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Crop response to soil management practices is driven by interactions among practices, crop species and soil type
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The impact of management practices on crop productivity has often been assessed. However, crop response to specific practices may vary as a function of soil type and other associated management practices. The objective of this study was to determine how interactions between tillage, fertilizer source, crop residue management, and pedoclimatic factors affected yield and N use efficiency (NUE) in a corn (Zea mays) -soybean (Glycine max) -spring wheat (Triticum aestivum) rotation in two contrasting soil types. A factorial experiment was conducted from 2009 to 2017, comparing moldboard plow [MB] vs minimum tillage [MT], five fertilizer sources (mineral control without nitrogen [PK], complete mineral fertilizer [NPK], liquid swine manure [LSM], liquid dairy manure [LDM] and solid poultry manure [SPM]), and two crop residue managements (retained [RR] vs harvested [RH]) on a silty clay and a sandy loam. In the silty clay, a positive effect of MT developed over time for all crop species, whereas MT had little effect on wheat yield, generally decreased

INTRODUCTION

Over the last two decades, 20% of global cropland showed persistent declining productivity (UNCCD, 2017). To face the challenge of feeding the world's growing population and ensure our resilience to climate change, the adoption of agricultural practices that simultaneously promote soil health and good crop yield is crucially needed [START_REF] Godfray | Food Security: The Challenge of Feeding 9 Billion People[END_REF]. Reduced tillage, retaining crop residues, and organic fertilization are considered as pillars of sustainable agriculture [START_REF] Hobbs | The role of conservation agriculture in sustainable agriculture[END_REF]. All these practices influence crop yields directly through their impact on soil water and nutrient availability, and indirectly through their effect on soil structure, organic matter formation and nutrient cycling. However, most of the available literature provides insights to the effect of agricultural practices considered individually. As cropping systems generally include combinations of practices, more field studies are required to better understand the net effect of combined practices on the productivity of cropping systems.

Even if no-till is known to improve soil health and resilience [START_REF] Sheehy | Impact of no-till and reduced tillage on aggregation and aggregateassociated carbon in Northern European agroecosystems[END_REF][START_REF] Verhulst | Conservation agriculture, improving soil quality for sustainable production systems[END_REF][START_REF] Zuber | Meta-analysis approach to assess effect of tillage on microbial biomass and enzyme activities[END_REF], only 7% of the world's arable land is under no-till management [START_REF] Kassam | The spread of Conservation Agriculture: justification, sustainability and uptake[END_REF]. This is partly attributable to the variable effects of no-till on crop yield as a function of crop type, climate and soil conditions [START_REF] Pittelkow | When does no-till yield more? A global meta-analysis[END_REF][START_REF] Toliver | Effects of No-Till on Yields as Influenced by Crop and Environmental Factors[END_REF]. At the global scale, no-till was found to reduce crop yield by 5.1% on average, relative to conventional tillage [START_REF] Pittelkow | When does no-till yield more? A global meta-analysis[END_REF]. In general, yields tend to decrease in the first years following notill implementation, but can increase considerably after 3 to 10 years [START_REF] Pittelkow | When does no-till yield more? A global meta-analysis[END_REF]. The adoption of reduced tillage practices and/or an enhanced nitrogen (N) fertilization could offset the negative effect of no-till on cereal yield [START_REF] Malhi | Effect of tillage and straw on yield and N uptake of barley grown under different N fertility regimes[END_REF][START_REF] Martens | Nitrogen cycling under different soil management systems[END_REF][START_REF] Van Den Putte | Assessing the effect of soil tillage on crop growth: A meta-regression analysis on European crop yields under conservation agriculture[END_REF]. However, under no-till, nitrogen use efficiency (NUE) is also influenced by other agricultural practices such as crop residue management [START_REF] Dalal | Soil Nitrogen and Nitrogen-Use Efficiency under Long-Term No-till Practice[END_REF][START_REF] Malhi | Effect of tillage and straw on yield and N uptake of barley grown under different N fertility regimes[END_REF].

Crop residues can either be returned to soil or harvested for other uses, such as livestock bedding or biofuel production [START_REF] Stumborg | Sustainability and economic issues for cereal crop residue export[END_REF]. Long term crop residue harvesting, however, can be deleterious to soil fertility by reducing organic matter inputs [START_REF] Warren Raffa | How does crop residue removal affect soil organic carbon and yield? A hierarchical analysis of management and environmental factors[END_REF] and soil organic matter (SOM) content, which negatively impacts soil physical, chemical and biological status [START_REF] Reeves | The role of soil organic matter in maintaining soil quality in continuous cropping systems[END_REF]. On the other hand, retaining crop residues in the field may have different consequences depending on placement. Under cool and humid conditions, a negative effect on crop yield is often reported where crop residues are left on the soil surface, because of waterlogging, lower soil temperatures, and/or enhanced pest infestation [START_REF] Cantero-Martı Ńez | Growth, yield and water productivity of barley ( Hordeum vulgare L.) affected by tillage and N fertilization in Mediterranean semiarid, rainfed conditions of Spain[END_REF][START_REF] Nyborg | Influence of long-term tillage, straw and N fertilizer on barley yield, plant-N uptake and soil-N balance[END_REF][START_REF] Turmel | Crop residue management and soil health: A systems analysis[END_REF].

Animal manure is an interesting substitute for mineral fertilizers because it can simultaneously promote crop yield [START_REF] Webb | An Assessment of the Variation of Manure Nitrogen Efficiency throughout Europe and an Appraisal of Means to Increase Manure-N Efficiency[END_REF], accumulation of organic matter in soils [START_REF] Aoyama | Protected organic matter in water-stable aggregates as affected by mineral fertilizer end manure applications[END_REF][START_REF] Maillard | Animal manure application and soil organic carbon stocks: a meta-analysis[END_REF][START_REF] Maillard | Carbon accumulates in organo-mineral complexes after long-term liquid dairy manure application[END_REF], and long-term soil fertility [START_REF] Mallory | Seasonal nitrogen availability from current and past applications of manure[END_REF][START_REF] Nyiraneza | Dairy Cattle Manure Improves Soil Productivity in Low Residue Rotation Systems[END_REF]Nyiraneza et al., , 2010a)). In fact, the manure organic N that is not mineralized in the year of application can accumulate in soil and lead to a residual N fertilizer effect [START_REF] Webb | An Assessment of the Variation of Manure Nitrogen Efficiency throughout Europe and an Appraisal of Means to Increase Manure-N Efficiency[END_REF]. Thus, manure NUE and the magnitude of its residual effect both depend on the chemical composition of manure, and on its mineralization rate, which is influenced by abiotic factors such as soil type and weather conditions [START_REF] Chantigny | Dynamics of Pig Slurry Nitrogen in Soil and Plant as Determined with N[END_REF][START_REF] Thomas | Mineralizable Nitrogen Responds Differently to Manure Type in Contrasting Soil Textures[END_REF][START_REF] Watts | Mineralization of Nitrogen in Soils Amended with Dairy Manure as Affected by Wetting/Drying Cycles[END_REF][START_REF] Webb | An Assessment of the Variation of Manure Nitrogen Efficiency throughout Europe and an Appraisal of Means to Increase Manure-N Efficiency[END_REF].

