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After the harvest of winter oilseed rape and faba bean crops, considerable high soil nitrate values may be built up before winter in central to north European regions. High precipitation and a low N uptake by the subsequent crop in fall cause a high risk of N2O emissions and nitrate leaching. Microbial decomposition of crop residues or high carbon amendments may immobilize mineral N temporarily and may prevent losses by direct N2O emissions. Five treatments, including crop residue removal and application of different organic amendments after harvest, were tested in a field trial in Northern Germany to elucidate the potential of this mechanism as a mitigation option. N2O emissions and the soil mineral nitrogen status were monitored from August to March for three consecutive years. Observed emissions ranged from 0.1 to 3.4 kg N ha−1 in 180 days. An empirical model approach was applied to separate the impact of spatially and temporally heterogeneous environmental conditions between the plots of the field experiment from treatment effects in the subsequent statistical analysis of N2O emissions. Results show that the exchange of the initial crop residues with organic amendments with high C:N ratios (i.e., winter wheat straw and sawdust) after the harvest of faba bean or oilseed rape can reduce N2O emission during fall and winter by up to 45%.
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INTRODUCTION
Nitrous oxide (N2O) emissions from agriculture are the largest source of anthropogenic greenhouse gas (GHG) emissions after the combustion of fossil fuels and industrial processes (IPCC, 2014). The largest contributors are direct and indirect emissions of N2O originating from managed soils (IPCC, 2019). Peaks of N₂O emissions from arable soils generally occur when mineral nitrogen (N) concentrations are high, for example, directly after fertilization and after soil cultivation, when increased aeration boosts organic matter turnover (Mosier et al., 1998). In particular, crops that are harvested early and leave behind crop residues with a low C:N ratio create an increased risk of high nitrate accumulation and subsequent N loss during fall and winter (Beaudoin et al., 2005; Rathke et al., 2006; Walter et al., 2015a). This risk results from high mineralization and nitrification rates after harvest and a low N uptake by the following crops in fall (Sieling and Kage, 2006; Henke et al., 2008). In central Europe, the common cultivation of winter oilseed rape (WOSR) with a subsequent winter cereal exhibits all these factors (Sieling and Kage, 2010). Similar conditions can be found after the harvest of faba beans (Sylvester-Bradley and Cross, 1991; Kage, 1997). Various studies have observed that off-season emissions contribute significantly to overall N2O budgets in agricultural soils of the cool–temperate zone (Flessa et al., 1995; Ruser et al., 2001; Tatti et al., 2014). N2O emissions may be even higher after the harvest of WOSR than during the growing season (Walter et al., 2015b).
Mitigation measures lowering N2O emissions can be expected to be most effective if they focus on reducing the availability of mineral N (Di and Cameron, 2002). Less intense tillage can decrease mineralization rates (Goss et al., 1993; Henke et al., 2008) and is already widely practiced. However, no tillage creates drawbacks concerning phytopathological aspects that may lead to a higher use of herbicides (Triplett and Dick, 2008). As an alternative, catch crops are an option to take up available N, retain it, and then release it later via mineralization (Justes et al., 1999; Sieling, 2019). Nevertheless, this approach is limited by the length of the growing period after the harvest of the previous crop. If also a valuable winter crop must be replaced by a spring crop there are economic disadvantages.
Another process decreasing mineral N is immobilization: microbial decomposition of crop residue requires N. If the N demand by microbes exceeds the N input with residues, the available mineral N will be metabolized and converted into organic forms (Chen et al., 2013). The resulting organic N is thereby temporarily saved from loss. A later shift to net mineralization at times of high N uptake rates by the subsequent crop (spring) would improve the temporal synchronization of N supply and N demand. This effect has already been demonstrated (Mitchell et al., 2001; Congreves et al., 2013; Cong et al., 2015) even regarding crop rotations featuring WOSR (Jensen et al., 1997; Trinsoutrot et al., 2000). There is a lack of studies regarding the effect of faba bean residues.
Consequently, the objective of this study was to test the impact of the application of different C-rich amendments after the harvest of WOSR and faba beans in field scale. In focus was the reduction of direct N2O emissions during emission-critical post-harvest and winter periods. Since the C:N ratio of the organic input is supposed to be the main driver of the process, the field trial feature amendments cover a gradient of C:N ratios that are of practical relevance (i.e., local availability).
