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Abstract

:

Due to legume-based systems improving several aspects of soil fertility, the diversification of agrosystems using legumes in crop succession is gaining increasing interest. The benefits of legumes aroused the interest of farmers in the association of the Economic and Environmental Interest Group (EEIG), who introduced the idea of using the winter pea instead of rapeseed in their crop succession. The aim of this study is to evaluate the effects of the winter pea compared to those of rapeseed, as a head crop of the rotation, on soil microbial communities, enzyme activities, nitrogen (N) balance and yields. The field experiment involved two farmer plots that were selected within the EEIG. In each plot, two crop successions, including winter pea–wheat and rapeseed–wheat with fertilized and unfertilized strips, were examined for two years. Three times a year, under the wheat crop, composite soil samples were collected at depths of 0–20 cm, for microbial abundance and enzyme activity analyses, and twice a year at a depth of 0–60 cm, for the measuring of the mineral N. The results showed that the rapeseed–wheat succession maintained or enhanced soil bacterial and fungal biomasses and their enzyme activities. The winter pea–wheat succession enriched the soil’s mineral N content more consistently than the rapeseed–wheat succession. The mineral N enhancement’s effect was maintained under the wheat crop. Overall, the impact of the winter pea was positive on the soil’s N dynamics, but wheat yields were equivalent regardless of the previous crop (winter pea or rapeseed with and without fertilization). In the Normandy region, as rapeseed requires a large amount of N fertilizer and pesticide to maintain the yield and quality of crop products, it is suitable to favor the introduction of the winter pea as the head crop of the rotation, which indirectly allows for a reduction in the costs of input production and use, the working time of farmers and environmental pollution.
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1. Introduction


In Europe, innovative practices have been identified as prominent measures for increasing the resilience of the agricultural system [1,2,3,4], developing adaptation strategies to mitigate the impact of climate change [5,6] and improving ecosystem services [7]. Among these practices, crop rotation has emerged as a way of reducing the impact of agricultural management on environmental changes. Consequently, the Common Agricultural Policy (CAP) of the European Commission (2011) considered the diversification of crop rotations as a key measure for establishing a more sustainable agriculture. The design of crop rotation has many agronomic, economic and environmental benefits compared to monoculture cropping [8,9]. It is well accepted that optimized crop rotation has various benefits, not only for growers but also for the environment, as increasing crop diversity can enhance the heterogeneity of the soil nutrients pool [10], soil physical structure [11] and functional microorganisms at different spatial scales [12,13], which lead to improved soil health, crop yields [14] and a decreased requirement for synthetic fertilizer [15].



In this context, legume crops play an important role and can provide a variety of services that are consistent with the principles of sustainability [16]. Indeed, legumes are advantageous for soils due to their symbiotic relationship with nitrogen-fixing bacteria [17]. The presence of compatible rhizobia combined with N-limited conditions promotes symbiosis—the most efficient way for legumes to acquire more N. Compared to non-nodulated plants, symbiosis provides a competitive advantage by increasing N levels up to 5-fold [18,19]. Thus, the symbiotic fixation of N2 provides between 40% and 90% of the legume’s N requirement. This mechanism is highly dependent on nitrate concentration; for example, the symbiotic fixation of peas stops when the soil nitrate concentration reaches the equivalent of 40 kg ha−1 and restarts as soon as the concentration is decreased [20]. This study also showed that these fluctuations have no impact on yield or seed protein content.



Crop rotation with grain legumes can improve productivity and yield quality by increasing the protein content of the following crop due to increased soil available N from biological fixation after legumes [21,22]. The availability of N after a legume crop is greater than after a non-legume crop [23,24]. In fact, compared to wheat harvests, higher soil mineral N concentrations have been reported after harvesting pea, chickpea, barley and lupine crops [25,26,27]. Angus et al. [22] showed that wheat crops usually yield more when grown after legumes (peas, faba beans, chickpeas, lentils, lupins, etc.) than after wheat. More specifically, different crops can produce various residues and root exudates, which are considered to be the main factors to boost soil microbial diversity and activity, increase soil microbial biomass and carbon (C) and facilitate N cycling [12,28,29,30]. Some non-mycorrhizal plants, such as canola and mustard, cannot establish symbiotic relationships with some functional rhizobacteria; thus, they require more mineral fertilizer [31], which could change the soil physicochemical state in the long term. However, their implementation in rotation can suppress both arbuscular mycorrhizal fungal populations and the mycorrhizal formation process for the following crop, restricting their functions in soil [32].



The diversification of agrosystems by increasing the numbers of cultivated species and the use of legumes in crop rotation is attracting increasing interest. The benefits of this crop aroused the interest of the farmers of the EEIG, who are interested in improving their practices, productivity and the soil health of their farms. They opted for the introduction of winter pea crops to replace rapeseed in crop rotation so as to develop the economic, environmental and social performance of their farms. The winter pea has several advantages including weed control, water stress management, a reduced risk of Aphanomyces euteiches, reduced insects and pests and improved soil cover and farmers’ working time management [33]. These advantages are mainly due to the staggered stages of winter pea cropping compared to spring pea cropping [34].



