (p < 0.05) impact of tillage on the simulated SOC stocks over the topsoil (0-26 cm) profile is consistent with several studies (Lal, 2004; Smith et al., 2008; Ogle et al., 2019; Sun et al., 2020; Young et al., 2021). However, the global SOC increase with reduced tillage is far from being universal and depends upon climate and soil characteristics (Luo et al., 2010; Powlson et al., 2014; Meurer et al., 2018; Ogle et al., 2019; Mary et al., 2020; Sun et al., 2020). 
 Simulated soil water and nutrients
Crop simulations allow to complement field observations by investigating the drivers of yields and SOC between treatments. As proposed in Alvarez and Steinbach (2009), we compared the effect of crop residues management on simulated water and nutrients availability around two critical moments: sowing and flowering. We found that these soil indicators, averaged over the 10-days period around sowing/flowering, were significantly correlated with yields (Table 1). Greater nutrient availability was associated to a yield increase, whereas greater soil water content was found to increase the final yield when observed at sowing but to decrease it when observed at flowering. Indeed water availability in surface soil is determinant at early crop stages for plant development, but at flowering stage, roots can uptake water from deeper soil layers (Alvarez and Steinbach, 2009). 
No clear effect of crop residues fate (IN/OUT) was found in our case study, neither on water content nor soil N content (Table 1). We believe that our field experiment has not been implemented over a sufficiently long period for the contrast in SOC content to lead to significative differences in soil water content. Concerning soil N content, Hiel et al. (2018) did neither measure any impact of residue treatment on the nitrate content on the same field experiment. Authors hypothesized that the proportionally high amounts of mineral N fertilizer – following common practices in Belgium – completely dominate the effects of nitrogen coming from residues restitution. Yet the literature suggests that residue removal, by reducing soil organic matter levels, might decrease soils ability to retain water and increases evaporation (Blanco-Canqui and Lal, 2009).
Conventional tillage was found to report greater soil ammonium levels and, even if not significative, nitrate levels, whereas reduced tillage showed greater soil water contents over the first 0-30 cm horizon, at both sowing and flowering stages (Table 1 and Fig. 6a). This fully agrees with e.g. Alvarez and Steinbach (2009), Pittelkow et al. (2015a) and Blanco-Canqui and Ruis (2018) which found the same conclusions for the effects of tillage on soil water and nutrient contents. Concerning the latter, it is mainly explained by a difference in soil temperature over the first soil horizon, where mineralization occurs. Fig. 6b represents the cumulated difference in soil temperature, in 0-30 cm depth, between CT and RT. This cumulated difference is only computed during the days when soil temperature in CT is over 15°C, since it is the reference temperature above which organic matter (humus and organic residues) is mainly decomposed (Beaudoin et al., 2022). We see on Fig. 6b that, during warm days when most heterotrophic respiration occurs, soil temperature is higher in CT and increases mineralization. On the opposite, the influence of soil water content on the mineralization rate is much lower in STICS (Beaudoin et al., 2022). This explains the higher SOC stocks observed in RT, as well as the higher soil NO3 content in CT described above which leads to lower nitrogen stress in CT (Fig. 6d). This is also in agreement with Alvarez and Steinbach (2009) which reported that conventional tillage leads to greater nitrogen mineralization rates due to higher soil temperatures, disruption of soil aggregates and hence faster residues decomposition and nitrogen liberation, and therefore suggested that reduced tillage might lead to greater nitrogen fertilizer requirements.
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Figure 6. Simulated soil dynamics and arising stresses. a) Relative difference in Soil Water Content (SWC) (simulated SWC minus the SWC averaged over all four treatments at each day, divided by simulated SWC) in the soil horizon 0-30 cm; b) Cumulated difference in soil temperature (CT – RT) for the two residues managements, in the soil horizon 0-30 cm; c) Cumulated sum of stomatic water stress STICS indices 1-swfac (1-swfac = 0 indicating no stress; 1-swfac = 1 indicating a maximal stress); d) Cumulated sum of nitrogen stress STICS indices 1-inns (1-inns = 0 indicating no stress; 1-inns = 1 indicating a maximal stress).
In STICS, the greater water retention under reduced tillage is mainly due to the runoff associated with a lower soil infiltrability under conventional tillage, and the disappearance of mulch just after tillage that changes the albedo of the soil-plant system (Brisson et al., 2009). Water content was found to be more affected by tillage management rather than by the incorporation or not of crop residues (Table 1 and Fig. 6a), in line with Bescansa et al. (2006). We see on Figure 6a that the difference between CT and RT is particularly high during the winter wheat season of 2017-2018. That winter was exceptionally wet, with heavy precipitations in December 2017 and January 2018 (respectively 151% and 130% of the monthly average of the experimental 14-year period), but only the treatments in reduced tillage succeeded to retain water.
[bookmark: _Hlk168670965]Globally, water stress episodes were rare during the investigated periods. This might explain why, as illustrated by the dynamics of water and nitrogen stresses on Fig. 6c and Fig. 6d, the greater soil content of water reported under RT did not translate into a positive difference in yields, conversely of soil N content that led to greater yields under conventional tillage.
	