In addition to the interactions among agricultural practices, soil type and weather conditions can also explain a considerable part of the variability in crop yield [START_REF] Malhi | Tillage, nitrogen and crop residue effects on crop yield, nutrient uptake, soil quality, and greenhouse gas emissions[END_REF][START_REF] Nyborg | Influence of long-term tillage, straw and N fertilizer on barley yield, plant-N uptake and soil-N balance[END_REF]. We further hypothesize that yield responses to a specific combination of agricultural practices vary with crop species. Long-term studies are necessary to further our understanding of responses of different crop species to combinations of agricultural practices as a function of soil type, and weather conditions [START_REF] Dimassi | Long-term effect of contrasted tillage and crop management on soil carbon dynamics during 41 years[END_REF][START_REF] Pittelkow | When does no-till yield more? A global meta-analysis[END_REF]. To our knowledge, there has been no study considering the combined effects of soil tillage, residue management and fertilizer source on two contrasting soil types. The main objective of this study was to determine how interactions among these management practices affected the agronomic performance (yield and NUE) of a spring wheat -corn -soybean rotation depending on soil type.

MATERIALS AND METHODS

Experimental Site and Treatments

The experimental site is located at the Laval University agronomic research station in St-Augustinde-Desmaures, near Quebec City, Canada (46°44´ N, 71°31´ W). It consists of two field sites located 0.9 km apart on two contrasting soil types: a poorly drained silty clay soil (432 g kg -1 clay, 163 g kg -1 sand, 35 g C kg -1 , and 2.7 g N kg -1 ) and a moderately to well-drained sandy loam soil (170 g kg -1 clay, 680 g kg -1 sand, 19 g C kg -1 , and 1.5 g N kg -1 ). These soils are classified as mixed frigid dystric eutrudept and mixed frigid typic dystrudept, respectively (Soil survey staff, 1994).

The two soils had been under annual crop rotations before plot establishment and were both cropped to silage corn in 2008.

In autumn 2008, experimental plots were delineated and arranged as a randomized complete block factorial design with split-split-plot restriction and three replications. Plots were cropped to spring wheat in 2009 and 2010, and to a corn-soybean-wheat rotation from 2011 to 2017. Detailed agronomic practices are presented in Table S1. Fertilizer treatments were based on crop N requirements, and N rates were based on local recommendations corresponding to the minimum N rates recommended for wheat (90 kg N ha -1 ), corn (120 kg N ha -1 ), and soybean (0 kg N ha -1 ) for the region of study [START_REF] Craaq | Centre de reference en agriculture et agroalimentaire du Quebec)[END_REF]. In the NPK treatment, N was applied as calcium ammonium nitrate (27-0-0). The application rates for the manures were calculated considering that 80% of manure total N is available to crop [START_REF] Craaq | Centre de reference en agriculture et agroalimentaire du Quebec)[END_REF]. In 2013, the N availability was adjusted to 70% for LDM [START_REF] Craaq | Centre de reference en agriculture et agroalimentaire du Quebec)[END_REF]. Application rates for P (triple superphosphate (0-46-0)) and K (potassium chloride (0-0-62)) in the PK and NPK treatments were also based on local recommendations. Phosphorus rate was adjusted for initial soil P content (Mehlich 3 extraction, 233 kg P ha -1 and 127 kg P ha -1 for sandy loam soil and silty clay soil, respectively) [START_REF] Craaq | Centre de reference en agriculture et agroalimentaire du Quebec)[END_REF][START_REF] Craaq | Centre de reference en agriculture et agroalimentaire du Quebec)[END_REF]. Manure treatments contained enough P and K and were not supplemented with inorganic P or K fertilizers. Fertilizer treatments were not applied on soybean years because both soil types contained enough phosphorus and potassium to meet soybean needs. Crops were planted in the spring on the day of fertilizer application, after harrowing. Seeding rate and row spacing were adjusted as a function of crop type and cultivar or hybrid selected (Table S1). The crops were planted as soon as possible considering yearly soil and weather conditions and were harvested at grain maturity. Herbicides were applied based on weed spectrum and on suppliers' labels. Treatments typically included broadleaf and grass herbicide for wheat and one post-emergent broad-spectrum herbicide (glyphosate) for soybean and corn.

Monthly precipitation and temperature were taken from Environment and Climate Change Canada weather station located at about 11 km of the experimental site (Table S2).

Sampling and Analyses

Manures

Each spring, raw LDM was collected from an earthen concrete storage tank on a dairy farm, after about six months of storage. The LSM came from a commercial farrow-to-finish operation and was usually collected in the holding tank in the pig barn. Fresh SPM was obtained from a commercial broiler operation and included bedding material composed of wood shavings. Each effluent was subsampled and analyzed for total N content (Kjeldahl digestion) to determine N application rates.

On each application date, a composite subsample of each manure type was taken for detailed analyses. The pH of LDM and LSM was measured by direct reading with a glass electrode, whereas distilled water was added to SPM (10:1, water:SPM ratio) before reading with the electrode. Total N and P concentrations were determined by Kjeldahl acid digestion and measurement of NH4 and PO4 concentrations using an automated continuous-flow colorimeter (QuickChem 8000 FIA+; Lachat Instruments, Loveland, CO) [START_REF] Chantigny | Gaseous nitrogen emissions and forage nitrogen uptake on soils fertilized with raw and treated swine manure[END_REF]. The mineral N content of manures was determined by shaking 5 g of fresh manure with 125 mL of 1 mol L -1 KCl for 60 min. The extract was filtered through prewashed (1 mol L -1 KCl) Whatman #42 filter paper, and the NH4 and NO3 + NO2 concentrations were measured using the same colorimeter. A subsample (200-250 mL) of each manure type was lyophilized to measure dry matter (DM) and total C concentrations.