The present study focused on the evaluation of the impact of the introduction of the winter pea compared to rapeseed on the following cereal crops in Normandy. We hypothesized that the two previous crops (winter pea–wheat and rapeseed–wheat) would distinctly (i) affect soil microbial communities and their activities in relation to C and N turnover, (ii) impact the N balance and loss in the environment and (iii) affect the following crop (wheat yield) in different ways. For this purpose, the abundance of total, bacterial and fungal biomasses and soil enzyme activities involved in the C and N cycles were monitored at three sampling dates and the N balance at two sampling dates during the two crop successions.




2. Materials and Methods


2.1. Experimental Design and Soil Sampling


The present study was conducted in two plots (49°46′48.62″ N, 01°41′25.08″ E; 49°45′48.30″ N, 1°27′23.39″ E) in real agricultural context to evaluate the effects of the introduction of the winter pea and rapeseed on crop succession. The study was carried out in Pays de Bray, which is in the Normandy region of Northwestern France. This area has a temperate oceanic climate. The mean daily maximum and minimum air temperatures range from 13 to 24 °C (June–July) and 5 to 10 °C (January–February). The precipitation varied by an average of 752 mm in 2016, 625 mm in 2017, 738 mm in 2018 and 807 mm in 2019.



The two agricultural plots were located on two different farms that were owned by members of the EEIG. The plots were chosen because of their soil characteristics, which were representative of the common pedological types of soil in Normandy (Table 1). The soil at plot 1 was sandy loam based on the French soil textural classification GEPPA (Groupe d‘Etude pour les Problèmes de Pédologie Appliquée). This soil had 17.15 ± 3.82 g kg−1 of total C and 1.28 ± 0.20 g kg−1 of total N. The soil at plot 2 was loamy clay, which had 28.35 ± 2.97 g kg−1 of total C and 1.45 ± 0.36 g kg−1 of total N. The two soils exhibited alkaline pH (water) levels around 7.5 ± 0.12.



For the experimental design, each plot was divided into two blocks including fertilized and unfertilized strips (10 m) (Figure 1a). Over a two-year period (2016–2018 for the first plot and 2017–2019 for the second), the winter pea–wheat and rapeseed–wheat successions of each plot were examined; the crop establishment and crop management plans are presented in Figure 1b.




2.2. Soil Sample Collection


The sampling procedure was similar across the two plots. For each plot, five composite soil samples were collected from depths of 0–20 cm and 0–60 cm for the measurement of biological and mineral N, respectively. Each composite soil sample comprised five soil cores. At the time of sampling, a total of 40 (two plots × four treatments × five replicates) and 20 composite samples (two plots × two depth × five replicates) were collected for biological and mineral N analysis, respectively. Samples were sieved at 2 mm and subsequently homogenized. Fresh soil stored at −20 °C was used for biological analyses, and air-dried soil was used for physical and chemical analyses. Soil sampling was carried out four times a year under crops in spring (March–April), summer (July–August), autumn (September–October) and winter (February).




2.3. Soil Physical and Chemical Characterization


Moisture content was recorded after drying 30 g of soil at 105 °C for 24 h. Soil texture was determined using five grams of air-dried soil that had been treated with HCl solution to remove soil carbonate before adding H2O2 at 33% to eliminate soil organic matter, and finally sodium hexametaphosphate solution was used to break up the soil particles. Particle size distributions (%) were measured by laser granulometer Malvern Mastersizer (Malvern Instruments, Malvern, UK) [35]. Soil pH in H2O was measured with a glass electrode in 1:2:5 suspension (NF ISO 10390:2005).



For total organic carbon (TOC), samples were air-dried and sieved at 200 µm. TOC was analyzed using the TOC-Analyzer (Schimatzu-TOC-5050A, Kyoto, Japan). The total carbon (TC) was measured by the combustion of 50 mg of soil at 900 °C, which allowed it to convert to CO2. The released gas was measured with an infrared cell. For inorganic carbon (IC), 50 mg of soil was initially treated with phosphoric acid to dissolve the IC. Finally, the organic carbon (org C) was determined by subtracting the IC from the TC [35].



Total nitrogen (TN) was quantified using the Kjeldahl method. This method is based on the digestion of organic N into ammonium ions (NH4+) with concentrated sulfuric acid (H2SO4), which is then followed by a distillation step. This step consisted of collecting the vapor released from the digested soil sample in an Erlenmeyer flask that contained sulfuric acid and drops of red methyl. Next, an acid-base titration step by adding alkalin (NaOH) was completed.



The determination of the concentration of the total mineral N involved the extraction of the mineral N from 25 g of soil using 100 mL of 1 M KCl. Soil samples were shaken for one hour with 100 mL of 1 M KCl and filtered using Whatman no. 40 filter paper. Filtered soil solutions were stored at −20 °C ± 2 °C until analysis. Three replicates were performed for each treatment.




2.4. Total DNA Extraction and Real-Time PCR Amplification


Nucleic acids were extracted from 0.5 g of soil using a FastDNA SPIN Kit for soil (MP-Biomedicals, Santa Ana, CA, USA), following the instructions from the manufacturer. Three replicates were performed for each treatment. The soil DNA concentrations was assessed by fluorimetry using the Fluorescent DNA quantitation Kit Hoechst 33258 (Biorad, Hercules, CA, USA), following the manufacturer’s instructions. The DNA solutions were stored at at −20 °C until use [36].