	
At sowing
	
At flowering

	
	Water content [%]
0-30 cm
	Water content [%]
 30-60 cm
	NH4+
[kg ha-1]
0-30 cm
	NO3-
[kg ha-1]
0-30 cm
	Water content [%]
0-30 cm
	Water content [%]
 30-60 cm
	NH4+
[kg ha-1]
0-30 cm
	NO3-
[kg ha-1]
0-30 cm

	
Linear correlation between average water/ NH4+/ NO3- contents and yields



	
p-value
	
3.5 x 10-4 (**)
	
2.96 x 10-5 (**) 
	
5.67 x 10-5 (**)
	
0.08
(*)
	
0.01
(**)
	
1.23 x 10-3 (**)
	
0.07
(*)
	
0.035
(**)

	
Pearson correlation
	
0.41
	
0.47
	
0.46
	
0.31
	
-0.31
	
-0.39
	
0.16
	
0.18

	
Average water/ NH4+/ NO3- contents for each treatment

	
p-value
CT-RT
	
9.2 x 10-10 (**)
	
0.76
	
0.006
 (**)
	
0.16
	
1.42 x 10-4 (**)
	
0.52
	
0.073
(*)
	
0.99

	CT-IN

	14.84 b
	15.33 n.s.
	8.25 a
	18.61 n.s.
	14.17 b
	12.79 n.s.
	4.18 a
	22.12 n.s.

	CT-OUT
	14.44 b
	15.33 n.s.
	8.02 a
	18.16 n.s.
	14.18 b
	12.8 n.s.
	4.11 a
	22.09 n.s.

	RT-IN
	16.27 a
	15.15 n.s.
	5.86 b
	15.8 n.s.
	15.38 a
	12.57 n.s.
	3.5 b
	20.88 n.s.

	RT-OUT
	16.12 a
	15.32 n.s.
	6.37 b
	16.95 n.s.
	15.43 a
	12.87 n.s.
	3.6 b
	22.28 n.s.