Spatial and temporal variability of abiotic conditions governing N2O emissions (i.e., soil temperature and soil moisture) cause typically heterogeneous N2O dynamics (Kaiser and Ruser, 2000; Butterbach-Bahl et al., 2013; Lammirato et al., 2018), especially if the data is derived from large experimental areas and over long periods. To disentangle those interactions and account for the large variance of flux rates, abiotic factors were included in the statistical analysis.
MATERIALS AND METHODS
Site Description
The field trial was conducted from 2015 to 2018 at the experimental station Hohenschulen near Kiel (Northern Germany). The long-term average annual temperature (1993–2018) is 9°C, and the average annual precipitation is 730 mm. During the three observation periods (each year from the harvest of preceding crops in August till the first fertilization in March), daily mean air temperature was between −7.3 and 23.2°C. Air temperatures below 0°C occurred in 2015/16 on 23, in 2016/17 on 35, and in 2017/18 on 22 days. The fall and winter average daily mean temperatures of 2015/16 and 2017/18 were above the long-term average (7.3 and 7.6 compared to 7°C; Figure 1), whereas 2016/17 was below the average (6.7°C). Soil temperatures at 5 cm depth were between −1.3 and 24.2°C. Soil temperatures below 0°C often could not be measured due to impenetrable soil. In terms of precipitation, the 2017/18 fall/winter season was average, whereas 2015/16 was wetter and 2016/17 was rather dry compared to the 25-year average (Figure 1). Single precipitation events up to 43 mm took place, resulting in up to 100% water filled pore space (WFPS).
[image: Figure 1]FIGURE 1 | Weekly average temperature (°C) and precipitation sum (mm) from August 1 to March 15 per season compared to the long-term average.
The soil is a sandy to clayey loam with the high small-scale heterogeneity typical of the hilly Young Drift moraine landscape. Average pH (CaCl2) was 6.5 ± 0.17, and the soil organic carbon (SOC) content was 1.3 ± 0.1% (Reichel et al., 2018).
Experimental Design and Treatments
The field trial was set up as a split-plot design (Supplementary Figures 1, 2 of the Supplementary Material). Two common local crop rotations were studied: WOSR as preceding crops to winter wheat (WW) followed by winter barley and faba beans–WW–winter barley. In all three experimental years, each crop of both crop rotations was established on main plots. Within each main plot, four amendment treatments (Figure 2) were randomly distributed in subplots. The amendments were:
• keeping the preceding crop residues (control)
• replacement of crop residues with winter wheat straw
• replacement of crop residues with sawdust
• removal of above-ground residues
[image: Figure 2]FIGURE 2 | Scheme of the experimental setup; replications equal blocks.
Within each amendment subplot, four fertilizer intensity treatments to WW (0, 80, 200, and 280 kg N ha−1) were randomly distributed in 3 × 15 m2 sub-subplots. As this study focused on interactions of amendments with soil organic matter, only results prior to fertilizer application will be shown in the following. Thus, the design was crop (n = 2 × 3)/post-harvest amendment (n = 4)/fertilization intensity (n = 4) and replication (n = 4) summing up to 384 plots. The treatment subplots were separated from each other and from the surrounding area by marginal sub-subplots.
WOSR and faba beans were managed according to the common local practice including mineral fertilization of WOSR: 240 kg N ha−1 as calcium ammonium nitrate (CAN) divided into two split-applications during spring. After harvest, above-ground crop residues were removed, and the amendments were applied prior to sowing of subsequent WW (Figure 2). The amendments used in the trial were chosen by practical aspects, that is, local availability and the possibility for coupled use of (agricultural) resources: keeping the preceding crop residues on the field as the control treatment as this is the common local practice. Typically, there is no alternative use for WOSR and faba bean straw. However, those residues were considered for biogas production (e.g., Lönnqvist et al., 2013). Furthermore, WOSR straw is sometimes used in the dairy cow diet (Moss, 2002). Winter wheat straw can be made available from farm internal translocation and shows a considerable higher C:N ratio than both WOSR and faba bean residues (Table 1). Sawdust application was used as a third treatment in order to intensify the approach of C:N ratio–driven immobilization. Contrasting treatment was the sole removal of aboveground residues. The applied amounts of preceding crop residues correspond to actual yield of the preceding crop (averaged per year over the whole experimental site). For winter wheat, an idealized yield of 10 t ha−1 (dry matter) with a harvest index of 0.5 was assumed. Accordingly, the amount of sawdust was the dry matter equivalent to the applied wheat straw. Consequently, amendment treatments differed not only in the C:N ratio but also in the absolute amount of C and N applied.