Manure subsamples were frozen at -20°C and transferred to a freeze-drier (Model FreeZone Plus 4.5 L, Cascade Freeze Dry Systems, Labconco Corp., Kansas City) set at -84°C and 0.12 mBar vacuum until complete dryness. Dry matter was determined as the weight of materials remaining after freeze drying, and total C was measured on the lyophilized material by dry combustion (Model TruMac, Leco Corp., St-Joseph, MI, USA). Chemical and physical characteristics of the manures are provided in Table S3.

Crop yield and NUE

Plants were harvested at maturity using a small-plot harvester (Classic 2004, Wintersteiger, Ried, im Innkreis, Austria) for wheat and soybean, and by hand for corn. All aboveground material was removed from the plots. Grains were separated from vegetative parts and weighed separately to determine grain and residue yield. A 500-g subsample of residue materials was taken to determine DM content after drying at 55°C for 3 days, and data are presented on a 100% DM content basis.

The rest of residue materials was returned to and evenly distributed on the RR plots; residues were not returned to RH plots.

Grain water content was measured on a 250-g winnowed subsample, and grain yield was corrected for water content (13.5% for wheat, 15% for corn and 13% for soybean) using a moisture meter (Model 919, Labtronics, Trois-Rivières, QC, CA). Crop N use efficiency (NUE) was calculated to better illustrate the fraction of the applied N that was absorbed by the plant and converted to grain.

The NUE, also referred to as the agronomic efficiency [START_REF] Woli | Corn era hybrid response to nitrogen fertilization[END_REF], was calculated as follows:

grain yield (kg m -2 ) obtained with N source -grain yield (kg m -2 ) obtained with PK, divided by the total N applied (kg m -2 ) with the N source.

Univariate Statistical Analysis

Statistical analysis was performed with the mixed procedure of Statistical Analysis System (SAS Institute, 2017). A combined (two sites with contrasting soil texture) factorial ANOVA model was used with year as a repeated measure to consider the interactions between soil types, treatments and years. The responses of each crop type were assessed separately. Blocks were considered as a random factor while soil tillage, N source, residue management, soil type and production year were considered as fixed effects. Production year was included as a fixed repeated measure to account for the cumulative effects of treatments over time. Variance-covariance matrix was chosen to minimize the Akaike criterion, and the Kenward-Roger method was used to calculate the degrees of freedom. Homogeneity of variance was verified through the analysis of residuals. The results of these statistical tests were declared significant at P ≤ 0.05. Wheat grain yields in 2009 and 2010 were previously published by [START_REF] Rieux | Yield and Bread-Making Potential of Spring Wheat Under Mineral and Organic Fertilization[END_REF]. We included these data in our statistical analysis since they represent the starting point of the experiment.

Multivariate statistical analysis

Surface soil (0-10 cm) was sampled in autumn 2010, 2013 and 2016, between wheat harvest and soil tillage, to measure different soil characteristics in the autumn preceding corn. Soil carbon and N concentrations were measured by dry combustion with a CNS analyzer (LECO, TRUSPEC, Leco Corp., St-Joseph, MI, USA) on air-dried soil, ground at 0.5 mm [START_REF] Skjemstad | Total and organic carbon[END_REF].

Soil bulk density (cylinder method) and water content (weight loss at 105ºC for 24 h) were measured as per [START_REF] Hao | Soil density and porosity[END_REF], and soil pH was measured in a 1:1 soil:water slurry with a pH meter (Accumet AR20, Fisher Scientific, Hampton, NH, USA). Soil residual mineral N concentration was determined on a fresh soil subsample by KCl (1M) extraction and colorimetric analysis [START_REF] Maynard | Nitrate and exchangeable ammonium nitrogen[END_REF]. Soil texture was considered as a permanent soil characteristic and was measured in 2008 only with the sieve-pipette method [START_REF] Kroetsch | Particle size distribution[END_REF]. These soil variables were measured on each autumn before corn and were thus used in conjunction with quantitative management variables (available N applied with each fertilizer source, average C/N ratio of manures, quantity of residues returned to soil) to perform a basic regression tree analysis.

The basic regression tree model [START_REF] Kuhn | Applied predictive modeling[END_REF] was fitted using corn yield as the response variable, and all the above-mentioned variables and year as predictors. In total, a set of 11 variables were analyzed by the model (n=1320) in order to determine the main factors driving corn yields in this experiment. To avoid overfitting, the quantity of final nodes was tuned using conditional inference trees [START_REF] Hothorn | Unbiased recursive partitioning: A conditional inference framework[END_REF]. Selection of the better predictor for partitioning was made through a mean comparison statistical test. Since the choice of the P determines the tree complexity, P was tuned using the R software package caret [START_REF] Kuhn | Caret: Classification and regression training[END_REF]. After tuning, the tree was fitted using the R software package partykit [START_REF] Hothorn | partykit: A modular toolkit for recursive partytioning in R[END_REF].

RESULTS

Corn

Among all treatments, corn grain yield, stalk yield and NUE were highly influenced by fertilizer source (Table 1). Corn yielded significantly more with all N treatments than the PK treatment (Table 2). Among manures, the LSM in 2011 was the only one resulting in corn grain yield similar to the NPK treatment. On average, manures decreased corn grain yield by 12% relative to the NPK treatment in 2011 and 2014, and by 38% in 2017 (Table 2). Stalk yield generally followed the same trends as grain yield. The NUE was always the highest in the NPK treatment, particularly in 2017 when NUE of the NPK treatment was 2.6 times higher than the average NUE of manures (Table 2). The NUE was generally greater in the sandy loam than in the silty clay with all treatments and in all years (average values of 26.5 vs 18.2 kg grain kg-1 N applied, respectively). A three-way interaction between soil type, fertilizer source and residue management also significantly influenced corn grain and stalk yields (Table 1). Residue management did not affect corn performance in the sandy loam. However, in the silty clay, corn grain yield was on average 13% lower in RR than in RH plots when combined with LSM and LDM (Fig. 1). On average over years, the LSM-RH treatment in the silty clay soil was the only organic N treatment which resulted in corn grain yield similar to the NPK treatment. Tillage effect on corn grain yield interacted with year and soil type (Table 1). In the poorly drained silty clay soil, tillage did not influence yield in the first two corn years, but MT yielded 30% more than MB in 2017 (Table 3). In the sandy loam however, MB yielded more than MT in two out of three years. Tillage also interacted with residue management in both soil types (Table 1). All other factors combined, the MB-RR, MB-RH and MT-RH gave similar corn grain yield (6022 kg ha -1 , on average), whereas yield in MT-RR was significantly lower (5211 kg ha -1 ).

