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Abstract


The mineralization of plant residues results in changes in soil C and N. However, it is difficult to determine the origins of C and N from either soil organic matter mineralization or residue decomposition using traditional methods. An incubation experiment containing two treatments (blank soil (BS) and soil with 6% maize straw (MS)) was conducted to assess the contributions of maize straw to gas emissions, and to soil organic carbon (SOC) and total nitrogen (TN) using isotopic tracers. About 11.5% of maize straw C was sequestered in soil, the cumulative amount of C emitted from MS was 2.5-fold higher than that in BS treatment. A positive priming effect of maize straw on native SOC in the first 14 days was observed, and then became negative, indicating the potential for a positive balance of SOC storage. Cumulative N2O emissions in MS markedly decreased by 22.4% compared with BS, and the loss of N via N2O in MS was approximately 3.3%. Maize straw significantly increased soil TN and contributed 15.8% to TN at day 120. Our study clearly demonstrated that the different dynamics of 13C and 15N in the soils and gases indicated differences of maize straw C and N during decomposition. Maize straw C preferred to contribute to CO2 emissions, while maize straw N contributed more to soil TN.






Keywords:


CO2 emissions; isotopic signature; N2O emissions; priming effect; soil organic matter












1. Introduction


Soil organic matter (SOM) consists of heterogeneous pools with different stability and turnover rates, and plays a vital role in maintaining soil fertility; SOM is a source of nutrients of soil as well [1]. The equilibrium between the formation and decomposition of SOM determines the level of the organic matter pool [2]. In the past, crop residues were often removed and burned, resulting in losses of SOM from the system. Returning crop residues to the soil is being accepted, as it maintains the soil organic carbon (SOC) content and improves soil fertility and microbial activity [3]. During the decomposition of crop residues, CO2 is emitted, and nutrients essential to crop growth are released [4]. The application of straw could delay N release, increase the crop yield, and reduce N losses from the soil–plant system [5]. The addition of organic materials to agricultural soil is important for replenishing the annual C losses, and for improving both the biological and chemical properties of soil. Therefore, understanding the dynamics of plant–soil–atmosphere processes is critical for predicting the cycles of global C and N.



Stable isotopes are widely used in assessing plant C and N assimilation [6] and rhizodeposition [7], because isotope ration of residue can be distinguished with soil isotopes [8]. Litter decomposition [9], soil organic matter formation [10], soil gas emissions [9], and soil C residence time [11] have also been evaluated via stable isotopes, based on their natural abundance or their artificial label.



When C4 plant residues are incorporated into soil that was previously planted with C3 vegetation, the SOM contains both C sources, and the values of soil δ13C changes [12]. However, no change in 13C discrimination during soil respiration has been widely reported [13]. Thus, additional research on isotopic fractionation in 13C during the decomposition of organic matter in soil is required. When crop residues are added to the soil, the newly added C from the crop residues affects the native SOM through a priming effect [14]. Negative, positive, or even neutral priming effects could occur, depending on the organic substrates [15,16]. Most studies have considered priming effects as taking place for hours to several days during the early stage of decomposition [15,16]. However, the priming effect is not a short-term response, and may last for weeks or months [14]. The decomposition of crop residue usually is divided into three stages, namely, rapid, intermediate, and slow decomposition [17]. Thus, the priming effects of crop residues need to be evaluated in the latter stage of decomposition, as they might differ from those in the early stage.



Nitrogen is a limiting nutrient for soil processes, representing an important entity, not only in the N cycle, but also in C sequestration in soils [18]. The signature of 15N was also used to differentiate between the intrinsic and newly-added N following the soil changes [19]. Plant residue-N is a vital source of N in stable SOM, and Bird et al. [20] showed heterogeneous pathways of residue-C and residue-N during the formation of SOM. Therefore, plant residues labeled with 15N were useful in addressing the degradation of SOM, available soil N and SOM-N pools [21]. When studying the recovery of N mineralization from 15N-labeled residues over three years under field conditions, the recovery of residue N decreased from 4.5% to 1.1% over the long-term [22]. However, elevated CO2 resulted in an 18% higher recovery of residue N [23].