TABLE 1 | Amendment application rates and properties referring to above-ground biomass.
[image: Table 1]The straw was chopped during removal and application resulting in particle sizes of 1–10 cm length. Sawdust was already delivered fine-grained, approximately 2–5 mm in diameter. Directly after the application all plots were tilled using a short disk harrow to incorporate the amendments into the first 10 cm of soil. Prior to sowing of WW fields were plowed 30 cm deep. Sowing was combined with seed-bed preparation resulting in further soil perturbation (approximately 10 cm deep). During the growing period, WW received three applications of calcium ammonium nitrate in all treatments, according to the fertilizer intensity treatments. All other crop management (e.g., P and K supply, sowing dates, and pesticide application) was done according to local recommendations for optimal yield.
N2O Flux Measurements
From August (harvest of WOSR) till March (prior to first fertilization of WW), N2O fluxes were measured almost weekly (8 days interval on average), which resulted in >20 measurement campaigns per season. In 2015/16 and 2016/17 in both crop rotations one sub-subplot per treatment and replication was sampled (n = 32). To gain statistical robustness, sample number was doubled in 2017/18 (two sub-subplots per amendment treatment and replication, n = 64) as advised by Lammirato et al. (2018). The fluxes from these expanded samplings were averaged per treatment and replication to ensure a uniform analysis together with the data from the other years. Interactions of N2O emissions with actual fertilization were not in focus as the study aimed on the dynamics of the soil organic C compartments.
N2O emissions were quantified with the manual static chamber method (Hutchinson and Mosier, 1981). In 2015/16, white PVC-chambers of 0.59 m2 area and 0.3 m3 volume were used. In the other two years, smaller rectangular chambers (A = 0.03 m2, V = 0.003 m3) were used. Both chamber types were equipped with rubber lip seals, a thermometer, and a fan. In addition, the smaller chambers had a vent for pressure equalization. At least one day prior to the first sampling, PVC-collars were pushed 3–4 cm into the soil. Remaining above-ground space inside each collar was determined to calculate the overall chamber volume. At the beginning of the sampling, chambers were placed on the collars and kept closed for 1 h. The first gas sample was collected with a 30 ml-syringe from the chamber headspace 1 min after closing of the chamber. The samples were then transferred to pre-evacuated 20 ml glass vials, which were sealed with a rubber septum. Three further samples were taken at constant sampling intervals of 20 min. Using eight chambers at a time one complete replication (all treatments of both crop rotations) could be sampled in one run of 1.3 h. Gas sampling of all replications had to be divided into four sampling runs between 8:30 am and 4:30 pm (fixed plot order throughout the observation period). Parallel to the gas sampling, chamber temperature and soil temperatures in 5 and 10 cm depth were recorded with insertion thermometers (Testo 0560, Testo SE & Co.). The four gas samples per plot were analyzed for N2O concentrations via gas chromatography (GC) and an electron capture detector (ECD). Four standard gases (Linde Gas, Pullach, Germany) in the range 300–3,000 ppb were used for calibration. Performance of the GC (Shimadzu GC-2014, Shimadzu, Kyoto, Japan) and auto-sampler (Greenhouse Workstation, SRI Instruments Europe, Bad Honnef, Germany) system were checked regularly by 10 consecutive measurements of the lowest standard. The resulting coefficient of variation was always below 3% and generally below 2%. Mole fractions were converted to mass concentrations using the ideal gas law. Fluxes were calculated from mass concentration, chamber size, and temperature with the R package gas fluxes (Fuß, 2017). An integrated selection algorithm (Leiber et al., 2014) decided between the nonlinear HMR-model (Hutchinson and Mosier, 1981; Pedersen et al., 2010), the robust linear (Huber, 1981) and the simple linear model. Cumulative emissions were calculated by linear interpolation between two samplings and integration over the entire measurement period for each treatment, replication, and season.