We performed a regression tree with corn years to highlight the main pedoclimatic and management factors driving corn grain yield under the experimental conditions (Fig. 2). The primary splitting nod of the regression tree (node 1) illustrates that providing less than 110 kg available N ha -1 to corn resulted in substantially lower yields. Among the treatments that received low N rates, soils containing < 4.31 mg kg -1 residual mineral N in the previous autumn (node 3) generally resulted in lower corn grain yield in the next year. Among the treatments that received at least 110 kg N ha -1 , the next best predictor of corn grain yield was year (node 9). In 2011 and 2014, two years with temperature and precipitation above the 30-y averages in July and August (Table S2), corn yields were greater and less variable in soils with organic C concentration ≤ 35.4 g kg -1

(Fig. 2, node 10), thereby reflecting the greater and less variable yields measured in the sandy loam than in the silty clay soil. In the sandy loam (≤ 35.4 g C kg soil -1 ), corn yield was the highest in plots receiving fertilizer sources with a C/N ratio (node 11) <6.18 (e.g. NPK, LSM), intermediate in plots receiving fertilizer sources with C/N ratio >6.18 and soil C concentration ≤22.3, and the lowest in plots receiving fertilizer sources with C/N ratio >6.18 and soil C concentration >22.3. In 2017 (node 9), a year characterized by a relatively cold and dry July-August period (Table S2), the NPK treatment (node 17, C/N ratio 0) resulted in greater yield than all manures (C/N ratio > 0; Fig. 2). On that particular year, manure treatments that left > 4.44 mg kg soil -1 soil residual mineral N content in the previous autumn slightly increased corn grain yield (node 19). (kg N ha -1 ), Soil_Nmin=soil mineral N concentration (mg N kg soil -1 ), Soil_C=soil organic C, concentration (g C kg soil -1 ), FertC:N= C/N ratio of the fertilizer source) as predictors of corn grain yield (kg ha -1 ). Soil bulk density, soil pH, soil total N, soil water content, and the amount of residues retained in the previous year were measured in the autumn preceding corn planting and included in this analysis. Box plots graphically depict the average yield, major quartiles and variability of the statistical groups defined by the regression tree.

Wheat

Wheat grain and straw yields were influenced by a three-way interaction between years, soil type and fertilizer source, while NUE was not (Table 1). Wheat grain yield was generally greater in the silty clay than in the sandy loam (Table 4). In the silty clay, wheat yield was similar among all N sources in three out of four years. In the sandy loam, however, grain yield depended on the fertilizer source. The LSM yielded as much as the NPK treatment in three out of four years, while the SPM yielded as much as the NPK treatment in two out of four years, and the LDM only performed as well as the others in 2009. Straw yield, however, varied among N sources in both soil types (Table 5). On average over years, straw yield was the highest with NPK, intermediate with the manures, and the lowest with PK. * Means with different letters within the same soil type and year are significantly different at the P<0.05 confidence level.

Table 5. Wheat straw yield in the sandy loam and the silty clay as influenced by fertilizer source a . Values are averaged for the four years with wheat (2009, 2010, 2013 and 2016). A three-way interaction between year, soil type and tillage influenced wheat grain and straw yield but did not affect NUE (Table 1). In the silty clay, we observed a negative effect of MT on wheat grain yield in 2010, but a positive effect of MT was found afterwards with 10% and 16% greater yield with MT than MB in 2013 and 2016, respectively (Table 3). In the sandy loam, little effect of soil tillage was found, except in 2013 when wheat grain yield was 9.5% less under MT than MB.

The effect of tillage on wheat straw yield was variable and inconsistent among years in the sandy loam, and no effect was found on straw yield in the silty clay (Table 3). The effect of residue management on wheat straw and grain yields was also year dependent (Table 1). In 2010, the only year when wheat was cropped after wheat, wheat grain and straw yield were significantly lower in the RR than in the RH treatment (3166 kg ha -1 and 3428 kg ha -1 grain yield, and 3536 kg ha -1 and 3544 kg ha -1 straw yield, respectively), but no effect of residue management was observed in the other years when wheat was cropped after soybean.

Soybean

Soybean grain and straw yields were dominantly influenced by soil type and tillage, but responses varied between years (Table 1). Soybean yield in the sandy loam was 6% greater than in the silty clay in 2012 (3548 and 3341 kg ha -1 , respectively), but 7% less in the sandy loam than in the silty clay in 2015 (3923 and 4216 kg ha -1 , respectively), and the same trend was observed for straw.

Tillage had no effect on soybean grain yield in 2012, but MT improved mean yield by 13% in the sandy loam and by 8% in the silty clay in 2015 (Table 3). Tillage treatments did not influence soybean straw yield. A three-way interaction between soil type, tillage and fertilizer source on soybean grain and straw yield was found even though fertilizers were not applied on soybean years (Table 1). Fertilization in the previous year had little residual effect on soybean yield in the silty clay, whereas a clear residual effect on grain and straw yield was observed in the sandy loam (Fig. 3). In the sandy loam, manures increased grain yield by 14% on average when compared to the NPK treatment under MT. Under MB, SPM and LDM increased grain yield by 10% when compared to the NPK and PK treatments. A similar trend was observed for straw yield. Retaining residues did not affect soybean grain yield and had a negative effect on soybean straw yield (1935 kg ha -1 and 1887 kg ha -1 for RH and RR treatments, respectively). 