The 18S rDNA amplifications for fungal biomass estimation by 18S rDNA real-time qPCR were carried out with a total volume of 25 µL. The qPCR mix was prepared as follows: 5 ng of soil microbial DNA, 0.5 µM of each primer (FU18S1 5′-GGAAACTCACCAGGTCCAGA-3′ and Nu-SSU-1536 5′-ATTGCAATGCYCTATCCCCA-3′) [37], 25 µL of LightCycler1 480 DNA SYBR Green I Master mix (Roche, Basel, Switzerland) and 0.25 mg·mL−1 BSA (GeneON Bioscience, Ludwigshafen, Germany). Standard curves were obtained using serial dilutions of linearized plasmids containing the cloned 18S rRNA gene of Fusarium graminearum, and the results are expressed as 18S rDNA gene copy number per gram of dry soil. The amplification protocol (40 cycles of PCR, 20 s at 95 °C, 30 s at 62 °C and 30 s at 72 °C) was performed using LightCycler 480 real-time PCR system (Roche, Basel, Switzerland)). The efficiency of the qPCR ranged from 93% to 98%.



The 16S rDNA amplifications for bacterial biomass estimation by 16S rDNA real-time PCR were carried out under the same conditions as the 18S rDNA PCR, with the exception of the primers (63f 5′-CAGGCCTAACACATGCAAGTC-3′ [38] and BU16S4 5′-CTGCTGCCTCCCGTAGG-3′), which were derived from 341F [39]. The efficiency of the qPCR ranged from 98% to 100%. Standard curves were obtained using serial dilutions of linearized plasmids that contained the cloned 16S rRNA genes from the Pseudomonas aeruginosa, and the results are expressed as 16S rDNA gene copy number per gram of dry soil. Two independent qPCR assays were performed for the bacterial and fungal dsDNA estimation. Three replicates were performed for each treatment.




2.5. Enzyme Activities


β-D-glucosidase (GLU; EC: 3.2.1.21), N-acetyl-β-glucosaminidase (NAG; EC: 3.2.1.30) and arylamidase (ARYLN; EC: 3.5.1.5) activities are involved in the decomposition of different substrates with varying complexity in relation to C and N cycling. Soil potential enzyme activity measurements were performed in 96-well microplates in triplicate using the procedure detailed in the ISO 20130:2018. In brief, for GLU and NAG activities, four-gram soil samples were mixed for 10 min at 250 rpm with 25 mL water. Soil solutions were incubated respectively with 4-nitrophenyl β-D-glucopyranoside 0.05 M (301.3 g·mol−1, Sigma-Aldrichn, Merck KGaA, Darmstadt, Germany) and 4-N-acetyl-β-D-glucosaminide 0.01 M (342.3 g mol−1, Sigma-Aldrichn, Merck KGaA, Darmstadt, Germany). The reaction was stopped with 0.5 M CaCl2 and 0.1 M Tris at pH 12, each plate was centrifuged for five minutes at 1500× g and absorbance was measured on a Varioskan Flash-Thermo microplate reader. The amounts of p-nitrophenol were obtained by measuring the absorbance at λ = 405 nm, with comparison to calibration curves. For ARYLN activity, four-gram soil samples were mixed for 10 min at 250 rpm with 25 mL with Trizma base (50 mM, pH 7.5). Soil solutions were incubated with L-leucine β-naphthylamide hydrochloride 0.008 M (292.8 g·mol−1, Sigma-Aldrichn, Merck KGaA, Darmstadt, Germany). The β-naphthylamine produced was extracted with acidified ethanol and converted to an azo compound by reacting with p-dimethylaminocinnamaldehyde (DMCA) (DMCA: 175.23 g·mol−1 and ethanol 96%). The amount of β-naphthylamine was obtained by measuring the absorbance at λ = 540 nm and comparing it with calibration curves. Three replicates were performed for each treatment. Activities of soil enzymes were expressed as n moles of hydrolyzed substrate per minute per one gram of dry soil corresponding to mU g−1 dry soil. For each soil sample, the geometric mean (GMea) of enzyme activities was calculated as described by García-Ruiz et al. [40]:


GMea = 3√GLU × NAG × ARYLN



(1)








2.6. STICS Simulation


The Simulateur mulTIdisciplinaire pour les Cultures Standard, or multidisciplinary simulator for standard crops (STICS) soil crop model was used for simulating yield, soil mineral N content, leaching and gaseous N emissions driven by daily climatic data [41]. Daily values for minimum and maximum temperature, solar radiation, average wind speed and relative humidity were available for the experimental periods at each plot. Soil parameters described above were provided as basic information for both plots. Information on field management, such as previous crops, sowing and harvest date, crop variety and density, sowing depth, soil tillage, fertilizer management and crop residue management, were also provided to set up the simulations. The simulation task was designed to simulate two successive crops (winter pea–wheat and rapeseed–wheat) in different soil conditions. Only single-year simulation was considered in this study. Simulations were set up using the initial values for the first year of simulations and used estimates of the initial values to simulate the subsequent years separately [42]. However, because of operability, the year simulation was driven by initializing the model each year of the simulation period using the same initial values.