Soil Sampling and Soil Mineral N Analysis
Soil samples were taken from the upper 30 cm soil layer with a 1 cm inner diameter probe and four cores per plot were pooled. Samples down to 90 cm depth were taken with a 2 cm inner diameter probe and three cores were pooled. All samples were kept cool in the field in insulated ice boxes and subsequently stored frozen at −18°C until processing in the lab. Soil mineral nitrogen (SMN, sum of NH4+ -N and NO3− -N contents) was determined with a spectrophotometer after extraction of 50 g soil with 400 ml of a 125 mM CaCl2 solution and 45 min of mechanical shaking followed by centrifugation. A subsample of each soil sample was used for determination of gravimetric water content (dried at 105°C), which was converted to volumetric water content via multiplication with estimated bulk densities of the three soil layers: 1.45 g cm-for 0–30 cm, 1.60 g cm−3 for 30–60 cm, and 1.70 g cm−3 for 60–90 cm.
Due to logistical reasons and sometimes due to impenetrable frozen soil, SMN sampling could not always take place parallel to the N2O sampling. Fall net mineralization was calculated as difference of SMN in 0–90 cm depth in December and at the preceding crop harvest.
Data Processing
Different weather conditions per year and during the observation period as well as the soil heterogeneity of the site caused a wide variation of environmental conditions affecting the N2O emissions at a particular plot. In order to consider this variance in the emission analysis, an evaluation of these conditions was conducted.
Since the abiotic driving factors have a complex, nonlinear influence on the different N2O production processes (Butterbach-Bahl et al., 2013), they were assessed with a procedure based on the approach of Hansen et al. (1990). Empirical functions were used to evaluate the impact of the driving forces on N2O production, that is, soil water content and soil temperature, on a scale from 0 (no emissions) to 1 (optimum for N2O production). The resulting factors were multiplied with the concentration of available mineral N (as substrate for the emission processes).
The general formula for the impact rating is expressed in Eq. 1, which uses the assumption that there is no interaction between the effect of soil temperature and soil water status and that their combined effect is multiplicative (Hansen et al., 1990).
[image: image]
where fabiot is a function describing the impact of abiotic conditions on emissions (abiotic factor), N is the amount of available mineral N (kg N ha−1), f(W) and f(T) are functions that reflect the limitations imposed by moisture and temperature for the topsoil layer (upper 10 cm), respectively. Because this procedure originates from mechanistic modeling of N2O emissions this analysis is a semi-mechanistic model.
The impact of the driving forces differs for nitrification and denitrification. Therefore, the evaluation was carried out separately for both processes with different specific functions as follows:
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The indicators fnit and fden reflect the emission potential under the given environmental conditions. However, in contrast to a full mechanistic model, the data evaluation described here was not intended to predict the actual emissions. The soil moisture and temperature functions are defined by Eqs 4–7 (Hansen et al., 1990; Thorburn et al., 2010; Mielenz et al., 2016). The nonlinear assessment of moisture and temperature with respect to N2O emissions is shown exemplarily for a specific soil texture in the Supplementary Material.
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pF = decimal logarithm of the matric potential in hPa derived from the actual soil water content (SWC; see the Supplementary Material for details), T = soil temperature in °C, SWC = actual volumetric SWC in %, SWC(WFPScrit_den) = volumetric SWC at critical WFPS above which denitrification takes place (%), and SWCsat = volumetric SWC at saturation (%).
The lower threshold for denitrification SWC(WFPScrit_den) in Eq. 6 was set to the drained upper limit (DUL ≙ field capacity) of the specific soil. For simplification, we determined soil texture on main plot level and used tabulated values for the corresponding DULs (Boden, 2005). SWC, T, and pF values were derived from measurements. Although the treatment factor did not show a significant effect on the measured values of soil moisture and soil temperature, an inter-dependency of the amendment treatment and those parameters, soil moisture, soil temperature, and SMN content, was assumed (details can be seen in the Supplementary Material). Since this might mask the treatment effect, plot-level values of these parameters were averaged per main plot. Daily values were generated by linear interpolation between two consecutive sampling events. The daily values for the abiotic factors were then cumulated over the entire observation period. The resulting indicators quantify the abiotic conditions, separately for the main N2O production processes, under which the observed emissions occurred. The indicators also reflect the different lengths of the observation periods that occurred due to different harvest dates of the preceding crops and due to different field conditions per year. Statistical analyses were carried out with R (R Core Team, 2019). We fitted a linear mixed effects model using the package nlme (Pinheiro et al., 2019). A subsequent multiple comparisons of groups were performed with the package multcomp (Hothorn et al., 2008). A detailed description of the process including R code can be found in the Supplementary Material. Results are presented as arithmetic mean ± 1 standard deviation if not stated differently in the text. Statistical significance was set to α = 0.05.
