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Abstract

:

Climate change has posed serious challenges to food production and sustainable development. We evaluated crop yields, N2O emissions, and soil organic carbon (SOC) in a typical wheat–corn rotation system field on the North China Plain on a 50-year scale using the Denitrification–Decomposition (DNDC) model and proposed adaptive strategies for each climate scenarios. The study showed a good consistency between observations and simulations (R2 > 0.95 and nRMSE < 30%). Among the twelve climate scenarios, we explored ten management practices under four climate scenarios (3 °C temperature change: P/T−3 and P/T+3; 30% precipitation change: 0.7P/T and 1.3P/T), which have a significant impact on crop yields and the net greenhouse effect. The results revealed that changing the crop planting time (CP) and using cold-resistant (CR) varieties could reduce the net greenhouse effect by more than 1/4 without sacrificing crop yields under P/T−3. Straw return (SR) minimized the negative impact on yields and the environment under P/T+3. Fertigation (FG) and Drought-Resistant (DR) varieties reduced the net greenhouse effect by more than 8.34% and maintained yields under 0.7P/T. SR was most beneficial to carbon sequestration, and yields were increased by 3.87% under 1.3P/T. Multiple adaptive strategies should be implemented to balance yields and reduce the environmental burden under future climate change.
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1. Introduction


Climate change has been identified as one of the long-term and severe challenges in the twenty-first century [1]. With a global average surface temperature increase of 0.85 °C during the period from 1880 to 2012 [2], global warming occurred much faster than expected according to a recent study that 1.5 °C temperature increase by 2030 and an increase of 3 °C by the end of this century [3], and changes in the spatial pattern of precipitation also showed intensification across most global land areas between 1950 and 2016 [4]. As a result, the frequency and severity of extreme weather, such as strong heat waves, floods, and droughts, have increased significantly [5,6]. A lot of uncertainty exists in agricultural production activities that are sensitive to climatic conditions, thereby threatening global food security. Researchers agreed that the warmer and wetter conditions may accelerate the growth and development of crops in a few areas [7]. However, several studies highlighted that the climate crisis has a negative impact on agricultural production in most regions, particularly on the North China Plain (NCP) [8], which has a severe drought risk [9,10,11]. Along with climate change, greenhouse gas (GHG) emissions that contribute to global warming have been increasing. Nitrous oxide (N2O) is a main source of GHG emissions, and the annual growth rate was between 0.24% and 0.31% in response to climate change [2]. In addition, cropland emit about 43% of global total N2O emissions [12]. Therefore, we attempt to explore adaptive strategies in agriculture to mitigate food shortages and climate warming.



Cropland management is one possible strategy for addressing climate change [13]. In recent decades, studies have assessed many management mitigation strategies to maintain crop yield and reduce GHG emissions [14,15]. Tillage is a fundamental agriculture management option, and the adoption of conservation tillage practices such as reduced tillage and no tillage were reported to reduce carbon dioxide emissions through soil organic carbon (SOC) sequestration [16]. Li et al. [17] claimed that reducing nitrogen inputs by 13% and increasing straw retention by 20% also promoted the sequestration of SOC, as well as reduced GHGs by 13% and 11%, respectively. In addition, adjustment of the sowing date and the use of different varieties increased attainable maize yields, which will enhance the heat and water utilization efficiency of crops [18,19], and efficient irrigation practices have also alleviated the relationship between yield and climate conditions [20]. Although these strategies have been regarded as effective management practices that regulate GHG emissions, multiple practices have not been compared because of limited treatments in field experiments, and there is also a lack of quantitative analysis of the impact on crop yield and the environment under different possible climate scenarios [21,22]. Due to the uncertainty of future changes in temperature and precipitation, there is a need to identify a model to quantify and compare multiple agricultural strategies when developing optimum options to cope with the foreseeable adverse effect of climate change.