2.7. Statistical Analysis


Statistical tests were carried out to evaluate the effects of the sampling dates (autumn, spring and summer), two treatments (with and without fertilization) and the two successive crops (winter pea–wheat and rapeseed–wheat) on soil physicochemical parameters, the total microbial biomass (dsDNA), the total bacterial (16S rDNA gene copy number) and fungal (18S rDNA gene copy number) communities, enzyme activities (GLU, NAG and ARYLN), GMea and mineral N content in the two studied soil plots. The measured data were compared by using Tukey’s test with significant differences at 5% (p < 0.05).



Principal component analyses (PCA) were performed to analyze the changes in all the measured data for each plot under wheat to evaluate the effects of the two tested successions (winter pea–wheat and rapeseed–wheat) with and without fertilization treatments in plots 1 and 2. The calculations were performed using R (The R Development Core Team, 2019; http://www.R-project.org).





3. Results


3.1. Effect of the Implementation of the Two Crop Successions


3.1.1. Soil Microbial Abundances and Enzyme Activities in the Two Successions


For the first plot (plot 1), the total and fungal biomasses did not differ statistically between the two studied successions (winter pea–wheat, rapeseed–wheat; Figure 2a). In contrast, bacterial biomass was significantly higher in rapeseed–wheat succession in spring. The second plot (plot 2) showed more variability than the first one. Total biomass, determined by the quantification of the extracted DNA from soil, was significantly higher in autumn in the rapeseed–wheat succession (Figure 2b). Our results showed that bacterial and fungal biomasses were more important in the rapeseed–wheat succession. Furthermore, microbial communities were dominated by bacteria in both successions.



The results of enzyme activities showed different responses according to plots. In plot 1, no significant difference in ARYLN activity was identified for the two successions (Figure 3a). Rapeseed–wheat succession showed higher activity of GLU in autumn and lower activity of NAG in summer. For plot 2, a unique variation pattern was observed for enzyme activities (Figure 3b). They were consistently and significantly higher in the rapeseed–wheat succession at all sampling times.



The GMea of the assayed enzymes was used as an integrating index of soil enzyme activities. The GMea level was, on average, 1.2-fold greater in plot 2 (Figure 4b) than in plot 1 (Figure 4a). The GMea was significantly higher in the rapeseed–wheat rotation at all sampling times in plot 2; in plot 1, the same result was obtained, with the exception of the summer sampling date. For most of the measured microbial parameters, the sampling date was the dominant factor and showed significant variability over the growing period of wheat.




3.1.2. Soil Mineral N Content in the Two Successions


For mineral N, we have chosen to present the results of the two successions with a classic management (with fertilization) because these results are more meaningful to farmers. Soil mineral N content in the two successions is presented in Figure 5. With either plot considered, the mineral N content in the winter pea–wheat succession was higher than in the rapeseed–wheat succession, with the exception of plot 1 in winter. The difference in autumn reached 48% and 35% for plot 1 and plot 2, respectively.





3.2. Effect of Fertilizing Inputs along Crop Rotations


To evaluate the effect of fertilization on biological soil parameters, we have chosen to present the results obtained in summer after the input of fertilization (Figure 1b).



The Fertilization Effect on Microbial Abundances and Enzyme Activities


Microbial abundances were not affected by fertilization treatment (Table 2), except for bacterial biomass in plot 1, which was higher in unfertilized wheat (34.68 × 108 ± 0.96 × 108 copy number of 16S rDNA genes g−1 dry soil) than in fertilized wheat (32.51 × 108 ± 1.02 × 108 copy number of 16S rDNA genes g−1 dry soil).



The three tested enzymes did not respond in a similar way to fertilization treatment (Table 2). For both plots, GLU activity was slightly higher in fertilized wheat compared to unfertilized wheat (from 16.67 ± 0.38 to 14.51 ± 0.54 in plot 1 and from 20.50 ± 0.53 to 18.81 ± 0.90 mU g−1 dry soil in plot 2). In contrast, ARYLN activity significantly decreased in wheat after fertilization treatment. NAG activity showed different variation patterns between the two plots; it was affected by fertilization treatment in plot 1 but no effect was shown in plot 2. Despite the presence of statistically significant differences in some cases, the fertilization treatment did not have a marked effect on the biological parameters of the two studied plots.





3.3. Effect of Crop Successions and Fertilizing Inputs on Soil Microbial Communities, Enzyme Activities and Mineral N Content


The effect of the two tested successions (winter pea–wheat and rapeseed–wheat) and fertilization treatments (with and without fertilization) on microbial abundances, soil enzyme activities and mineral N content was carried out by PCA under wheat crops in the two plots (Figure 6a,b).



For plot 1, the first two axes in Figure 6a explain 71% of the total variability, as illustrated by the separation of samples into four distinct groups. The winter pea–wheat successions are separated from the rapeseed–wheat successions along the first axis of PCA based on microbial abundances and mineral N content. The second axis clearly separates the fertilized winter pea–wheat and rapeseed–wheat successions from the unfertilized winter pea–wheat and rapeseed–wheat successions.