DISCUSSION

Corn

Corn grain yield was very sensitive to the fertilizer source, most likely because we applied the lowest recommended dose of N to corn (120 kg N ha -1 ). The regression tree revealed that in the area of study, corn required at least 110 kg N ha-1 to produce acceptable grain yield, whatever the type of soil or the year conditions. This is in line with local recommendations that propose a minimum fertilization rate of 120 kg N ha-1 for corn grain production (CRAAQ, 2010). The effect of fertilizer treatments was exacerbated when weather conditions did not favor soil and manure N mineralization. In 2017, for instance, corn grain yield was particularly low with organic fertilizer sources as compared to the NPK treatment, but stalk yield was high in all treatments. This suggests that sufficient water and nutrients were present during leaves and stalk formation, but that shortages likely occurred during later growth stages. In July and August 2017, during the critical stages of tasseling and pollination, the particularly dry and cold weather conditions (Table S2) likely reduced water supply and N mineralization and release from soil and manures [START_REF] Bolinder | Soil carbon dynamics in Canadian Agricultural Ecoregions: Quantifying climatic influence on soil biological activity[END_REF]Leiros et al. 1999;[START_REF] Van Es | Nitrogen management for maize in humid regions: Case for a dynamic modeling approach[END_REF]). The very poor performance of corn in the PK treatment in 2017 is consistent with the idea that weather conditions limited organic matter mineralization and, thus, soil N supply. In addition, the particularly dry conditions in that period may have compromised kernel formation and filling through a reduced carbohydrate translocation from leaves to grains [START_REF] Shaw | Climatic Requirement[END_REF][START_REF] Wolfe | Interactive water and nitrogen effects on senescence of maize. I. Leaf area duration, nitrogen distribution, and yield[END_REF]. By contrast, in warmer and wetter years (2011, 2014), corn yield was mainly driven by soil type, with lower yields in the poorly drained silty clay than in the welldrained sandy loam. In the well-drained soils, corn yield was again mainly driven by the fertilizer source, with generally greater yield with NPK and LSM than with LDM and SPM. The particularly low C/N ratio and high NH4-N concentration of the LSM (C/N=6 and NH4-N=4.6 g kg -1 ) as compared LDM (C/N=11 and NH4-N=1.1 g kg -1 ) and SPM (C/N=13 and NH4-N=3.9 g kg -1 ) (Table S3) could explain similar yields between LSM and NPK. In fact, as compared to the other organic fertilizer sources, the lower C/N ratio of LSM probably favored early-season N availability, and could also have promoted net soil N mineralization [START_REF] Angers | Differential retention of carbon, nitrogen and phosphorus in grassland soil profiles with long-term manure application[END_REF]. These results are in line with those of Nyiraneza et al. (2010b) who previously suggested soil mineral N content as one of the main soil variables affecting the response of corn to N in eastern Canada. These authors also noted an important inter-annual variability in the relationship between soil N concentration and corn grain yield, likely due to different weather patterns between years that differently impacted soil N mineralization and availability to crop. [START_REF] Kablan | Variability in Corn Yield Response to Nitrogen Fertilizer in Eastern Canada[END_REF] also proposed that fertilizer N requirement for corn in eastern Canada should consider the variability associated with site-specific effects of soil type and weather variability among years. All these interrelationships and the importance of each factor under different soil and weather conditions were clearly evidenced by the regression tree.

Overall, corn NUE with the manures was lower in the fine textured silty clay than in the sandy loam. This could be explained by a rapid and substantial fixation of manure-derived NH4-N in clay lattices [START_REF] Chantigny | Dynamics of Pig Slurry Nitrogen in Soil and Plant as Determined with N[END_REF][START_REF] Sørensen | Mineralization-immobilization and plant uptake of nitrogen as influenced by the spatial distribution of cattle slurry in soils of different texture[END_REF], and by a lower N mineralization rate in the fine textured soil [START_REF] Ros | Predicting soil N mineralization: Relevance of organic matter fractions and soil properties[END_REF], which likely compromised fertilizer N availability in early season. In the silty clay, the reduction in corn grain yield where LSM and LDM were applied with crop residues at the soil surface was attributed to a better contact between the liquid manures and crop residues, as compared to the SPM and the granular NPK fertilizers, which further reduced the availability of LSM and LDM N to corn [START_REF] Sørensen | Mineralization-immobilization and plant uptake of nitrogen as influenced by the spatial distribution of cattle slurry in soils of different texture[END_REF][START_REF] Sørensen | The use of 15N labelling to study the turnover and utilization of ruminant manure N[END_REF]. Therefore, immobilization of available N through a combination of clay fixation [START_REF] Chantigny | Fate of carbon and nitrogen from animal manure and crop residues in cold and wet soils[END_REF] and the presence of abundant wheat straw (~ 3 440 kg ha -1 ) with a wide C:N ratio [START_REF] Nicolardot | Simulation of C and N mineralisation during crop residue decomposition: A simple dynamic model based on the C:N ratio of the residues[END_REF][START_REF] Chantigny | Fate of carbon and nitrogen from animal manure and crop residues in cold and wet soils[END_REF] at the soil surface likely reduced manure-derived N availability to corn in the fine textured silty clay, and especially N availability from LSM and LDM.

Tillage differentially affected corn grain yield depending on soil type and year. We hypothesize that MT gradually improved soil structure and hydraulic conductivity over time in the naturally poorly-drained silty clay [START_REF] Pagliai | Soil structure and the effect of management practices[END_REF], which resulted in greater corn yield under MT as compared to MB in 2017. In the sandy loam, however, MT yielded less corn grain than MB in 2014 and 2017. This could be partly attributed to the moderate population of yellow foxtail that developed over time under MT. In fact, we observed a post-emergence foxtail recovering in corn years, probably because of its wide row spacing as compared to soybean and wheat. However, when all years and soil types were combined, MT yielded less than MB only when crop residues were returned to soil. It is therefore likely that under the cold and humid conditions of our experiment, the wheat straw mulch that developed under reduced tillage with RR caused poor seed placement and/or delayed soil warming in spring [START_REF] Defelice | Influence of Tillage on Corn and Soybean Yield in the United States and Canada[END_REF][START_REF] Dwyer | Tillage Effects on Soil Temperature, Shoot Dry Matter Accumulation and Corn Grain Yield[END_REF][START_REF] Rusinamhodzi | A meta-analysis of longterm effects of conservation agriculture on maize grain yield under rain-fed conditions[END_REF][START_REF] Warren Raffa | How does crop residue removal affect soil organic carbon and yield? A hierarchical analysis of management and environmental factors[END_REF]. Corn being a C4 crop species, its development is particularly vulnerable to lower soil temperature in the spring [START_REF] Van Wijk | Soil temperature and the early growth of corn from mulched and unmulched soil[END_REF].