The Denitrification–Decomposition model (DNDC), a process-oriented plant–soil model, links C sequestration to GHG emissions by simulating the soil microbial activities [23,24]. In the past three decades, the model has been widely validated in various areas such as the simulation of greenhouse benefits, crop growth, and soil processes in agricultural fields [23,25,26], and there are also reports on wheat–corn rotation systems on the NCP [27,28]. Wheat and corn are important cereal crops, and wheat–corn rotation is one of the dominate cropping systems on the NCP, providing approximately 68.55% of the wheat and 22.89% of the corn for China [29,30]. In this study, based on the internationally known DNDC model [23] and field monitoring data, we expect to achieve two objectives: (1) Evaluate the impact of temperature and precipitation changes on wheat–corn yields, N2O emissions, and SOC loss at a 50-year scale. (2) Quantify the relative contributions of different agricultural practices to wheat–corn yields and the net greenhouse effect and select the adaptive strategies according to the performance of 10 strategies under different climate scenarios.




2. Materials and Methods


2.1. Study Area and Experimental Description


The study was conducted in Ye County, Henan Province, China (113°22′ E, 33°31′ N). The field site has a continental monsoon climate with a mean annual air temperature of 14.8 °C, a frost-free period of 212 days, and an average annual precipitation of 819 mm. Soil properties before the experiment are presented in Table 1.



The study was performed in a field with a typical winter wheat–summer corn double-cropping system in this region. The experimental data were obtained from October 2015 to October 2017. There were two treatments: farmers’ conventional practice (FP) and optimal practice (PT). Rotary tillage was applied three times to a depth of 15 cm in FP after corn harvest, and then seeds were applied together with fertilizer. No tillage was carried out in PT, and the wheat seeds were broadcast directly and were mixed in the top 5 cm soil layer. The application of N fertilizer in the wheat season was divided into basal fertilizer (FP: 150 kg N·ha−1; PT: 120 kg N·ha−1) and one additional fertilizer application during the jointing stage (FP: 150 kg N·ha−1; PT: 120 kg N·ha−1). The N fertilizer in the corn season was applied at rates of 300 kg N·ha−1 and 240 kg N·ha−1 in FP and PT, respectively. Wheat was irrigated in November and April of the next year, and corn was irrigated at the trumpet stage.



The yields of wheat and corn, N2O fluxes, SOC (0–10 cm), soil temperature, and soil moisture (0–5 cm) were monitored in this study. For details, please refer to a previous study [31].




2.2. DNDC Model


The DNDC model was constructed by two components to describe the process of C and N transformations in an agricultural system [23]. This first component is mainly simplified into soil climate, crop growth, and decomposition sub-models, which predict soil temperature, soil moisture, pH, redox potential (Eh), and substrate concentration driven by ecological factors. The second part simulates C and N transformations mediated by soil microbes and includes nitrification, denitrification, and fermentation sub-models.



In this study, we used DNDC (version 9.5) calibrated by measured data from the FP treatment and verified the model using measured data from the PT treatment. The main inputs of DNDC are climate, soil, and management data, and output results are crop growth and soil physical and chemical data. Table 2 shows a number of user-set parameters in our study, which came from monitoring and calibrated values. Meteorological data were collected from the Meteorological Bureau of Ye country, Henan Province. We used a zero-intercept linear regression between simulations and observations to evaluate the performance of the modified DNDC. The slope and coefficient of determination (R2) of the regression indicate the consistency and correlation between simulations and observations, respectively. Additionally, the normalized root mean square error (nRMSE) was used for quantitative comparisons between simulations and observations [27].




2.3. Scenarios of Future Climate Change


The latest research claims that the current global warming rate is far faster than expected and will increase by 1.5 °C by 2030 and by 3 °C by the end of the century [3]. Further, regional precipitation will fluctuate with the continuous warming. Climate change scenarios are used to predict future GHG emissions from agricultural ecosystems and to assess the vulnerability of agricultural production under a future climate. To accurately evaluate the potential of carbon emission reductions from wheat–corn rotation systems under future climate change, the baseline temperature and precipitation datasets were built based on the mean daily climate values from 1998 to 2017, and seven change scenarios for temperature and precipitation were set up in this study (Table 3). The other input parameters of the DNDC model followed FP. Climate change scenario data were set as DNDC meteorological parameters to assess the 50-year effects of different climate change scenarios on the yield, SOC, and greenhouse gas emissions in a typical wheat–corn rotation system.