Based on our knowledge, the simultaneous fates and transformations of residue-C and residue-N during plant residue decomposition are far from being fully understood [24]. Therefore, we conducted a 120-day incubation experiment, where we applied 15N-labeled maize straw. The objectives of this study were to investigate (1) the direct contribution of maize residues to soil C and N, and (2) the effects of maize straw addition on the dynamics of soil native organic C, which is indicated as priming effect. We hypothesize that there is a difference between residue-C and residue-N, and that maize straw decomposition will affect the native SOC.




2. Materials and Methods


2.1. Soil and Maize Straw


The soil was collected from a site with mature evergreen trees in Zhoukou, Henan Province (33°38′ N, 114°40′ E) in 2018. The soil samples were passed through a 2-mm sieve to remove the plant material and large aggregates, then air-dried in the shade. The pH (1:2.5 soil:H2O) was 7.55, and the concentrations of SOC and total N (TN) were 21.46 g kg−1 and 2.15 g kg−1, respectively. The values of soil δ13C and 15δ N were −20.38‰ and 4.85‰, respectively.



The maize straw used in this experiment was labeled with 15N and was prepared based on a previous field experiment. The maize straw contained 411.91 g kg−1 C with a δ13C value of −12.42‰ and 7.24 g kg−1 N with a δ15N value of 1562.63‰, and it had a C:N ratio of 56.89 and a pH value of 6.72.




2.2. Incubation Experiment


The incubation experiment was conducted over a four-month period, and consisted of the following two treatments: BS (blank soil) and MS (soil and 6% maize straw (g straw 100 g−1 soil)). Jars with 100 g soil were pre-incubated with distilled water to a 40% water holding capacity (WHC). Then, the 1-L jars were incubated at 25 °C in the dark for seven days to stabilize the microbial activity. Half of the pre-incubated soils were noted as having BS treatment, and maize straw was homogeneously mixed into the reminder of the soils at a rate of 6%, which was noted as MS the treatment. Of the two sets of jars, with each jar being prepared in quintuplicate, one set of soil was used for the gas sampling and the second set was used for soil organic C and N sampling. To minimize water loss, the jars were sealed with Parafilm which was removed only 20 min before sampling. During the incubation, the soil water content was adjusted to 60% WHC by weighting and adding distilled water every two days. All of the jars were placed in a controlled environment incubator at 25 °C in a random block design.




2.3. Measurement of Gas Emissions and Soil C and N


The headspace air was sampled on days 1, 2, 3, 4, 5, 6, 7, 10, 14, 18, 22, 28, 38, 64, 80, 100, and 120 using a gas tight syringe. Each jar was sealed with an airtight butyl stopper perforated by centered Perspex tubes, and was vacuumed and flushed with fresh air using a multiport vacuum manifold. An additional 20 mL of fresh air was then immediately injected into the jars using a plastic syringe, and was evenly mixed with headspace gas, and the same volume gas was sampled as the zero-time samples for analysis. The jars were returned to the incubator and another 20 mL of headspace gas in the jars was sampled after 1 h of enclosure. The concentrations of N2O and CO2 were simultaneously analyzed using a gas chromatograph (Agilent 7890A, Shanghai, China) equipped with an electron capture detector (ECD) for the N2O analysis, and a hydrogen flame ionization detector (FID) for the CO2 analysis. The gas standards were supplied by the National Research Center for Certified Reference Material, Beijing, China. The values of δ13C in the emitted CO2 and the values of δ15N in the emitted N2O were measured by the Institute of Soil Science of the Chinese Academy of Sciences.



The samples in each treatment from the incubation experiment were removed at 1, 7, 14, 28, 80, and 120 days of incubation to measure the SOC and TN. The SOC was measured with K2Cr2O7-H2SO4 oxidation [25], and the TN concentration was analyzed using the Kjeldahl digestion procedure [26]. The stable isotope compositions of 13δ C and 15δ N were determined using an isotope mass spectrometer (MAT-253, Thermo Fisher, Waltham, MA, USA).




2.4. Calculations


The amount of total C mineralized was calculated by the linear interpolation of two neighboring measured rates, and numerical integration over time. The C mineralization was fitted to the first-order kinetic function, as follows:


Cm = Cp × (1 − e−K × t)



(1)




where Cm is the cumulative value of mineralized C (mg g−1) during time t; Cp is the potentially mineralizable C (mg g−1), which mainly comprised of labile organic C; K is the decay rate constant (d−1); and t is the time of incubation (d) characterized by the potential mineralizable C in soil. The half residence time of the organic C decomposition was calculated by T1/2 = ln2/K.