Wheat

Thomsen (2004) and [START_REF] Jensen | Availability of nitrogen in 15N-labeled ruminant manure components to successively grown crops[END_REF] found that 45 to 67% of N taken up by wheat plants was soil derived. The particularly high wheat grain yield observed in the silty clay, as compared to the sandy loam, could therefore be partly explained by its greater N content and supply capacity [START_REF] Bloom | Apparent recovery of fertilizer nitrogen by winter wheat[END_REF][START_REF] Webb | The response to fertilizer nitrogen of cereals grown on sandy soils[END_REF][START_REF] Webb | An Assessment of the Variation of Manure Nitrogen Efficiency throughout Europe and an Appraisal of Means to Increase Manure-N Efficiency[END_REF]. Assuming that soil N mineralization was high and well synchronized with wheat N demand in the silty clay, it is likely that it blurred the effect of fertilizer treatments. In the coarse-textured sandy loam, however, soil N supply capacity was probably limited, which induced a greater response of wheat grain yield to the fertilizer source [START_REF] Cerny | Mineral and organic fertilization efficiency in longterm stationary experiments[END_REF][START_REF] Hlisnikovský | Effect of Fertilizer Application, Soil Type, and Year on Yield and Technological Parameters of Winter Wheat ( Triticum aestivum ) in the Czech Republic[END_REF]). Among the organic fertilizer sources, LSM was the only one to yield as much as the NPK treatment in three out of four years, consistent with the results obtained for corn.

Also in agreement with corn, the MT treatment tended to reduce wheat grain yield in the first years after implementation, but it significantly improved yield a few years later (starting in 2013). This finding corroborates our hypothesis that benefits of MT on soil properties gradually developed in the silty clay soil, which eventually furthered yield. In the sandy loam, however, little effect of soil tillage was found, likely because improvements in soil structure and hydraulic conductivity with MT were more critical to wheat growing on the poorly drained silty clay than the well-drained sandy loam.

Residue management affected wheat grain yield in 2010 but not in the other years. This is probably related to the fact that wheat was grown after wheat in 2010, and after soybean in 2013 and 2016.

On average, wheat produced more residues (~ 3400 kg ha -1 ) than soybean (~ 1900 kg ha -1 ). The presence of abundant wheat residues on the soil in 2010 could not only have created a more pronounced mulch effect, but it could also have created favourable conditions for the development of wheat diseases. This result highlights the importance to consider crop sequence and associated amounts of residues when assessing the effect of residue management on crop yield in the next year [START_REF] Flower | Rainfall, rotations and residue level affect no-tillage wheat yield and gross margin in a Mediterranean-type environment[END_REF].

Soybean

Soybean yield is generally greater in soils with higher clay [START_REF] Cox | Variability of selected soil properties and their relationships with soybean yield[END_REF] and organic matter [START_REF] Kravchenko | Correlation of corn and soybean grain yield with topography and soil properties[END_REF] concentrations. However, our results showed that soybean yield was not always greater in the silty clay soil. For instance, in 2012, soybean yields were higher in the sandy loam than the silty clay. On that year, a heavy rainfall period occurred in the week following planting (77 mm in 7 days). This probably induced prolonged waterlogging in the poorly drained silty clay, which could have affected early root development and, thereby, straw and grain yield [START_REF] Wuebker | Flooding and temperature effects on soybean germination[END_REF].

In contrast with corn and wheat, the MT treatment improved soybean yields in both soil types. [START_REF] Defelice | Influence of Tillage on Corn and Soybean Yield in the United States and Canada[END_REF] and [START_REF] Ogle | No-till management impacts on crop productivity, carbon input and soil carbon sequestration[END_REF] found that no-till resulted in greater soybean yield than moldboard plowing where spring soil conditions do not delay seedling emergence. Under these conditions, reduced tillage can significantly increase soybean N fixation [START_REF] Anikwe | Soil physicochemical quality in contrasting tillage systems and its effect on nodulation and nodulation effectivity of groundnut, Bambara groundnut and soybean in a degraded Ultisol in Agbani, Enugu Southeastern Nigeria[END_REF][START_REF] Wheatley | Influence of tillage treatments on N 2 fixation of soybean[END_REF] by maintaining greater bradyrhizobia populations [START_REF] Ferreira | Tillage method and crop rotation effects on the population sizes and diversity of bradyrhizobia nodulating soybean[END_REF].

Manures can also stimulate soil bacterial activity [START_REF] Francioli | Mineral vs. Organic Amendments: Microbial Community Structure, Activity and Abundance of Agriculturally Relevant Microbes Are Driven by Long-Term Fertilization Strategies[END_REF] and promote soybean nodulation [START_REF] Ganeshamurthy | Effect of Integrated Use of Farmyard Manure and Sulphur in a Soybean and Wheat Cropping System on Nodulation, Dry Matter Production and Chlorophyll Content of Soybean on Swell-Shrink Soils in Central India[END_REF] and root growth [START_REF] Hati | Effect of inorganic fertilizer and farmyard manure on soil physical properties, root distribution, and water-use efficiency of soybean in Vertisols of central India[END_REF]. In contrast, mineral fertilizers can promote mineralization of soil organic matter [START_REF] Khan | The myth of nitrogen fertilization for soil carbon sequestration[END_REF], resulting in higher soil mineral N concentrations and lower pH, two conditions known to repress soybean nodulation [START_REF] Ferguson | The development and regulation of soybean nodules[END_REF][START_REF] Reid | Molecular mechanisms controlling legume autoregulation of nodulation[END_REF]. We therefore hypothesize that the positive residual effect of organic fertilizers observed in the sandy loam was due to enhanced soybean nodulation, that increased N provision through symbiotic fixation. The residual effect of fertilizer source on soybean yields appeared to be especially important in the coarse-textured sandy loam, possibly because of its lower N supply capacity than the fine-textured silty clay [START_REF] Schipanski | Understanding the variability in soybean nitrogen fixation across agroecosystems[END_REF]. Since manures improved soybean yield, while residue management did not, it suggests that soybean yield was more sensitive to the quality than to the quantity of organic matter returned to soil.

CONCLUSION

This multi-year field study revealed that crop responses to combinations of agricultural practices varied among species and soil types. Tillage treatments had inconsistent effects on crop yields in the sandy loam, whereas a positive effect of MT built up over time in the silty clay, where water drainage was more problematic. Overall, crop responses to the different fertilizer sources was greater in the sandy loam than in the silty clay soil, likely because of lower N supply capacity of the sandy loam. This lower N supply capacity also explains why a residual effect of manures was found in soybean in the sandy loam soil only. In general, LSM appeared the best organic fertilizer source, likely because of its lower C/N ratio and greater NH4-N concentration than with the other manures. Management of corn and soybean residues did not influence soybean and wheat yields in the next year. In contrast, leaving wheat straw on the soil at harvest reduced corn yield in the next year (i) when it was fertilized with liquid manures in the silty clay only, or (ii) when combined with MT in both soil types. We put forward that the large amount of wheat straw left on the soil at harvest absorbed part of the nutrients applied with the liquid manures in the following spring and delayed soil warming in the spring under MT. Moreover, a "year" effect revealed that (i) the positive effect of MT built up with time; (ii) corn yield was primarily affected by soil texture on wetter-than-normal years, and by fertilizer source on dryer-than-normal years; (iii) wheat yield was affected by the previous crop species when residues were retained (significantly lower yield with residues in wheat after wheat, but not in wheat after soybean), and (iv) soybean yield was greater in sandy than clayey soils on year with wetter-than-normal spring. Continued monitoring of this field study, and other long-term studies are required to provide more insights to the net effects of combined agricultural practices on cropping systems productivity, as a function of soil type, especially in systems where different crop species are grown in rotation.
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Figure 1 .