2.4. Scenarios of Adaptive Strategies


From the above twelve climate scenarios, the four climate scenarios most sensitive in the wheat–corn rotation system were selected, and we assessed ten strategies for each climate scenario by comparison with the baseline (FP). Ten management practices were selected: (1) Reduce N fertilizer by 20% (0.8N); (2) Increase N fertilizer by 20% (1.2N); (3) Straw return (SR); (4) No tillage (NT); (5) Fertigation (FG); (6) Change the crop planting time (CP); (7) Change the time of irrigation and fertilization (CI, move topdressing irrigation one week ahead); (8) Increase irrigation by 30% (IR); (9) Cold-resistant (CR) varieties; and (10) Drought-resistant (DR) varieties. Except for the management options mentioned above, other factors (such as climate and soil) remained consistent with those used in FP.




2.5. The Net Greenhouse Effect


The net greenhouse effect was evaluated by the global warming potential (GWP) by considering the impacts of climate change on GHG and SOC. The GWP with a span of 100 years was used to represent the combined effect of N2O, CO2, and CH4, which represented the combined effect of those gases in the atmosphere and the relative effect in causing radiative forcing over different time periods. The net greenhouse effect of the same amount of N2O is 273 times [32] that of CO2 over a 100-year period and has been estimated to contribute 7.4% to global warming [33]. The annual CO2 emissions can be expressed by the annual net SOC (dSOC) change. There were no monitoring data of CH4 emissions to verify the model due to lower emissions under dryland farmland. Thus, the calculation was as follows:


  G W P ( k g   C  O 2  · h  a  − 1   ·  a  − 1   ) = 273 ×  N 2  O − 44 / 12 × d S O C  



(1)




where N2O represents the annual emissions in the output results of the DNDC model, and dSOC is the net SOC change in the output results of the model, with a positive or negative value indicating a reduction or increase in CO2 emissions.





3. Results


3.1. Validation of the DNDC Model


We carried out site verification under two agricultural practices to verify the applicability of the DNDC model in the study area. Modeled crop yields were in good agreement with observations for both the calibration (FP during 2015–2016) and validation (FP during 2016–2017 and PT during 2015–2017) datasets (Figure 1). The calculated statistical indices (R2 =0.96, p < 0.001, nRMSE = 22.69%) indicated that the simulated crop yields were significantly correlated with observed values. However, the slope of the zero-intercept linear equation was 0.85, indicating that our simulated values were lower than the observed crop yields.



The modeled soil temperature data were also generally comparable with the observed values (Figure 2). The R2 of the linear regression of simulated against observed data was 0.98, and nRMSE was 15.97%, indicating that the simulated values had high simulation reliability in the trend and range of soil temperature variation. In addition, the DNDC model overestimated the soil temperature in several periods.



Based on a comparison of the simulated annual cumulative N2O emissions under FP and PT treatments (2.70 and 1.92 kg N ha−1, respectively), the observed values showed a small discrepancy due to overestimation (Figure 3). However, the nRMSE with a value of 26.51% demonstrated that the simulation deviations were within an acceptable range (nRMSE < 30%) [27].



As Figure 4 shows, the simulations of the soil SOC from the DNDC model were close to the corresponding field observations (nRMSE = 4.73%). A significant zero-intercept linear regression (slope = 0.98, R2 = 0.99, p < 0.001, n = 8) was obtained to relate the simulations of the SOC to the corresponding observations. Furthermore, different trends of SOC change existed in the two treatments, which illustrated that the DNDC model could capture and distinguish management options well.




3.2. The Impact of Climate Change on Crop Yield and the Net Greenhouse Effect


3.2.1. The Yield under Climate Change Scenarios


Crop yields under different temperature climate scenarios were basically at a relatively stable level (Figure 5), with baseline (P/T) ranging from 6305.54 to 6334.50 kg C·ha−1. Crop yields had an obvious increasing (decreasing) trend over time under the increased (decreased) precipitation scenarios. The P/T−3 and P/T+3 scenarios reached the lowest yields in the 50th year, at 5615.03 and 6024.420 kg C·ha−1, respectively, a reduction of 4.46% and 10.95% compared with the baseline. There was no obvious yield reduction under the remaining temperature scenarios.