In this study, we assumed that the δ13C (δ15N) values of CO2 (N2O) and SOC (TN) that originated from maize straw were equal to the δ13C (δ15N) value of maize straw, and the δ13C (δ15N) values of CO2 (N2O) and SOC (TN) that originated from the soil without maize straw were equal to the δ13C (δ15N) values of the native soil [27]. Large differences in the δ13C and δ15N values of maize straw and native soil would enable us to differentiate between the sources of the gas emissions and soils, based on the isotope values.



The values of δ13 C and δ15N were expressed as follows:


δ (‰) = (Rsample − Rstandard) × 1000/ Rstandard



(2)




where Rsample and Rstandard are the 13C/12C or 15N/14N ratios of the sample and standard, respectively [28]. The δ13C values are recorded relative to the Vienna Pee Dee Belemnite standard (13C/12C = (11237.2 ± 90) × 10−6), and the values of δ15 N are reported relative to atmospheric N (15N/14N = 3.6765 × 10−3).



The proportion of C or N derived from the maize straw was calculated using the following calculation:


f (%) = (δ − δs)/(δr − δs) × 100%



(3)




where f (%) is the proportion of C or N derived from the maize straw, δ is the δ13C or δ15N value of the soil with maize straw during incubation, δs is the δ13C or δ15N value of the initial soil, and δr is the initial δ13C or δ15N value of the maize straw [28].



The concentration of C or N from maize straw (X) was calculated as follows:


X (g kg−1) = f × ρ



(4)




where ρ is concentration of the SOC or TN.



It was possible to determine the amount of native soil organic matter subjected to priming after the addition of maize straw. The priming effect of maize straw on native SOC during incubation was calculated with the following formula:


PE (%) = (CO2-straw − CO2-soil)/CO2-soil × 100%



(5)




where CO2-straw is the amount of CO2 derived from the native SOC in the soil with maize straw (MS treatment), and CO2-soil is the amount of CO2 derived from the SOC in the BS treatment. The cumulative priming effect was calculated as the sum of the priming effects in each of the time intervals during incubation in the treatment added with maize straw.




2.5. Statistical Analysis


All of the data are expressed on a dry weight basis. All of the variables were tested for homogeneity of variance and normality of distribution prior to analysis, and all of the data met the assumption of the parametric analyses. All of the statistical analyses were carried out using SPSS 19.0 (SPSS Inc., Chicago, USA), where one-way analysis of variance (ANOVA) was used to assess the statistical significance in the values of δ13C and δ15N in both treatments over the incubation time, following post-hoc least significant difference (LSD) tests. A paired t-test was carried out to assess the significant differences among the C mineralization parameters between the two treatments. In all cases, p < 0.05 was considered as significant. The figures were accomplished with SigmaPlot 12.0 (Systat Software Inc., London, UK).





3. Results


3.1. Carbon and Nitrogen Losses in CO2 and N2O


The CO2 emissions rate was relatively low and constant, except for the initial three days in the BS treatment (Figure 1a). During the incubation period, the CO2 emissions rate in the MS treatment decreased rapidly, and reduced to only 5.80 mg kg−1 h−1 at day 120, which was 7.33% of the initial rate. The average emissions rates of CO2 in the BS and MS treatments during incubation were 1.76 mg kg−1 h−1 and 6.19 mg kg−1 h−1, respectively. The cumulative loss of CO2 was significantly higher in the MS treatment at 17813.18 mg C kg−1 soil, which was approximately 2.5 times more than that of the BS treatment (Figure 1b).