Concerning plot 2, the first axis (PC1) and the second axis (PC2) of Figure 6b explain 80% of the total variability, as illustrated by the separation of samples into three distinct groups. The PC1 separates fertilized samples from unfertilized samples of the winter pea–wheat succession based on enzyme activities and bacterial abundance. These two clusters are discriminated from those of the rapeseed–wheat succession along the PC2, which indicates the effects of succession systems.




3.4. STICS Simulation of N Balance and Yields for Each Crop


Soil nitrate, mineral N content, leaching, gaseous N emissions and crop yields were simulated for the two plots (Table 3) using independent simulation [42] of the STICS soil crop model. For plot 1, the initial and final NO3 content was significantly higher for winter pea and rapeseed crops compared to wheat. For plot 2, the initial and final NO3 content varied greatly between crops.



For the two plots, the highest final NO3 values were obtained under the winter pea crop. The prediction of soil mineral N content showed an increase of around 4% for plot 1 and 13% for plot 2 in succession with the pea crop. The simulations of N2 and N2O losses showed slightly higher gaseous N emissions under rapeseed and wheat for the two plots. N leaching was observed only in plot 2 in successions including the winter pea. Yields were significantly underestimated in the STICS model and gave a very poor prediction compared to the observed yields. The observed yields of wheat were slightly higher in plot 2 compared to plot 1. For each plot, the observed yields of wheat were, overall, equivalent, regardless of the previous crop (winter pea or rapeseed).





4. Discussion


4.1. Effect of Crop Successions on Microbial Abundances and Enzyme Activities


Crop rotations or succession can directly or indirectly influence soil microbial communities and their activities [43]. In the present work, winter pea–wheat and rapeseed–wheat successions were evaluated and showed different variation patterns on the kinetics of soil microbial abundances and activities in the two plots considered. This variability was explained by several factors related to soil type (p < 0.05), soil chemical characteristics (p < 0.05) and sampling times (p < 0.05) along a growing period of wheat. In accordance with our findings, several authors have reported the significant effects of these factors as well as spatiotemporal heterogeneity of microbial communities in soil [44,45,46,47].



Crop rotations or successions have been well documented as a driving factor that influences soil microbial communities [48,49]. Soil fungal [50] and bacterial communities are influenced by crop sequence [48,51] and vary with different crops in a rotation sequence [52]. Our results achieved an agreed outcome in agricultural soils, namely the domination of bacteria in cultivated plots regardless of the crop rotation system [53,54]. This is due to the high sensitivity of fungi to soil disturbance, which leads to the destruction of hyphae and a reduction in the number of propagules in soils [54,55]. We expected a higher microbial abundance in the winter pea–wheat succession because several authors have shown that the presence of legumes in crop rotation contributes to the growth of microbial populations through their N-rich plant biomass. Adding legumes to a crop sequence has been shown to increase bulk soil C pools, which support a greater abundance of microbiota [56]. In our study, microbial abundances were unaffected by the crop species in plot 1, while, in plot 2, both bacteria and fungi were more abundant under the rapeseed–wheat succession, especially in summer. These findings may reflect the large differences in basal microbial communities and are directly related to the different management histories [57]. Adopting crop rotations to enhance microbial diversity may require the use of specific crop combinations that are expected to affect soil microbial diversity more than others due to plant-specific root exudates and C sources. Venter et al. [56] showed, for two distinct grain–legume rotations, that the crop rotations including rice–mung bean and maize–wheat increased microbial richness, while the pea–wheat rotation decreased microbial richness.



The differing growth of crops in terms of both rhizodeposition characteristics (e.g., the amount and composition) and the N and C requirement revealed in our conditions no specific change in the measured hydrolytic enzyme activities in plot 1. This lack of response could be linked to the availability of the substrates and the nutrient-limiting conditions as perceived by microorganisms, which can be strongly impacted by other factors such as the temperature and moisture content of the soil [58,59,60]. We supposed that the influence of meteorology surpassed the influence of crops in plot 1. The enzyme activities were much higher in plot 2. This was surprising; the high clay constituent of our soil suggested a stabilization of the extracellular part of these enzymes as reported in the literature [61,62]. The significantly higher values found in the GMea of plot 2 in the rapeseed–wheat rotation could be due to the high bacterial and fungal biomasses (r = 0.75, p < 0.05). This finding is in accordance with several works that report strong correlations between microbial abundances and enzyme activities in soils [63,64]. For example, Chung et al. [65] reported that the NAG activity was mainly driven by the fungal community, which is in line with our results (r = 0.76, p < 0.05). The higher NAG activities found in winter pea–wheat rotation in the two plots may also be linked to the legacy of the winter pea crop, because it was reported that the structure of the Nod factor of rhizobia (symbiont of legumes) could act as an oligomer of NAG enzymes [66].




4.2. Soil N Content in the Two Succession Systems


Mineral N content was highest in winter pea–wheat compared to rapeseed–wheat succession in autumn, which is due to the mineralization of pea residues. The amount of N resulting from the mineralization of winter pea residues and its availability for the following crop depends on the amount of N in pea residues and the organic N proportion that is mineralized by soil microorganisms [67]. The C to N ratio of crop residues is considered a significant indicator to assess the potential of mineralization of crop residues [68,69]. Given their lower C to N ratio, the mineralization of aerial residues of the pea is faster than that of other crops. It is well known that the addition of legumes in crop rotations is likely to have positive impacts on the soil and N dynamic [70].