RESULTS
Soil Mineral N Dynamics
After WOSR, which had been fertilized with 240 kg N ha−1, residual N (= fertilizer N – grain N content x yield) of the years 2015–2017 on average exceeded 100 kg N ha−1. Since faba beans were not fertilized, the residual N calculation without consideration of the N fixation was always negative. However, SMN contents after harvest (Figure 3) also suggest a high potential for N loss after faba beans. In fall, SMN contents in the topsoil layer (0–30 cm) usually increased, reaching a peak shortly after sowing of WW (see Figure 4 and the SMN dynamics of all plots in the Supplementary Material, chapter 4). This was most apparent in the residue-free treatment. Although the differences at the peak between the residue-free treatment and the other treatments were small (9–13 kg N ha−1), a buffer effect of amendment application was apparent. A temporal delayed appearance of the SMN peaks with increasing soil depth indicated the translocation of NO3− with soil water flow. Shortly before the first fertilizer application in March, SMN contents of all treatments and layers leveled off to 15 ± 9 kg ha−1.
[image: Figure 3]FIGURE 3 | SMN contents in 0–90 cm after harvest for each experimental year; FB, faba bean, WOSR, winter oilseed rape (240 kg N/ha), WW, winter wheat (200 kg N/ha); error bars indicate standard deviation of total SMN in 0–90 cm; letters indicate significant differences per season (linear mixed-effects model, p < 0.05).
[image: Figure 4]FIGURE 4 | Example SMN dynamics from 2016/17 after faba bean for the three soil layers 0–30, 30–60, and 60–90 cm depth; points indicate measured contents; lines indicate linear interpolated mean values.
Averaged over all treatments, calculated fall net mineralization was negative with a mean of −21 ± 22 kg N ha−1 (Figure 5). Averaged over all three years, fall net mineralization in WOSR rotation after application of winter wheat residues was significantly smaller than without residues (difference of 25 ± 6 kg N ha−1; see the Supplementary Material for details). N2O flux dynamics.
[image: Figure 5]FIGURE 5 | Difference of SMN concentrations in 0–90 cm depth at the preceding crop harvest and the beginning of December (= Net N-Mineralization); error bars indicate standard error.
On 69 measurement dates 2861 flux rates were determined. For the majority (n = 2759) the robust linear regression was used for flux rate calculation, HMR was rarely selected (64 times). Linear regression was used 38 times because one out of four gas samples had been lost. Mean observed flux rate was 14 ± 54 μg N2O-N m−2 h−1. This can be considered low to moderate although emission peaks up to 1,665 μg N2O-N m−2 h−1 occurred on single plots (Figure 6). Peaks of average emissions were observed in 2016 and 2017 in the warm period between mid of August and beginning of September with average emissions of 76 ± 95 and 83 ± 95 μg N2O-N m−2 h−1, respectively. Therefore, this particular period might be identified as a literal hot moment for post-harvest emissions: on average of the experimental years the daily mean temperature between August 15 and September 15 was 16 ± 2°C, which caused increased emissions. The average temperature dropped in the following 30 days to 12 ± 3°C, while correspondingly lower emissions occurred (Figure 6). N2O emission data did not cover this period in 2015 due to a delayed start of measurement. However, peaks in 2015/16 had an average magnitude of 49 ± 151 μg N2O-N m−2 h−1 and occurred in January 2016, presumably due to a freeze–thaw event (Song et al., 2017). Such incidents also occurred in the other trial years but with a less intense increase of emissions (Figure 6).
[image: Figure 6]FIGURE 6 | N2O-N flux rates per treatment and season; points are mean values; lines represent linear interpolation; error bars indicate ± standard error; y-axis scaled after modulus transformation (John and Draper, 1980); freeze–thaw events are highlighted with gray background.