In contrast to the dynamics of the CO2 emissions, the N2O emission rates were not significantly different in the two treatments, ranging from 0.01 μg kg−1 h−1 to 0.37 μg kg−1 h−1 (Figure 1c). A two-phase pattern of soil N2O was observed in both treatments. The first phase was observed from day 1 to day 14, when the N2O emissions rate decreased from 0.37 μg kg−1 h−1 to 0.04 μg kg−1 h−1 in the BS treatment, and from 0.23 μg kg−1 h−1 to 0.02 μg kg−1 h−1 in the MS treatment. The second peak of the N2O emissions rate reached 0.31 μg kg−1 h−1 at day 22 in the BS treatment, and 0.19 μg kg−1 h−1 at day 18 in the MS treatment. Both emissions rates of N2O in the two treatments decreased to 0.01 μg kg−1 h−1 at day 120. The amount of cumulative N2O emissions in the MS treatment was 84.14 μg N kg−1, approximately 77.57% of that in the BS treatment (Figure 1d, p < 0.05). In the end, the MS treatment lost approximately 3.26% of N via N2O emissions across the incubation.



The kinetic parameters of C mineralization are reported in Table 1. There was no significant difference between the actual C mineralization (Cm) and potential C (Cp) for both treatments. The potential mineralized C were 1.388 mg g−1 and 4.664 mg g−1 in the BS and MS treatments, respectively. The MS treatment caused a decomposition rate constant K value of 0.050, which was significantly higher than that of the BS treatment; the half residence time of organic C decomposition (T1/2) in the MS treatment was therefore significantly lower than that in the BS treatment (13.86 d in MS treatment vs. 20.39 d in BS treatment).




3.2. Isotopic Characteristics of CO2 and N2O


Throughout the incubation period, the contributions of maize straw C to the total CO2 emissions were above 65%. The values of δ13C–CO2 tended to decrease over the incubation period, and slightly higher δ13C values of CO2 were observed in the MS treatment at all sampling times (Table 2). The values of δ13C-CO2 in the BS treatment did not change significantly across the incubation. In contrast, the values of δ13C-CO2 in the MS treatment decreased significantly across the incubation and reached −14.81‰ at day 120. With the highest value on day 1, the contribution of maize straw C to CO2 emissions generally decreased with incubation time.



According to the signature of δ13C-CO2, the priming effect of maize straw on native soil C mineralization was calculated. The dynamic of the priming effect fit the model of y = −23.92 + 323.83/x − 209.64/x2 well (Figure 2). A positive priming effect was observed during the first 14 days, and the highest priming effect (PE) was on day 1 (PE = 90.49%), but the priming effect changed to negative, and tended to decrease with incubation time. The priming effect of maize straw on soil native C reached −29.69% at day 120. In the end, the cumulative priming effect of maize straw on native SOC was 52.73% across incubation.



The values of δ15N-N2O in the BS treatment were relatively constant, and ranged from 1.85‰ to 2.03‰ (Table 2). Significantly higher than that in the BS treatment, the values of δ15N-N2O in the MS treatment increased with time, ranging from 5.38‰ to 6.05‰. As shown in Table 2, the contributions of maize straw to N2O were all below 0.1%. Like the trend of δ15N-N2O, the highest contribution of maize straw to N2O was observed at day 120.




3.3. Changes in δ13C-SOC and δ15N-TN During Incubation


While it was relatively stable in the BS treatment, the SOC showed a slight decrease in MS treatment across the incubation (Figure 3a). The SOC significantly increased in the MS treatment, ranging from 25.65 g kg−1 to 27.49 g kg−1, compared with the BS treatment (ranging from 21.08 g kg−1 to 21.52 g kg−1), and the SOC was still 21.70% higher in the MS treatment than that in the BS treatment at day 120. The TN in the BS treatment remained relatively stable, ranging from 2.12 g kg−1 to 2.24 g kg−1 (Figure 3b). In contrast, the TN in the MS treatment significantly increased compared with the BS treatment, and it increased with the incubation time. The soil TN in the MS treatment was 2.54 g kg−1 at day 120, which was 14.93% higher than that of the BS treatment.



The values of the initial soil δ13C and δ15N were −20.38‰ and 4.85‰, respectively. Although the maize straw significantly increased the soil δ13C and δ15N during the incubation, the δ13C values of the MS treatment showed a small decrease with the incubation time, while δ15N showed a large increase (Table 3). The proportions of organic carbon (fOC) and nitrogen (fN) derived from the maize straw also had different trends during the incubation. Decreasing with time, the fOC ranged from 29.67% at day 1 to 11.45% at day 120. After the 120-day incubation period, only 11.45% of the total organic soil C was derived from the maize straw. Generally, fN increased with the incubation time, and it ranged from 9.97% to 15.75%. The maize straw-derived C decreased with the incubation time, while the maize straw-derived N increased with the incubation time. At the end of incubation, only 3.66 g kg−1 C and 0.40 g kg−1 N were derived from the maize straw.