Most authors acknowledge that N derived from the roots can play a significant role in the N and soil dynamic [71]; only a few studies have considered either root N content or N rhizodeposition (mainly on pea) in cropping systems because of this being a challenge to assess [72,73,74,75]. Several factors can also be highly influential for the soil and N dynamic within crop rotations. For example, the proportion of N mineralized residues in a given environment and over a given period is influenced by soil temperature and humidity, whatever the species in the crop rotation [68,76]. For example, higher temperatures result in rapid mineralization of residues, and the mineral N can therefore be leached by heavy rains [77]. The combination of these factors could explain the lowest amount of mineral N content in winter. However, in our study, the mineral N measured at harvest of wheat crop was no different between the two previous crops, indicating that there had been efficient use of the available mineral N by wheat across the 60 cm soil profile. The higher N availability after a winter pea crop appeared to be significantly manifested beyond the wheat crop. In fact, the mineral N was, on average, equivalent to 92.66 kg ha−1 ± 0.20 under barley as the previous crop of wheat in plot 1 (result not shown). The same type of result has been observed in rapeseed after pea crops, wheat after pea and chickpea after lentil [21,28,30,78].




4.3. The Fertilization Effect on Soil Microbial Communities and Enzyme Activities


In the literature, it has been reported that N fertilization affects microbial growth and activities, which directly alter soil organic carbon (SOC) turnover and subsequently lead to changes in C and N pool sizes [79,80]. Studies have reported large variations in the effects of N fertilization on microbial biomass. However, our results indicated no marked effects of N inputs on the microbial biomass determined by the quantification of the total extracted DNA from soils. N fertilization caused reductions of 15–35% in microbial biomass determined by the quantification of microbial biomass carbon [81,82,83]. However, a meta-analysis published by Geisseler and Scow [84] reported that N fertilization increased microbial biomass by 15% in agricultural soils. In the present study, N inputs decreased bacterial abundance only under wheat in plot 1 (Table 2). This result is in accordance with studies that conclude that bacterial abundance declines remarkably across N fertilizer inputs [85,86]. This reducing effect is achieved through the changing of soil chemical properties like the pH and soil organic matter, which indirectly affect microbial communities [79,80,87]. Shen et al. [88] showed that soil pH has the same trend as bacterial abundance across N soil gradient content. Our results showed a positive correlation between bacterial abundance and soil pH (r = 0.33, p < 0.05)—a major driver in shaping soil bacterial communities [89]. Several studies showed that long-term mineral N fertilization induced a decrease or an increase in fungal abundance [90,91,92]. However, N fertilization did not affect fungal biomass in our study.



The effects of N fertilization on enzyme activities have been studied and generally show diverse variations in patterns and magnitude [84,93,94,95,96,97,98]. In this study, enzymes responded differently to N fertilization. The GLU activity increased in accordance with the consensus that is evident in the literature regarding the response of this enzyme to N fertilization. The N supply appears to sustain soil microorganisms, producing extracellular enzymes associated with hydrolytic C-acquisition [71,97,99]. A meta-analysis based on 8–26 agricultural sites revealed that N fertilization significantly increased GLU activity but had no significant effect on N-acquiring enzymes [84]. In our case, a decrease was observed for ARYLN activity in the two plots, while no effect for NAG activity under N inputs was observed for plot 2 and a decrease was observed for plot 1. For the NAG enzyme, studies have reported divergent variation patterns of this activity in response to N inputs. However, NAG activity was stimulated by 14% or suppressed by 24% as a result of N fertilization across different agricultural sites [100,101]. The response of NAG and ARYLN activities to N fertilization underlines the complex relationship between microbial N-acquiring extracellular enzyme activities and N availability [102]. Some authors explained the decrease in NAG and ARYLN activities by the inhibitor effect of the mineral N on enzyme production and activity [103,104]. Others have suggested that extracellular enzyme activities fluctuate frequently due to complex environmental conditions and microbial nutrient demand [105]. In our study, despite these significant differences, it is unlikely that these activities will lead to major changes in C and N fluxes.




4.4. The N Balance and Crop Yields


The multiparameter study concerning the introduction of the winter pea as the head crop of the rotation or succession significantly modified the soil mineral N content, and this modification persisted over time. Indeed, this significant effect was observed from the end of the first year (i.e., under the winter pea crop) and remained effective during the second year under the wheat crop. In accordance with the observed results, the simulation of the N balance by the STICS model showed that winter pea–wheat succession enriched the mineral N content of the soil compared to rapeseed–wheat succession. Moreover, our results highlighted an overestimation of mineral N for both plots. Simulations also showed that rapeseed is more efficient than the winter pea in reducing the nitrate content by plant uptake. In fact, due to its rapid growth and its greater rooting depth, rapeseed is more effective in reducing nitrate leaching [106]. Although legumes are less effective, they can be useful in reducing nitrate leaching if the plant cover is sufficiently dense and uniform—as demonstrated in the published literature [107].