N2O emissions and corresponding interpolated SMN contents are slightly positively correlated. The Spearman rank correlation coefficient is 0.37 with p < 2.2e−16. Flux rates were not immediately sensitive to soil perturbation events, that is, substrate incorporation (30 cm deep by plowing) and sowing (10 cm deep), or heavy rainfall events (precipitation data not shown). These events were not followed by a substantial increase (Figure 6).
Cumulated N2O Emissions
Cumulated N2O emissions of the treatment/year combinations within the observation period of roughly over 6 months were between 0.1 and 3.4 kg N ha−1 with a mean of 0.54 ± 0.55 kg N ha−1 (Table 2). In addition to the varying length of the observation period and the influence of annual weather conditions, soil texture heterogeneity across the experimental site contributed to a high variability of N2O emissions, leading to a few captured extreme fluxes that govern the cumulated emissions.
TABLE 2 | Cumulative N2O emissions per treatment and season; n = 4, respectively, 8 for 2017/18.
[image: Table 2]A multi-factor ANOVA showed that the cumulated value of the abiotic factor for nitrification fnit is sensitive (p < 0.01) to 1) the inter-annual variability of climatic conditions, 2) the different lengths of measurement periods per crop rotation and season, as well as 3) the spatial variability of the site and the different sampling times in dependency of the replications. The same analysis for the factor of denitrification fden suggested dependency on the preceding crop (p < 0.01; for details and underlying data, see Supplementary Section S5).
The linear mixed effect model for evaluation of cumulative N2O fluxes includes the preceding crop (rotation) and the amendment treatment as main factors and the abiotic factors as numeric covariates (fixed effects). Interactions between the fixed effects factors were included except between both abiotic factors. Season (i.e., the year of harvest of winter wheat), the replication ID, and preceding crop were set as nested random effect, which reflects the structure of the split-plot design of the trial and allows individual intercept estimation per level combination. To achieve (approximate) normal distribution of residuals log-transformation of the dependent variable (cumulated N2O emissions) was conducted as it was done for similar models (for example, Walter et al., 2015a; Ruser et al., 2017). The wide 95% confidence intervals of the model estimates (Supplementary Table 19 in the Supplementary Material and retransformed in Figure 7) indicate a large amount of uncertainty of the effects.
[image: Figure 7]FIGURE 7 | Cumulative N2O-N emissions calculated with the regression model at average abiotic emission conditions (i.e., average period length, temperature sum, moisture status, and N-source status) and re-transformed from log-transformation; minor letters indicate significant differences of the model estimates (p < 0.05) per crop rotation; error bars indicate the 95% confidence interval; percent values refer to the control treatment.
An analysis of co-variance (marginal ANCOVA) was employed subsequently to obtain p-values (Supplementary Table 18). The significant interactions of treatment factors (crop rotation and amendment treatment) and the covariates cause different slope estimations for each combination of the treatment factor levels. Consequently, the differences between groups depend on the actual level of the covariates. A regular multiple comparison of groups would compare the intercepts at a covariate level of 0, which is not meaningful as the covariates reflect the emission conditions. To solve this issue and additionally reduce co-linearity as assessed by generalized variance-inflation factors (VIF), the abiotic factors were centered (see for example Garcia et al., 2016). This way the intercepts of each rotation–amendment combination were compared at average emission conditions.
The retransformed emission values derived from the model estimates after centering of covariates (Figure 7) can be understood as an estimate of the potential emissions at average abiotic emission conditions. The modeled emissions can hardly be compared with the observed values, since the field conditions never matched this average. The abiotic emission conditions cover the length of the observation period, the temperature sum and moisture content as well as the N availability for the respective N2O formation process. The model estimates were compared per rotation–amendment group. A significant difference between the treatment with wheat straw amendment and the treatments where the WOSR residues were kept or completely removed was revealed (30 and 67% reduction, respectively). Removal of the WOSR residues resulted in the highest N2O emissions at average abiotic conditions with an increase by almost 40% compared to the control treatment (p < 0.1).
In contrast, in the faba bean rotation, keeping the bean residues increased emissions (p < 0.05). Removal of the legume residues as well as the exchange with wheat straw produced less N2O (36 and 45% reduction, respectively, p < 0.001). Although sawdust application lowered emissions compared to the control treatment in both rotations, the difference was not significant.