4. Discussion


4.1. Effect of Maize Straw on C Mineralization


The large differences in the values of δ13C (7.96‰) between the initial soil and maize straw successfully differentiated the origins of native SOC and maize straw C. In our study, 11.45% of maize-derived C occurred in the total SOC after the 120-day incubation period, which is lower than the results of Dungait et al. [29], who observed that 60% of cow dung-C appeared in the soil after 56 days of application in a temperate grassland. This variety may be attributed to characteristics of the organic material, for example, dung generally provided more soluble C and N compounds for microorganisms, which in turn increased the decomposition of organic C. The C:N ratio of the organic material also affects the decomposition processes [30]. The higher C:N ratio of 56.89 in our study would result in a lower mineralization of maize straw. The difference in the conditions of the lab incubation and field experiments might also contribute to the different results in the studies.



The values of δ13C-CO2 in the MS treatment tended to decrease throughout the incubation, suggesting a marked discrimination of the isotope during the decomposition of organic matter. The CO2 that evolved throughout the decomposition of maize straw remained depleted in 13C, and the δ13C-CO2 was approximately 2‰ lower than that in the initial maize straw. This is consistent with the result of Kristiansen et al. [31], who reported that the δ13C-CO2 of maize residue incubated with soil or sand was about 3‰ lower than the maize substrate, reiterating that there was significant isotopic fractionation in the decomposition of simple substrates. The CO2 emissions from soil with maize straw were stable in the latter stage of incubation, but δ13C-CO2 generally decreased in our study, suggesting an increased contribution of soil-derived CO2 to the total CO2 emissions. However, the values of δ13C-CO2 in the soil with maize straw were higher than that without maize straw in our study, consistent with results of Kristiansen et al. [31], who reported that the δ13C values of CO2 evolved from C3 soil and sand were approximately 10‰ higher than in the reference soil, indicating the incorporation and microbial turnover of maize straw into soil. The values of δ13C-CO2 in the MS treatment were slightly higher than those of δ13C-SOC, which might suggest a cumulative effect of decomposition processes, especially the selective preservation of straw components in soil organic matter [32]. The decrease in δ13C-CO2 was positively correlated with that of δ13C-SOC (r = 0.64, p < 0.05) during incubation, which might suggest the selective effect of microorganisms on the substrates [33]. A more recalcitrant lignin fraction is 13C-depleted compared with cellulose [34]. Changes in the relative abundance of different chemical compounds can therefore lead to shifts in the values of the δ13C of decomposing litter. With higher values of δ13C, the easily decomposable components (such as carbohydrates, cellulose, and water-soluble components) were first degraded at the beginning of incubation; moreover, in the latter stage of incubation, the contents of lignin with lower values of δ13C increased, resulting in a decrease in values of soil δ13C [34]. Microbial C usually had high values of δ13C [35], and increased proportions of microbial C over time would thus result in an increase in δ13C [36]. The decomposition of organic residues might be related to the discrimination of 13C, resulting in a depletion of 13C in CO2 and an enrichment of δ13C in microorganisms [31].



Our results showed a higher contribution of maize straw C (newly C) to CO2 across the incubation, whereas maize straw C had a much lower influence on SOC. This was consistent with previous studies. Pausch and Kuzyakov [37] reported that less than 5% of the new C accounted for the total C, but the CO2 ranged from 16% to 50% in a vegetation changed from C3 to C4 crop. The results of Flessa et al. [38] also showed that maize derived C only contributed 15% to the SOC, while the contribution to CO2 was 58%, although the maize had been cultivated for 37 years. Therefore, the native soil C was still prominent in SOC, while the newly added C contributed more to CO2 emissions, reflecting the relative availability of native and newly incorporated C pools. The maize straw decomposed quickly in the first month, and then the decomposition rate decreased progressively for the remaining time.