Table 1. Soil water and nitrogen average contents. Each mean is computed over all seasons, at sowing (from 5 days before to 5 days after) and at flowering (from 5 days before to 5 days after). Pearson correlations and p-values indicate the strength and significance of the linear relationship between this soil indicator (soil water content or soil nitrogen mean at sowing or at flowering) and the yield (* = 90%-confidence, ** = 95%-confidence). The p-values CT-RT indicate the significance of the difference in soil indicators between CT and RT treatments. No significant difference was found between IN and OUT treatments.  n.s. = not significative.
 Simulated carbon fluxes
Modelling approaches appear as a suitable way to look at carbon fluxes (respiration and Net Ecosystem Exchange) to complete the investigation of the carbon balance.
On Fig. 7a, we see that the autotrophic respiration does not differ much between treatments and follows logically the hierarchy in biomass and yield productivity. Incorporating the crop residues (IN) led to a much greater overall heterotrophic respiration (+46% compared to the OUT treatment). Furthermore, the heterotrophic respiration was found to be greater in CT as compared to RT treatments (Fig. 7b). This led to the following hierarchy in total ecosystem respiration: CT-IN > CT-OUT > RT-IN > RT-OUT (Fig. 7c).
[image: ]
Figure 7. Respiration fluxes comparison, cumulated over the 2008-2021 period, for a) AR b) HR and c) RECO.
The greater heterotrophic respiration observed in IN treatments is directly linked to the greater amount of crop residues returned to the field, within which a main part of residue C is readily mineralized and returned to the atmosphere. Such results are in line with e.g. Zhang et al. (2021) which found a 90%-increase, and confirms the positive relationship between C inputs and soil respiration (Jacinthe et al., 2002; Vinther et al., 2004; Liu et al., 2006; Lehtinen et al., 2014; Zhang et al., 2021). SOC could also indirectly increase CO2 respiration by affecting soil characteristics such as the increase in soil moisture and soil temperatures and decreasing soil compaction (Zhang et al., 2021). 
In both crop residues fates, reduced tillage leads to lower total heterotrophic respiration, despite greater SOC, compared to conventional tillage. Few studies have been conducted to compare the influence of tillage on global soil respiration, and even fewer on heterotrophic respiration, since it requires either root exclusion methods, either modelling approaches. It was globally reported that both higher soil respiration and heterotrophic respiration levels are observed under conventional tillage compared to reduced tillage, mainly because of greater soil disturbance, lower soil water content and higher soil temperatures (Ussiri and Lal, 2009; Lu et al., 2010; Krištof et al., 2014; Rutkowska et al., 2018; Du et al., 2020; Young et al., 2021; Delandmeter et al., 2023).  Furthermore, Zhang et al. (2021) suggested that, when residues are exported, reduced tillage leads to lower soil respiration because of increased bulk density and decreased effective gas diffusivity. Conversely, under residue returning, they found greater soil respiration under reduced tillage due to the associated increases in stock and lability of SOC, indicating that the positive effect of RT on SOC might be sometimes counter-balanced by greater soil respiration.  
Globally, exporting residues (OUT) led to greater Net Ecosystem Exchange (Fig. A6) because of the combination of (i) lower ecosystem respiration due to its lower heterotrophic component, while (ii) similar autotrophic respiration and GPP were reported in comparison to IN treatments (Fig. 7). On the other hand, tillage management did not lead to significative difference in NEE, since lower ecosystem respiration (mainly heterotrophic) in reduced tillage (RT) was compensated by lower GPP as compared to CT.
Conclusions
The contrasted results gained across a range of plant- and soil-indicators show that advocating one soil tillage or crop residue management technique is not straightforward and depends not only on the agro-pedoclimatic context but also on the farm objectives. Conventional tillage appeared to yield better productivity, whereas reduced tillage led to better environmental performance such as carbon sequestration, water retention and lower soil respiration. One should therefore be cautious when comparing both managements and weigh the productivity by the concomitant environmental impact. In the same way, incorporating crop residues after harvest allowed to increase soil organic carbon without a significant impact on crop productivity. Yet the associated greater heterotrophic respiration reminds that it is primordial to also take into account greenhouse gas emissions, soil N2O emissions being predicted to increase as well with crop residues retention (Lehtinen et al., 2014). However, in Europe, when wheat straw residues are exported from the field, it is most often in exchange of manure or for biomethanization which produces sludges, which can both be re-imported to the agricultural system in a second time. This highlights the importance of comparing agricultural systems in their whole complexity, and if possible with the integration of socio-economic aspects. We also believe that long-term studies are necessary to take into account the evolution of soil fertility, considering that the change in soil organic carbon might have an impact on crop productivity in the long run (Basso et al., 2018).
The STICS soil-crop model was found to be adequate to investigate the different impacts of soil tillage and crop residues management on the carbon balance. It allowed to complement field observations with a granular analysis of the treatments effects on CO2 fluxes and soil water and nutrients. Yet further studies in other pedoclimatic conditions and with diversified cropping systems would be welcomed for validating the use of STICS in crop residues management investigation. Considering the above-mentioned need of long-term studies and that the effects strongly depend on the agro-pedoclimatic context (Pittelkow et al., 2015a; Sun et al., 2020), we believe that crop modelling might be very useful to explore innovative crop management in both historical and future climatic conditions.
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