DISCUSSION
Soil Mineral N Dynamics
Residual SMN after the harvest of preceding crops confirmed a high risk of N losses. The high N surplus after WOSR can be partially attributed to a low N removal with harvest due to low seed yields, which were remarkably below the average seed yield of the previous years (Sieling et al., 1999). SMN contents correlated strongly with dry matter crop yield, as it determined both, N withdrawal from the soil and the total dry matter of residues (detailed yield parameters are available in the Supplementary Material).
Despite a net mineralization in the first 6–8 weeks after harvest on all plots, a buffering of the SMN peaks as well as a less pronounced NO3− translocation on plots with amendments clearly indicated fall N-immobilization-mineralization as proposed by Chen et al. (2014). This hypothesis was further supported generally by a negative net N mineralization calculated for the period from harvest to December. Lowest net N mineralization could be observed after application of winter wheat straw which features the highest C:N ratio leaving sawdust aside. The effect size decreases with a decrease in the C:N ratio of the amendments. Occasionally, even positive net mineralization was observed on plots without any amendment. This emphasizes the role of the C:N ratio as a main driver of immobilization. However, sawdust is an exception: Its small effect on SMN dynamics despite its extremely high C:N ratio was probably due to the high lignin content of wood. Lignin causes low C mineralization rates and thus lowers N immobilization (Jensen et al., 2005; Popa et al., 2008). In contrast, Reichel et al. (2018) demonstrated the immobilization potential of the same material in an incubation experiment including additional N fertilization. Latter might be necessary to induce the microbial decomposition of the otherwise recalcitrant sawdust.
It should be noted that precipitation data suggest a contribution of N leaching losses (translocation of SMN deeper than 90 cm) to the change of SMN in fall (Di and Cameron, 2002). Lack of data prevents leaching quantification. Gaseous losses were a minor factor since the average cumulated N2O emissions for the entire observation period hardly exceeded 1.0 kg N ha−1. It can be assumed that emissions of other N gases (N2, NO) were not much larger (e.g., Ruser et al., 2006; Wu et al., 2018; Liao et al., 2020). In addition, N-uptake by winter wheat could be assumed to be negligibly small (5 ± 1.6 kg N ha−1 based on destructive measurements in December 2015).
N2O Emissions
The emissions presented were quite common for this climate zone, the observation period, and the agricultural system. Ruser et al. (2017) measured N2O fluxes at the same site in winter wheat after WOSR from sowing till end of December in 2013–2015 and observed only mean fluxes <100 μg N2O-N m−2 h−1. Vinzent et al. (2017), in a study in southern Germany in 2013 and 2014, rarely observed flux rates above 50 μg N2O-N m−2 h−1 in the post-harvest periods after WOSR. Resulting cumulative emissions were between 0.3 and 2.0 kg N2O-N ha−1. Likewise, Walter et al. (2015a) found only cumulative emissions <0.5 kg N2O-N ha−1 in winter 2012/13 after WOSR at a site in central Germany.
Since soil moisture was no limiting factor (almost constantly above 64% WFPS), low temperatures in fall/winter are most likely to cause the low N2O emissions (Butterbach-Bahl et al., 2013). Higher emissions were observed after WOSR than after faba bean (n.s.). While average post-harvest SMN contents were at a similar level indicating a high N2O loss potential for both crops, the fallow periods till WW sowing were longer after WOSR due to an earlier harvest compared to faba beans (2–3 weeks). The higher daily mean temperatures and the already abundant precipitation favored N2O production and affected substantially the cumulated emissions of that particular period. Due to this fact, a further comparison of the amendment treatment effect on crop rotation level was considered to be not meaningful.
Although considerable temporal and spatial heterogeneity of N2O dynamics was suggested in the literature, the observed variability was larger than expected. Consequently, differences between the treatments in terms of absolute emissions were inconclusive. The linear mixed effects model adequately took into account random effects and variance heterogeneity in dependency of the experimental year and the location, helping to identify the treatment effects under average conditions.
The abiotic factors as a proxy of the effect of environmental conditions over time explained a significant part of the variance among the data. Spatial variation of fden was noticeably higher than that of fnit (Figure 8). Presumably, this is a consequence of the sensitivity of the denitrification factor to the actual SWC: the outcome of the assessment depended considerably on the selected threshold for denitrification conditions.