Approximately 70% of maize straw C was decomposed throughout the incubation, consistent with results of Trinsoutrot et al. [39], who showed that the cumulative mineralization of residue-C was 65%–70% in a field experiment. The soil C decomposition would be primed when the organic materials were applied into soil. The priming effect on the soil organic matter generally not only related to the characteristics of organic materials, but also to the microbial competition of different substrates in soil [40]. Previous studies showed that the priming effect of organic materials on native SOC decomposition changed from 95.1% inhibition to 1207% stimulation [41]. A positive priming effect was usually attributed to stimulated microbial growth and the corresponding enzyme activity, while the toxicity of substrates to the microbes might be an explanation for a negative effect [40,42]. Our results showed that the decomposition of native SOC strongly increased following maize straw incorporation in the first 14 days of incubation, and decreased thereafter. This was consistent with results of Qiu et al. [14], who found that the decomposition of native SOC accelerated from day 7 to day 65 during incubation, and strongly reduced during the remaining incubation time, which corresponded well to the soil mineral N content. The shift of the priming effect along with the incubation might be due to a decrease in easily decomposable substrates [42]. Previous studies often observed the priming effect in one direction after the amendment of organic materials, which might be attributed to the sampling frequency and properties of organic materials. For example, Zhang et al. [43] observed an increase in SOM decomposition due to the addition of glucose during a 31-day incubation, while a negative priming effect of biochar was recorded for the soil cultivated with C3 crops for more than 50 years [44]. Generally, the decomposition of organic material could be divided into three stages, namely: rapid decomposition of easily decomposable components at the beginning of decomposition, relatively moderate decomposition of cellulose, and low rates of decomposition of lignin at the end of decomposition [17]. In the early stage of incubation, soil species that can grow and reproduce rapidly would use the easily decomposable compounds, thus stimulating microbial growth and activity, which might contribute to a positive priming effect [42]. In addition, large amounts of C applied to soil caused a relative depletion in N, and the disequilibrium of C and N aggravated the decomposition of native soil C, resulting in a positive priming effect. The negative priming effect might be due to a release of compounds in maize straw that were absorbed or protected by the soil. Microbes contain a lower C:N ratio than soil and crop residues; thus, microbes would prefer to use dead microbial residues in soil [40], and the mineralization of dead microbes also contributed to the negative priming effect.



The concentrations of SOC significantly increased after the addition of maize straw, and a higher CO2 emission was observed in the MS treatment. Approximately 70% of the maize straw C was decomposed during the incubation, with an effective accumulated temperature of 3000 ℃, which was generally equivalent to the effective accumulated temperature of a growing season for crops. It might be practical for maize straw amendment in soil management to increase SOM. Notably, the negative priming effect of maize straw on native SOC tended to increase with time. However, the duration of the negative priming effect during the latter stage of decomposition remains unknown. Thus, a long-term study is needed to ascertain the underlying mechanism of maize straw decomposition.




4.2. Effect of Maize Straw on N Loss


In the present study, maize straw significantly reduced approximately 30% of the N2O emissions. The decreased N2O emissions in the MS treatment were consistent with results of Wang et al. [45]. The cumulative N2O emissions were generally negatively correlated with the C:N ratios of organic materials [46], which were responsible for the equilibrium of N mineralization and immobilization. Studies have shown that the threshold value of the C:N ratio was 40 [47]. Therefore, the high C:N ratio in the maize straw (56.89) in our study, which was above the threshold, might contribute to lower cumulative N2O emissions in the soil with maize straw. The high C:N in the maize straw would tie up soil-available N and sequester N in the soil [48]. Additionally, a significantly lower NO3− content and higher microbial biomass nitrogen in the soil with maize straw in our previous study [49] may also result in lower N2O emissions. The application of maize straw could also provide more readily soluble C to stimulate the final reduction of N2O to N2 by denitrification. The emissions rate of N2O decreased over time, and could presumably be attributed to the loss of easily decomposable compounds and to increases in recalcitrant components such as lignin, which would reduce the N availability [50]. Maize straw would generally rot when incorporated into soil, and it consumed a substantial quantity of oxygen, resulting in more severe soil anoxic conditions. N2O would be used as an electron acceptor by soil microorganisms, resulting in a reduction in N2O emissions under severe soil anoxic conditions [51]. Interestingly, the N2O emission rates at about day 20 reached a little peak in both treatments. This peak in BS treatment might be attribute to a loss of soil C, which resulted in an increase in soil mineral N, affecting the nitrification of activities, and therefore the production of N2O [52]. The cellulose in maize straw was readily accessible for soil microbes [53], and the decomposition of cellulose stimulated the biological activities related to nitrification. However, the inherent mechanism required further research.