3.2.2. The Net Greenhouse Effect under Climate Change Scenarios


Annual N2O emissions showed a trend of increasing in the first ten years and then slowly decreasing over time for all climate change scenarios (Figure 6). Figure 6a,b demonstrates a positive relationship between annual N2O emissions and temperature/ precipitation. Among the temperature/precipitation treatments, the P/T−3 and 0.7P/T scenarios consistently had the lowest annual N2O emissions while the P/T+3 and 1.3P/T scenarios consistently had the highest annual N2O emissions.



Overall, SOC changes in baseline ranged from −174.68 to −85.43 kg C-ha−1. Figure 6c,d illustrates that increasing temperature and decreasing precipitation promoted SOC loss. For all climate change scenarios, the annual dSOC was the lowest under P/T+3 and 1.3 P/T, reaching −172.03 kg C-ha−1 and −128.37 kg C-ha−1, respectively, in the 50th year. The highest dSOC was measured in P/T−3 and 0.7 P/T+3, but the overall loss was less than zero, which indicated that SOC was lost.



The net greenhouse effect of the baseline ranged from 853.58 to 1204.50 kg CO2-eq-ha−1. (Figure 6e,f). Along with the increase in temperature or precipitation, the greenhouse effect increased, being the lowest under P/T−3 or 0.7 P/T and the highest under P/T−3 and 1.3 P/T. The trends changed under the scenarios of temperature change and precipitation change, with a sharp increase in the first ten years but a slow decrease on a long-term basis. However, the values of the net greenhouse effect were all positive, leading to climate warming.





3.3. Adaptive Strategies in Response to Climate Change


3.3.1. Adaptation to the P/T−3 and P/T+3 Scenarios


In P/T−3, eight strategies reduced production by more than 9.89%, while two strategies (CP and CR) had little effect on yields (Table 4). For N2O emissions, two strategies (0.8N and NT) resulted in the largest emission reductions of about 30%. CP, CI, IR, CR, and DR reduced N2O emissions by 7.96% to 17.41%, while SR and FG increased N2O emissions by 4.48% and 126.87%, respectively. For SOC changes, all strategies reduced the annual SOC loss, and SR and NT increased SOC by 1516.88 and 126.81 kg C-ha−1, respectively. Considering SOC and N2O emissions together, only FG increased the net greenhouse effect by 52.15%, while the remaining strategies reduced the net greenhouse effect, especially two strategies (SR and NT) reduced the net greenhouse effect by 562.57% and 63.60%, respectively.



In P/T+3, all strategies reduced the wheat–corn yields and increased the N2O emissions (Table 4). For the annual SOC change, SR increased the soil carbon pool sequestration to 1008.48 kg C-ha−1, and the remaining strategies resulted in carbon loss. Considering SOC and N2O emissions together, only SR and NT reduced the net greenhouse effect by 391.36% and 11.57%, but the yields were reduced by 3.02% and 4.30%, respectively.




3.3.2. Adaptation to the 0.7 P/T and 1.3 P/T Scenarios


Under the 0.7 P/T scenario (Table 5), only FG and DR did not reduce the crop yields greatly, while other strategies caused a yield reduction more than 5.96%. For N2O emissions, all of the remaining seven strategies except 1.2N, SR, and IR reduced N2O emissions; 0.8N and NT caused a reduction of more than 20%. For the net greenhouse effect (3.11–491.03%), although SR largely reduced the net greenhouse effect, it reduced the yield by 5.96%. FG and DR were able to reduce the net greenhouse effect by 8.34% and 10.91% while stabilizing yield.



In 1.3 P/T (Table 5), all strategies increased yields by more than 3.87%. Among the ten strategies, only 0.8 N and NT reduced N2O emissions by 16.92% and 6.47%, respectively. Similar to the P/T+3 scenario, SR increased the soil carbon pool sequestration to 1169.4 kg C-ha−1, while the remaining strategies reduced the soil carbon pool, but NT still reduced the amount of SOC loss compared to the baseline. Considering SOC and N2O emissions together, only 0.8N, SR, and NT reduced the net greenhouse effect by 2.50%, 461.85%, and 27.81%, respectively, while the rest of the strategies increased the net greenhouse effect (9.26% to 55.51%).