[image: Figure 8]FIGURE 8 | Deviation from the respective mean of the cumulated daily abiotic factors for nitrification and denitrification, averaged per season; error bars indicate ± standard error across replications. High values of the abiotic factors equal conditions favoring N2O emissions.
Unfortunately, the lower limit of SWC for beginning of denitrification is not uniformly defined (Barton et al., 1999; Heinen, 2006). It seems to be highly site and soil specific. Hence, the critical threshold in Eq. 7 was generalized as suggested by Thorburn et al. (2010). This generalization offered the option to consider denitrification below DUL. Still, due to a lack of more accurate data we used WFPS at DUL for the specific soil texture. Consequently, fden varied with the local soil texture (and its DUL) and the current SWC. Both varied highly on a small scale at the given site. However, given that nitrate as well as organic carbon as a prerequisite for denitrification was abundant and temperatures above 2°C already allow the reaction, SWC as the dominant environmental controller for O2 availability was the main governing factor of denitrification (Firestone and Davidson, 1989).
The model indicated a 30% reduction in N2O emissions when WOSR residues were replaced with WW straw as hypothesized. Still, the conventional practice of leaving the residues on the field causes lower emissions compared to residue removal, for which 40% higher emissions were estimated. Similar to the SMN dynamics, the relatively recalcitrant sawdust affected the N2O dynamics only to a small extent.
Baggs et al. (2003) reported higher N2O emissions after incorporation of faba bean residues, compared to a cereal straw treatment as well as to a treatment without residues. Most likely the quite low C:N ratio of faba bean residues favored fast microbial decomposition and hence temporary anaerobic microsites might have been created where emissions by denitrification are dominant (Gök and Ottow, 1988; Huang et al., 2004; Jensen et al., 2005). In treatments with slow-reacting amendments (WW straw and sawdust) as well as in the soils without additional amounts of organic matter, this mechanism may not have been initiated during the time of observation.
The absolute differences of average direct N2O emissions under the control treatment and the application of WW residues were 137 g N2O-N ha−1 in 182 days. This is equivalent to 40.5 kg CO2-eq. emission, assuming a GWP100 for N2O of 296 (Myhre et al., 2013). The magnitude of typical N2O emissions under a whole year of WOSR cultivation in Germany has been reported to be 1 kg N2O-N (Ruser et al., 2017). Roughly estimated, a post-harvest treatment with WW residues could lower direct annual N2O emissions from WOSR cultivation by almost 14%. It is noteworthy that this calculation does not consider the effect on mitigating N-leaching and related indirect emissions. Also, NH3 emissions have been neglected. Former studies at the same site showed that noteworthy NH3 emissions only occur after manure/slurry application (Räbiger et al., 2020), which is not applicable for the presented experiment. Annual production emissions, that is, the sum of CO2-equivalent emission for tillage, harvest operations, and N fertilization of WOSR cropping are about 1,500–2000 kg CO2eq ha−1 (Neeft et al., 2012; BioGrace-I GHG calculation tool-version 4d, 2015). Consequently, a reduction of 40.5 kg CO2-eq ha−1 would reduce the total greenhouse gas emissions by up to 2.7%. However, for a comprehensive assessment, the effects on other greenhouse gases must also be taken into account.
CONCLUSION
Residual SMN after the harvest of WOSR and faba beans is higher than that after cereals. So is the risk of gaseous N losses. At sites with comparable conditions as described in the present study, removal of WOSR residues (e.g., for biogas production or dairy cow diet) would increase N2O emissions and should be avoided. In contrast, faba bean residues seem to stimulate N2O emissions after harvest. The present study shows that the replacement of preceding crop residues with winter wheat straw, which features a higher C:N ratio, buffers SMN increase in fall and mitigates N2O emissions by up to 45%.
The analysis method featuring abiotic environmental conditions as explaining covariates assesses the varying environmental conditions and adjusts for them. Hence, it allows performing uniform comparisons of emissions from a dataset covering various observation periods and a heterogeneous site.
Although the findings confirm the C:N ratio as a main driver of the immobilization process, there are further aspects like the recalcitrance of the main amendment constituents and the abiotic factors ruling the N2O emissions. Therefore, recommendations for farmers have to be site-specific, considering various features of the available amendments and the environmental conditions.
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