In contrast to the signature of soil δ13C, values of soil δ15N increased over time and reached 248.07‰ in the MS treatment after the 120-day incubation, indicating an increasing incorporation of maize-derived N into soil over time. The disparity of soil δ13C and δ15N might suggest differences in the decomposition of maize straw C and maize straw N. Consistent with Pérez et al. [54], the values of δ15N-N2O increased over time, and reached 6.05‰ at day 120 of the incubation. The high δ15N of maize straw for N2O production might contribute to increase in δ15N-N2O. A strong reduction of N2O to N2 by denitrifiers might also be an explanation for the high δ15N-N2O [55]. No loss of maize straw N was recorded from the MS treatment, showing that N was being recycled within the system. It has been shown that more C than N would be lost from the soil during the decomposition of organic matter, because more N would participate in the internal N cycle, while C would be progressively be lost from the soil in the form of CO2 [56]. Additionally, the TN in soil with maize straw significantly increased compared with that in blank soil. This might be attributed to N fixation under restricted oxygen conditions [57], large amounts of soluble degradation products accumulated when oxygen was deficient, Azotobacter and Clostridia would be activated and fixed the nitrogen [58]. The amendment of maize straw would be helpful for improving soil N and decreasing N loss as a gas.



The dynamics of soil δ13C have been widely used to discriminate between native and newly added C in the field or in an incubation experiment. The application of δ15N in determining original and new formed N, however, has received little attention [19]. The signature and changes of δ15N in soil TN and N2O emissions in our study reiterated that measuring δ15N was an informative method to track the transformations of soil N. In this study, we did not determine the isotope dynamics of soil labile C and N fractions, which renewed rapidly and reflected the soil quality timely, and whether the contribution of maize straw to N2O would increase over time remains unknown. Additionally, soil water and temperature were different between the lab incubation and field experiment. Therefore, further studies on the isotopic characteristics during maize straw decomposition in the lab or under field conditions are required.





5. Conclusions


After the 120-day incubation, approximately 65% of C was lost via CO2 in the soil with maize straw, and the C turnover rate significantly increased, suggesting that the renewal of SOM was promoted by maize straw. The cumulative CO2 emissions and SOC were significantly increased by maize straw, and the priming effect of maize straw on soil C changed from positive to negative across the incubation, indicating the potential of C sequestration after maize straw amendment. Cumulative N2O emissions were significantly decreased by 22.43% in the soil with maize straw relative to the blank soil, and 3.26% of N was lost via N2O emissions. In the end, 15.75% of maize straw N was incorporated to soil N, and the soil TN was significantly increased by the maize straw. The different dynamics of the stable C and N isotope signatures in the soil with maize straw across the incubation period indicated differences in the decomposition of maize straw C and N. Maize straw C contributed to CO2 emissions, while maize straw N contributed more to soil TN more N2O emissions. As maize straw was progressively incorporated into soil C and N, as indicated by the decreased δ13C and increased δ15N, maize straw addition was an effective practice for C and N sequestration in soil. These results confirmed the importance of 13C and 15N discrimination in assessing the dynamics of carbon and nitrogen in soil systems.
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Figure 1. (a) The CO2 emissions rates, (b) cumulative CO2 evolution, (c) N2O emission rates, and (d) cumulative N2O emissions from soil amended with or without maize straw during incubation. BS—blank soil; MS—soil amended with 6% maize straw. Values represent means ± standard deviation (n = 5). 
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Figure 2. The priming effect of maize straw on soil native organic matter during incubation. 
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Figure 3. Dynamics of (a) soil organic carbon (SOC) and (b) total nitrogen (TN) in both treatments during the incubation. BS—blank soil; MS—soil amended with 6% maize straw. Values represent means ± standard deviation (n = 5). 
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Table 1. The potential cumulative C mineralization in soil amended with or without maize straw after the 120-day incubation. BS—blank soil; MS—soil amended with 6% maize straw. Values represent means ± standard deviations (n = 5), different letters within a column indicate significant difference at p < 0.05.
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	Treatment
	Cm (mg g−1)
	Cp (mg g−1)
	K (d−1)
	T1/2 (d)
	R2