4. Discussion


4.1. Model Performance


In this study, adaptability of the DNDC model to a wheat–corn rotation system on the NCP was confirmed through combination with field monitoring data. There is ample evidence that soil temperature influences plant decomposition, soil organic carbon, and N2O emissions by affecting the ratio of N2/N2O [8,34]. Thus, the accurate estimation of soil temperature is vital for a reliable model estimation of crop yields and the net greenhouse effect. The three indexes of soil temperature in our study confirmed that the DNDC model is capable of correcting simulated soil temperature. Figure 4 shows that the soil SOC under rotary tillage was significantly lower than that under no-tillage, which decreased soil disturbance. It showed that DNDC effectively distinguished the differences caused by management in our research. For N2O emissions, there were uncertainties, i.e., that the simulations were not directly evaluated against observed values in 2017 due to the absence of N2O emission data. However, the simulation results of total N2O emissions in 2016 in Figure 3 are good. Similarly, previous studies showed that DNDC provided a good simulation of crop yield, N2O emissions, and SOC for different management options in a wheat–corn system [27,35,36].



However, we noted that the phenomena of overestimation or underestimation of the simulated values were still present for two treatments and validated indicators. Human errors in the field experiments (sampling, index measurements, and data processing) are inevitable. In addition, some parameters used in the model were acquired from default values rather than experimental data, ignoring various external environments [24]. Furthermore, the model only includes some of the soil indicators, far fewer than the real environment. Therefore, we need to pay attention to the influence of those defects, but as a whole, the accuracy of the model simulation is unquestionable, which can provide a certain guarantee for subsequent research.




4.2. Climate Change Impact on Crop Yield and the Net Greenhouse Effect


The changed relationship between wheat–corn yields and temperature/precipitation in our study was meaningful for yield forecasting and agricultural planning. Crop yields with small temperature fluctuations (±1 °C and ±2 °C) were basically consistent with the baseline in this study due to small range fluctuations that caused relatively little stress to crop growth [37]. However, a 3 °C decrease (increase) would have a significant impact on crop yields because accumulated temperature cannot be tolerated by crops, especially wheat [38]. If we only consider climate warming, an average 2.58% of crop yield is lost for every degree of warming at the national level [39]. Among the three main crops, wheat, corn, and rice, the negative impact of rising temperature on wheat is the most evident, followed by corn. However, the response of rice yields was not significant at the subregional level [39,40]. We can see that precipitation was positively correlated with crop yields in this study. Liu et al. [9] also proved that the projected gain of crop yields increased due to increasing precipitation (+15% or 30%). The result confirmed that water shortage is a strong limiting factor for agricultural development on the NCP [41].



We researched N2O emissions from wheat–corn rotations as a hot-spot agricultural cropping system of GHG emissions [29,42]. In our study, the total amount of N2O emissions showed an increasing trend with rising temperature or precipitation. Factually, soil moisture status and soil temperature are influenced by climate conditions [31,38,43]. The positive feedback of soil temperature to air temperature accelerates N2O emissions through the decomposition of soil organic matter, biological activity of denitrifying bacteria, and indirect dissolution and release of oxygen in water [44]. Precipitation changes the soil moisture and thus has a decisive influence on nitrification and denitrification processes by affecting the metabolic activity of soil microbial cells and nutrient transport [37].



SOC is an important component of soil, and we found that the effect of temperature change on SOC was greater than the effect of precipitation change. This result differs from that of Hursh et al. [45], who reported that soil moisture was the most significant predictor variable. Soil moisture was affected in our simulation because irrigation was set up in the model simulation. SOC decreased with the increase in temperature. The reason is that warming temperature can accelerate the decomposition of SOC [46] and alter the return of plant residues to the soil by affecting plant growth [47]. Although precipitation has a small impact on SOC compared to temperature, more precipitation contributed to the formation of a higher temperature–humidity environment in the soil. The activities of soil microorganisms and mineralization are accelerated under a higher temperature–humidity environment, leading to the decomposition of carbon inputs and ultimately reducing the organic carbon conversion efficiency [48]. It is worth noting that SOC was lost regardless of changes in temperature or precipitation in our study. The results stress the necessity of observing SOC changes when evaluating the impact of strategies on GHG emissions.