 1 Figure 1. Average (2011, 2014, 2017) corn grain yield (kg ha -1 ) as influenced by the interactive effect of soil type (Silty clay and Sandy loam), fertilizer source (NPK=complete mineral fertilizer, LSM=liquid swine manure, SPM=solid poultry manure, LDM=liquid dairy manure and PK=mineral control without N), and residue management (RH=residue harvested, RR=residue returned). Means with different letters within the same soil type are significantly different at the P<0.05 confidence level.
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 3022 Figure 2. Basic regression tree (2011, 2014 and 2017) performed with year, soils, and management variables (FertN=amount of available N provided by the fertilizer

a*

  NPK : complete mineral fertilizer, LSM: liquid swine manure, SPM: solid poultry manure, LDM: liquid dairy manure, PK: mineral control without N. Means with different letters within the same soil type are significantly different at the P<0.05 confidence level.

Figure 3 .

 3 Figure 3. Average (2012 and 2015) soybean grain and straw yield as influenced by the interactive effects of soil type (Silty clay and Sandy loam), tillage (MB=moldboard plowing and MT=minimum till), and the residual effect of previous fertilizer treatments (NPK=complete mineral fertilizer, LSM=liquid swine manure, SPM=solid poultry manure, LDM=liquid dairy manure, and PK=mineral control without N). Means with different letters within the same soil type and the same tillage treatment are significantly different at the P<0.05 confidence level.
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Table 1 .

 1 Summary of the analysis on variance (F values) for the effects of year, soil type, fertilizer source, tillage, residue management, and their interactions on crop grain yield,
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	235	straw/stalk yield, and NUE.							
				Corn			Wheat		Soybean
			Grain yield Stalk yield	NUE	Grain yield Straw yield	NUE	Grain yield Straw yield
		Effects	kg ha -1	kg ha -1	kg kg N -1	kg ha -1	kg ha -1	kg kg N -1	kg ha -1	kg ha -1
		Soil type	4.9* a	ns	11.9**	51.6**	ns	ns	ns	ns
		Tillage	ns	ns	ns	ns	ns	ns	11.0*	ns
		Fertilizer source	171.7***	93.8***	24.6***	43.4***	85.1***	4.3*	ns	ns
		Residue	14.7**	12.5**	ns	ns	1.8***	ns	ns	6.6*
		Tillage x Fertilizer source	ns	4.3**	ns	ns	ns	ns	ns	ns
		Fertilizer source x Residue	2.9*	3.2*	ns	ns	ns	ns	ns	ns
		Tillage x Residue	20.0***	4.7*	ns	ns	ns	ns	ns	ns
		Tillage x Fertilizer source x Residue	ns	ns	ns	ns	ns	ns	ns	ns
		Soil type x Tillage	7.1*	ns	ns	ns	ns	ns	ns	ns
		Soil type x Fertilizer source	6.4**	ns	ns	ns	3.8**	ns	8.8***	5.1**
		Soil type x Residue	ns	ns	ns	ns	ns	ns	ns	ns
		Soil type x Tillage x Fertilizer source	ns	ns	ns	ns	ns	ns	2.6*	3.9*
		Soil type x Fertilizer source x Residue	3.5*	2.5*	ns	ns	ns	ns	ns	ns
		Soil type x Tillage x Residue	ns	ns	ns	ns	ns	ns	ns	ns
		Soil type x Tillage x Fertilizer source x Residue	ns	ns	ns	ns	ns	ns	ns	ns
		Year	141.9***	40.2***	3.1*	327.4***	166.3***	31.9***	335.3***	68.9***
		Year x Soil type	3.7*	34.6***	7.3**	120.7***	7.8***	17.7***	53.6***	365.6***
		Year x Tillage	6.5**	ns	4.0*	18.6***	ns	ns	17.6***	ns
		Year x Fertilizer source	7.1***	2.8**	9.8***	7.2***	11.0***	3.7***	ns	ns
		Year x Residue	ns	18.3***	5.6**	4.9**	7.6***	ns	ns	ns
		Year x Tillage x Fertilizer source	ns	ns	ns	ns	ns	ns	ns	3.6**
		Year x Fertilizer source x Residue	ns	ns	ns	ns	ns	ns	ns	ns
		Year x Tillage x Residue	ns	ns	ns	ns	ns	ns	ns	ns
		Year x Fertilizer source x Tillage x Residue	ns	ns	ns	ns	ns	ns	ns	ns
		Year x Soil type x Tillage	6.6**	ns	ns	20.7***	8.1***	ns	ns	5.1*
		Year x Soil type x Fertilizer source	ns	ns	ns	4.1***	ns	ns	ns	ns

Table 2 .

 2 Effects of year and fertilizer source a on corn grain yield (kg ha -1 ), stalk yield (kg MS ha -1 ) and NUE (kg yield ha -1 kg N applied -1 ) combined for both soil types. Within each column, means followed by different letters are significantly different at the P<0.05 confidence level.