	BS
	1.385 ± 0.008 b
	1.388 ± 0.012 b
	0.034 ± 0.001 b
	20.39 b
	0.99



	MS
	4.858 ± 0.071 a
	4.664 ± 0.047 a
	0.050 ± 0.001 a
	13.86 a
	0.99










 





Table 2. Dynamics of δ13C-CO2 and δ15N-N2O during incubation in BS and MS treatments, and changes of proportions of CO2 (fco2) and N2O (fN2O) derived from maize straw in MS treatment. BS—blank soil; MS—soil amended with 6% maize straw. Values represent means ± standard deviations (n = 5), different letters within a column indicate significant difference at p < 0.05, according to least significant difference (LSD) test.






Table 2. Dynamics of δ13C-CO2 and δ15N-N2O during incubation in BS and MS treatments, and changes of proportions of CO2 (fco2) and N2O (fN2O) derived from maize straw in MS treatment. BS—blank soil; MS—soil amended with 6% maize straw. Values represent means ± standard deviations (n = 5), different letters within a column indicate significant difference at p < 0.05, according to least significant difference (LSD) test.





	
Incubation Time (day)

	
δ13C-CO2 (‰)

	
fco2 (%)

	
δ15N-N2O (‰)

	
fN2O (%)




	
BS

	
MS

	
BS

	
MS






	
1

	
−17.84 ± 0.02a

	
−13.91 ± 0.04a

	
81.24 ± 0.52 a

	
2.03 ± 0.21 a

	
5.48 ± 0.01 b

	
0.041 ± 0.001 b




	
7

	
−18.38 ± 0.04 a

	
−14.70 ± 0.19 b

	
71.40 ± 2.33 b

	
1.90 ± 0.10 a

	
5.42 ± 0.04 b

	
0.037 ± 0.003 b




	
14

	
−18.57 ± 0.07 a

	
−14.63 ± 0.05 b

	
72.22 ± 0.65 b

	
1.88 ± 0.06 a

	
5.38 ± 0.02 b

	
0.034 ± 0.001 b




	
28

	
−18.26 ± 0.04 a

	
−15.08 ± 0.01 c

	
66.55 ± 0.05 c

	
1.90 ± 0.03 a

	
5.53 ± 0.02 b

	
0.044 ± 0.002 b




	
80

	
−18.21 ± 0.02 a

	
−14.71 ± 0.01 b

	
71.20 ± 0.01 b

	
1.98 ± 0.07 a

	
5.81 ± 0.07 ab

	
0.062 ± 0.005 ab




	
120

	
−18.91 ± 0.85 a

	
−14.81 ± 0.07 b

	
69.96 ± 0.83 b

	
1.85 ± 0.04 a

	
6.05 ± 0.49 a

	
0.078 ± 0.032 a











 





Table 3. Dynamics of soil δ13C, the proportion (fOC) and concentration (XOC) of organic carbon derived from maize straw in MS treatment, changes of soil δ15N, and the proportion (fN) and concentration (XN) of nitrogen derived from maize straw in MS treatment. Values are means of five replicates.






Table 3. Dynamics of soil δ13C, the proportion (fOC) and concentration (XOC) of organic carbon derived from maize straw in MS treatment, changes of soil δ15N, and the proportion (fN) and concentration (XN) of nitrogen derived from maize straw in MS treatment. Values are means of five replicates.





	Incubation Time (day)
	δ13C (‰)
	fOC (%)
	XOC (g kg−1)
	δ15N (‰)
	fN (%)
	XN (g kg−1)





	1
	−18.02
	29.67
	10.43
	159.13
	10.01
	0.23



	7
	−18.54
	23.17
	7.94
	158.60
	9.97
	0.23



	14
	−18.65
	21.70
	7.67
	170.44
	10.74
	0.26



	28
	−18.70
	21.09
	7.34
	177.81
	11.22
	0.27



	80
	−19.29
	13.98
	4.81
	209.78
	13.04
	0.32



	120
	−19.47
	11.45
	3.66
	248.07
	15.75
	0.40
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