4.3. Adaptive Strategies in Response to Climate Change


The study on the change characteristics of crop yields under various strategies can provide theoretical support for agricultural development under climate change. Our results suggested that CP and CR could effectively counteract the yield reduction caused by decreasing temperature. Changing the planting time of crops can increase the accumulated temperature required during crop growth, and cold-resistant varieties compensate for the cumulative temperature required for crop growth by reducing the demand [9]. As temperatures rise, the water demand of crops increases due to evaporation, which will result in lower crop yields. FG satisfied the water requirement of crops by watering, and DR required less water; thus, the two strategies effectively mitigated a yield reduction.



In our study, the N2O emission in FG was the highest under P/T−3, P/T+3, and 1.3P/T. Fertilization leads to a high risk of N2O emissions due to pulses of excessive N and water in the soil [49]. However, some authors [50] believe that fertigation can reduce N2O emissions under the premise of watering. One possible reason for our result was that the irrigation frequency, the amount of irrigation water, and the fertilization frequency were increased to meet the needs of crop growth during the model simulation in FG. We also found that more N2O was emitted from 1.2N than from 0.8N under the scenarios of increasing temperature and precipitation. The amount of N inputs converted to N2O emissions was higher when total N inputs were higher, especially under high temperature and high humidity [31]. SR indirectly affected N2O emissions by influencing soil carbon, nitrogen availability, and soil aeration after straw application. Kravchenko et al. [42] found that straw application could increase soil N2O emissions. Shan et al. [51] also found that straw return significantly increased N2O emissions and nitrogen in the soil in dryland areas.



The management options that significantly increased SOC were SR and NT, which increased the input of SOC. Plant C input and microbial decomposition are two main processes for SOC storage. Straw return can directly return carbon fixed by crops to soil, thus there was a significant positive correlation between the amount of straw returned and the SOC content [52,53]. Lehtinen et ai. [54] showed that straw return increased the SOC content by 7% on average. Liao et al. [55] studied farmland in North China and demonstrated that the soil SOC content increased from 7.8 g·kg−1 to 11.0 g·kg−1 from 1981 to 2011 after straw was applied. Lenka et al. [56] also revealed that the return of straw to the field can increase the SOC content in the topsoil (0–10 cm) in a long-term positioning test. No tillage is also an effective management option to increase SOC by improving the soil structure and by accelerating the formation of soil aggregates [57,58]. Our results are similar to a previous study, i.e., that the SOC sequestration rate was higher under no tillage than under rotary tillage and conventional tillage [59].



Taking into account the yield, N2O emissions, and SOC, we filtered out the appropriate strategies that maintained the crop yields. CP and CR reduced the net greenhouse effect and guaranteed crop yields under P/T−3. The two management options may satisfy the accumulated temperature conditions for crop growth. The N2O emissions and the annual loss of SOC decreased with decreasing temperature, comprehensively resulting in an overall reduction of the net greenhouse effect. However, the yields under each management option did not reach the baseline level in P/T+3, although there were some differences in yield. It may be difficult to cope with the climate warming by using a single management option; hence, a combination of management options should be considered. Under the 0.7P/T scenario, the yields were maintained and the net greenhouse effect was reduced at the same time in FG and DR due to the reduction of N2O emissions and annual SOC loss by ensuring the water requirement of the crops. For 1.3P/T, the simulation results showed that the SOC from straw return was higher and exceeded the GHG emissions brought about by straw return. Thus, the net greenhouse effect was reduced compared with traditional benchmark measures, and crop yield was increased at the same time. Therefore, straw returned to the field is a recommended management option.




4.4. Limitations


We investigated the effects of ten management practices on crop yields, NO2 emissions, and SOC based on different climate scenarios, which can provide some reference for addressing climate change. However, our study is still limited by many factors. The climate change scenarios in our study may differ from future situations, and we need to find more reliable climate scenarios. It is essential to justify and improve the input parameters of DNDC to reduce the uncertainty of the model simulation. There were large differences in the contributions of crop yield and the N2O emissions among the ten strategies in our study. When developing adaptive strategies for sustainable wheat–corn production, more strategies should be explored while simultaneously measuring yields, SOC changes, and GHG emissions.