	Year x Soil type x Residue			ns	ns	ns	ns	3.0*	ns	ns	ns
	Year x Soil type x Tillage x Fertilizer source		ns	ns	ns	ns	ns	ns	ns	ns
	Year x Soil type x Fertilizer source x Residue		ns	ns	ns	ns	ns	ns	ns	ns
	Year x Soil type x Tillage x Residue		ns	ns	ns	ns	ns	ns	ns	ns
	Year x Fertilizer source x Tillage x Residue		ns	ns	ns	ns	ns	ns	ns	ns
	Year x Soil type x Fertilizer source x Tillage x Residue	ns	ns	ns	ns	ns	ns	ns	ns
			2011			2014			2017		
		Grain yield Stalk yield	NUE	Grain yield Stalk yield	NUE	Grain yield Stalk yield	NUE
	Fertilizer	kg ha -1	kg ha -1	kg kg N -1	kg ha -1	kg ha -1	kg kg N -1	kg ha -1	kg ha -1	kg kg N -1
	Both soils										
	NPK	8008 A b	8850 A	33 A	7572 A	7695 A	31 A	7264 A	9948 A	44 A	
	LSM	7658 AB	8496 A	23 B	6671 B	7240 AB	20 B	4864 B	8906 B	19 B	
	SPM	7263 B	7729 B	19 BC	6635 B	6950 B	18 B	4305 B	8209 C	18 B	
	LDM	6243 B	7045 C	14 C	6588 B	6815 B	16 B	4359 B	7713 C	14 B	
	PK	4045 C	5562 D	--	3858 C	4766 C	--	1963 C	5431 D	-	-

a NPK : complete mineral fertilizer, LSM: liquid swine manure, SPM: solid poultry manure, LDM: liquid dairy manure, PK: mineral control without N. b
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 2963 Effect of tillage on crop grain (kg ha -1 ) and straw/stalk (kg MS ha -1 ) yields as influenced by soil type and year.
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			Corn			Wheat		Soybean
		2011	2014	2017	2009	2010	2013	2016	2012	2015
	Sandy loam								
			kg ha -1			kg ha -1		kg ha -1
	Grain yield								
	MT a	6588 A b 6060 B 4090 B	2541 A 2456 A 3309 B 3716 A	3599 A A
	MB	7207 A 7105 A 5021 A	2340 A 2496 A 3656 A 3461 A	3497 A B
	Straw/Stalk yield								
	MT	6460 -c	6559 -8303 -	3244 A 2343 A 3279 B 3986 A	1969 A A
	MB	7497 -	7017 -9183 -	2991 B 2535 A 3735 A 3672 B	1981 A A
	Silty clay								
	Grain yield								
	MT	6365 A 5605 A 5143 A	2692 A 3870 B 4493 A 3968 A	3405 A A
	MB	6348 A 6244 A 3951 B	2815 A 4366 A 4094 B 3434 B	3278 A B
	Straw/Stalk yield								
	MT	8139 -c 6475 -7697 -	3689 A 2694 A 4333 A 3931 A	1753 A A
	MB	8048 -	6722 -6984 -	3807 A 2792 A 4031 A 3981 A	1624 A A
	298								

a MT = minimum till, MB = mouldboard plowing.

Table 4 .

 4 Wheat grain yield in a sandy loam and a silty clay soil as influenced by fertilizer source a in2009, 2010, 2013 

	and 2016.			
		2009	2010	2013	2016
			Grain yield (kg ha -1 )
	Fertilizer source			
	Sandy loam			
	NPK	2649 A 2764 A	4383 A	3783 BC
	LSM	2592 A 2544 AB 3606 BC 4066 A
	SPM	2684 A 2767 A	3773 B	3804 B
	LDM	2516 A 2533 B	3509 C	3556 C
	PK	1760 B 1773 C	2181 D	2682 D
	Silty clay			
	NPK	2858 A 4923 A	4751 A	3968 A
	LSM	3056 A 4181 B	4551 A	4031 A
	SPM	2818 A 4348 B	4356 A	3959 A
	LDM	2791 A 3930 B	4427 A	3884 A
	PK	2243 B 3209 C	3412 B	2664 B
	a NPK : complete mineral fertilizer, LSM: liquid swine manure, SPM: solid poultry manure, LDM: liquid dairy manure,
	PK: mineral control without N.			

Table S3 .

 S3 Selected characteristics and application rates of liquid swine manure (LSM), liquid dairy manure (LDM) and solid poultry manure (SPM) for each application year from 2009 to 2017. Fertilizers were not applied on soybean years.

					LSM			
	Characteristics	2009	2010	2011	2013	2014	2016	2017
	pH	7.2 (0.3)	7.3 (0.1)	7.1 (0.0)	7.0 (0.0)	6.4 (0.0)	7.6 (0.8)	7.4 (0.0)
	Dry matter (g kg -1 ) 38.3 (3.9) 170.4 (3.0)	62.5 (3.0) 182.2 (3.5) 102.6 (0.5)	64.5 (16.7) 99.4 (14.5)
	C:N ratio	3.3 (0.1)	9.2 (0.2)	2.8 (0.1)	8.6 (0.1)	7.3 (0.1)	6.4 (1.3)	6.2 (0.7)
	Total N (g kg -1 )	5.0 (0.3)	8.1 (0.1)	8.6 (0.1)	9.4 (0.2)	6.2 (0.1)	4.1 (0.3)	6.6 (0.2)
	NH4-N (g kg -1 )	2.7 (0.1)	5.1 (0.6)	5.9 (0.0)	7.0 (0.1)	4.1 (0.1)	2.3 (0.1)	4.8 (0.1)
	Total P (g kg -1 )	0.8 (0.1)	1.9 (0.0)	1.4 (0.0)	1.5 (0.0)	1.3 (0.0)	1.2 (0.2)	1.7 (0.3)
	Application rates							
	Manure (Mg ha -1 )	20.3 (0.0)	13.4 (0.1)	18.0 (0.0)	11.4 (0.1)	23.2 (0.0)	26.6 (2.8)	23.5 (0.1)
	Total N (kg ha -1 )	101.0 (6.9) 109.1 (1.7) 155.1 (1.0) 107.2 (2.2) 143.3 (1.8) 108.3 (5.8) 155.2 (5.6)
	NH4-N (kg ha -1 )	55.0 (2.4)	69.1 (7.9) 105.6 (0.5)	80.2 (0.5)	95.0 (2.3)	62.0 (5.5) 111.5 (2.4)
					LDM			
	Characteristics	2009	2010	2011	2013	2014	2016	2017
	pH	6.5 (0.1)	6.5 (0.1)	6.8 (0.3)	7.4 (0.1)	7.2 (0.2)	7.7 (0.8)	7.0 (0.2)
	Dry matter (g kg -1 ) 46.8 (3.5)	73.6 (4.4)	91.7 (5.2)	92.3 (0.0)	48.1 (3.8)	52.6 (16.7) 66.3 (1.9)
	C:N ratio	9.3 (0.4)	13.6 (0.7)	12.4 (1.2)	12.0 (0.0)	8.6 (0.6)	8.8 (1.3)	10.8 (0.2)
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Table S1. Agronomic practices for each production year and soil type a in a field experiment established in autumn 2008 at Saint-Augustin-de-Desmaures, Québec, Canada.

Cultivar/Hybrid

Seeding