Despite the relevant use of the STICS model for numerous cropping systems in the main French soils, the simulated yields of the winter pea, rapeseed and succeeding wheat crops showed biases of underestimation in comparison to observed yields. The underestimation of yield could be explained by the history of the crops on the plots. It therefore appears necessary to know the history (of at least two to three years) of each modeled plot in order to refine the simulation unit on a smaller scale. In addition, the absence of metadata that characterized some elements of the technical itinerary or the health status of the crop, as well as the absence of data that characterized the physical environment or the water and nitrogen conditions in the soil, led to the deletion of some data essential for simulation [108,109].



Overall, the impact of the previous crop was positive and wheat yields were equivalents whatever the previous crop (winter pea or rapeseed). These wheat yields were more important in plot 2 than in plot 1 due to agro-pedoclimatic conditions. However, the wheat yield was considerably affected by a drought in 2018. In contrast, the wheat yield for the year 2019 escaped drought, which explains the difference in yield between the two plots. Indeed, the plot systems were set up one year apart, which allowed environmental conditions that permitted pests and pathogens to proliferate and attack the crops in plot 1, as reported by the farmer.





5. Conclusions


In the context of the growing demand for protein, increasing rarefaction of non-renewable resources, the need to preserve the environment (water, air and soil quality) and economic instability, introducing the winter pea into rotations could be a possible way of responding to these challenges, particularly in the Normandy region. From an agronomic point of view, the objective of this study was to evaluate the effect of changing the crop rotation head (winter pea or rapeseed) on the biological state of the soil. The results revealed strong spatiotemporal variability in the responses of soil microbial communities and highlighted the importance of the pedoclimatic context in determining the abundance and activity of soil microbial communities. Indeed, the comparison of the two successions (winter pea–wheat and rapeseed–wheat) led to different results depending on the plot considered. Moreover, under the environmental conditions of our study, the crop succession that included the pea enriched the soil with mineral N compared to the succession with rapeseed. These results highlighted the positive effect of the winter pea on mineral N availability during pea cropping period and for subsequent crops (wheat and barley). These findings partially supported our research hypotheses. On the one hand, the availability of mineral N for the following crops was higher in the successions that included the winter pea. On the other hand, the abundance of microbial communities and levels of enzyme activities were equivalent (plot 1) or higher (plot 2) in the successions that included rapeseed.



Under the conditions of our study, wheat yields after a winter pea crop (92 q ha−1 for plot 1 and 125 q ha−1 for plot 2) were equivalent to those obtained after a rapeseed crop. Rapeseed, however, required a large amount of N fertilizer (96 kg N ha−1 for plot 1 and 47 kg N ha−1 for plot 2). The results confirmed the ability of a winter pea crop to reach its productivity potential without the use of N fertilizers. Moreover, if we consider the policy established for supporting protein crops in France (minimum level of 100 € ha−1 of pea from 2010 and 111.5 € ha−1 from 2017), a winter pea crop would improve the gross profit margin for the succession brought back to the year and economic sustainability. Indeed, this crop increases the nitrogen autonomy, which reduces or avoids the purchase of mineral fertilizers and reduces the farmers’ working time related to fertilization interventions. All these factual observations lead us to conclude that the introduction of the winter pea crop in the rotation is systematically economically valuable.
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Figure 1. Schematic representation of crop succession including (a) plot design implemented in the selected farms (plot 1 and plot 2) and (b) history of crop management plan. 
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Figure 2. Total microbial communities, bacterial and fungal abundance in two crop succession (winter pea–wheat, rapeseed–wheat) at 3 sampling dates in the plot 1 (a) and plot 2 (b). Error bars on data points represent the standard errors of the mean of three replicates (n = 3). Letters indicate statistical significance between the 3 sampling dates and asterisks indicate statistical significance between the two successions (pea–wheat vs. rapeseed–wheat) at p < 0.05 according to Tukey’s test. 
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Figure 3. Enzyme activities in two crop successions (winter pea–wheat, rapeseed–wheat) at 3 sampling dates in the plot 1 (a) and plot 2 (b). Error bars on data points represent the standard errors of the mean of three replicates (n = 3). Letters indicate statistical significance between the 3 sampling dates and asterisks indicate statistical significance between the two successions (pea–wheat vs. rapeseed–wheat) at p < 0.05 according to Tukey’s test. 






Figure 3. Enzyme activities in two crop successions (winter pea–wheat, rapeseed–wheat) at 3 sampling dates in the plot 1 (a) and plot 2 (b). Error bars on data points represent the standard errors of the mean of three replicates (n = 3). Letters indicate statistical significance between the 3 sampling dates and asterisks indicate statistical significance between the two successions (pea–wheat vs. rapeseed–wheat) at p < 0.05 according to Tukey’s test.



[image: Agriculture 10 00548 g003]







[image: Agriculture 10 00548 g004 550] 





Figure 4. Patterns of the geometric mean of assayed enzymes determined in two crop successions (winter pea–wheat, rapeseed–wheat) at 3 sampling dates in plot 1 (a) and plot 2 (b). Error bars on data points represent the standard errors of the mean of three replicates (n = 3). Letters indicate statistical significance between the 3 sampling dates and asterisks indicate statistical significance between the two successions (winter pea–wheat vs. rapeseed–wheat) at p < 0.05 according to Tukey’s test. 
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Figure 5. Effects of crop successions with fertilization on soil mineral N rate (0–60 cm) at two sampling dates (autumn and winter) in the two studied plots: (a) plot 1, (b) plot 2. Error bars on data points represent the standard errors of the mean of three replicates (n = 3). Letters indicate statistical significance between the sampling dates (autumn and winter) and asterisks indicate statistical significance between the two successions (winter pea–wheat vs. rapeseed–wheat) at p < 0.05 according to Tukey’s test. 
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Figure 6. Principal component analysis of microbial abundance and enzyme activities and mineral N content in the two studied plots: (a) plot 1, (b) plot 2. GLU: β-D-glucosidase, NAG: N-acetyl-β-glucosaminidase, ARYLN: arylamidase, MGea: geometric means. 
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Table 1. Soil physicochemical properties in the two studied plots.
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	Plot 1
	Plot 2





	Soil texture
	
	



	 Clay (%)
	6.56 ± 0.32 b
	32.36 ± 2.16 a



	 Silt (%)
	68.10 ± 1.52 a
	49.81 ± 1.77 b



	 Sand (%)
	25.34 ± 1.81 a
	17.84 ± 1.53 b



	pHwater
	7.40 ± 0.01 b
	7.58 ± 0.07 a



	Total C (g kg−1 air dried soil)
	17.15 ± 3.82 b
	28.35 ± 2.97 a



	Total N (g kg−1 air dried soil)
	1.28 ± 0.20 a
	1.45 ± 0.36 a



	Organic C (g kg−1 air dried soil)
	13.65 ± 2.22 b
	26.89 ± 2.13 a







Letters indicate significant difference between plot 1 and plot 2 at p < 0.05 according to Tukey’s test. The results are presented as the mean of three replicates (n = 3) ± the standard errors.
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Table 2. Total, bacterial and fungal biomasses in the two studied plots in year 2 (wheat).
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Plot 1

	
Plot 2




	
With Fertilization

	
Without Fertilization

	
With Fertilization

	
Without Fertilization






	
Total nucleic acid (µg g−1 dry soil)

	
7.54 ± 0.56 a

	
8.72 ± 0.30 a

	
21.60 ± 1.77 a

	
22.02 ± 3.29 a




	
Bacteria (copy number of 16S rDNA genes g−1 dry soil) (×108)

	
32.51 ± 1.02 b

	
34.68 ± 0.96 a

	
0.52 ± 0.41 a

	
0.51 ± 0.38 a




	
Fungi (copy number of 18S rDNA genes g−1 dry soil) (×107)

	
22.13 ± 4.32 a

	
26.78 ± 5.05 a

	
2.23 ± 0.88 a

	
2.68 ± 0.78 a




	
β-glucosidase activity (mU g−1 dry soil)

	
16.67 ± 0.38 a

	
14.51 ± 0.54 b

	
20.50 ± 0.53 a

	
18.81 ± 0.90 b




	
Arylamidase activity (mU g−1 dry soil)

	
2.86 ± 0.16 b

	
3.18 ± 0.18 a

	
4.77 ± 0.18 b

	
5.24 ± 0.26 a




	
N-acetyl-glucosaminidase activity (mU g−1 dry soil)

	
2.00 ± 0.08 b

	
2.53 ± 0.39 a

	
3.16 ± 0.12 a

	
3.18 ± 0.08 a








Letters indicate significant difference in crop succession with and without fertilization at p < 0.05 according to Tukey’s test. The results are presented as the mean of three replicates (n = 3) ± the standard errors.
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Table 3. STICS simulation of databases of the two plots for each crop.
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Plot 1

	
Plot 2




	
Winter Pea

	
Wheat

	
Rapeseed

	
Wheat

	
Winter Pea

	
Wheat

	
Rapeseed

	
Wheat




	
2016–2017

	
2017–2018

	
2016–2017

	
2017–2018

	
2017–2018

	
2018–2019

	
2017–2018

	
2018–2019






	
Simulation period (month)

	
Nov–Jul

	
Oct–Jul

	
Sep–Aug

	
Oct–Jul

	
Oct–Aug

	
Oct–Aug

	
Aug–Jul

	
Oct–Aug




	
Rainfall (mm)

	
382

	
474

	
470

	
676

	
718

	
474

	
777

	
474




	
Initial soil NO3 (kg N ha−1)

	
245

	
90

	
295

	
102

	
113

	
128

	
147

	
90




	
Final soil NO3 (kg N ha−1)

	
140

	
118

	
136

	
111

	
134

	
127

	
110

	
117




	
N2 and N2O losses (kg ha−1)

	
1

	
18

	
8

	
20

	
0

	
16

	
4

	
18




	
N leached (kg N ha−1)

	
0

	
0

	
0

	
0

	
23

	
0

	
0

	
0




	
Yield grain simulation (t ha−1)

	
3.48

	
6.34

	
3.07

	
6.29

	
3.11

	
9.40

	
3.77

	
9.15




	
Yield grain observed (t ha−1)

	
6.00

	
9.50

	
4.00

	
9.20

	
3.50

	
12.50

	
3.87

	
12.00
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