5. Conclusions


The DNDC model was evaluated using field monitoring data of the wheat–corn yield, annual cumulative N2O emissions, and SOC under two treatments with different tillage practices and N applications. The model evaluations demonstrated that the simulations were consistent with the observations and captured the SOC change under no tillage and rotatory tillage. The temperature scenarios contributed to a crop yield reduction with the greatest impact under scenarios of a 3 °C change, while the net greenhouse effect increased with increasing temperature. Although accompanied by increased crop yields, more precipitation intensified the greenhouse effect, especially in the 30% change in the precipitation scenarios. The results suggested that the application of cold-resistant varieties and a change in the planting time mitigated the decrease in yield caused by decreasing temperature. Resistant varieties minimized the negative impact of decreasing precipitation. N fertilizer reduction effectively mitigated N2O emissions but had little effect on SOC changes under increasing temperature/precipitation scenarios. Through the consideration of yields, N2O emissions, and SOC together, straw return could reduce the net greenhouse effect by increasing SOC while maintaining crop yields under warming temperature situations.
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Glossary




	Abbreviations.
	Explanation.



	DNDC.
	The Denitrification–Decomposition model.



	GHG.
	Greenhouse gas.



	GWP.
	Global warming potential.



	NCP.
	North China Plain.



	SOC.
	Soil organic carbon.



	0.8N.
	Reduce N fertilizer by 20%.



	1.2N.
	Increase N fertilizer by 20%.



	SR.
	Straw Return.



	NT.
	No Tillage.



	FG.
	Fertigation.



	CP.
	Change the crop planting time.



	CI.
	Change the timing of irrigation and fertilization.



	IR.
	Increase irrigation by 30%.



	CR.
	Cold-resistant varieties.



	DR.
	Drought-resistant varieties.
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Figure 1. Comparison of simulated and observed yields during 2015−2017. FP represents farmers’ conventional practice, PT represents optimal practice. 
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Figure 2. Comparison of simulated and observed soil temperature (0−5 cm) during 2015−2017. 
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Figure 3. The simulated and observed values of total N2O emissions in 2016. FP represents farmers’ conventional practice; PT represents optimal practice. 
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Figure 4. Comparison of simulated and observed soil SOC (0−10 cm) during 2015−2017. 
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Figure 5. The 50-year effects on crop yields under temperature change scenarios (a) and precipitation change scenarios (b). P/T−3: temperature decreased by 3 °C; P/T−2, temperature decreased by 2 °C; P/T−1: temperature decreased by 1 °C; P/T: temperature unchanged; P/T+1: temperature increased by 1 °C; P/T+2: temperature increased by 2 °C; P/T+3: temperature increased by 2 °C; 0.7P/T: precipitation decreased by 30%; 0.8P/T: precipitation decreased by 20%; 0.9P/T: precipitation decreased by 10%; P: precipitation unchanged; 1.1P/T: precipitation increased by 10%; 1.2P/T: precipitation increased by 20%; 1.3P/T: precipitation increased by 30%. 
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Figure 6. The 50-year effects on N2O emissions (a,b), SOC loss (c,d), and the global warming potential (e,f) under temperature change scenarios and precipitation change scenarios. P/T−3: temperature decreased by 3 °C; P/T−2, temperature decreased by 2 °C; P/T−1: temperature decreased by 1 °C; P/T: temperature unchanged; P/T+1: temperature increased by 1 °C; P/T+2: temperature increased by 2 °C; P/T+3: temperature increased by 2 °C; 0.7P/T: precipitation decreased by 30%; 0.8P/T: precipitation decreased by 20%; 0.9P/T: precipitation decreased by 10%; P/T: precipitation unchanged; 1.1P/T: precipitation increased by 10%; 1.2P/T: precipitation increased by 20%; 1.3P/T: precipitation increased by 30%. 
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Table 1. Soil properties of the study fields.
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	Bulk Density
	Nitrate N
	Ammonium N
	SOC
	Soil pH





	(g cm−3)
	(mg kg−1)
	(mg kg−1)
	(g kg−1)
	



	1.35
	0.5
	0.05
	10
	7.0
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Table 2. The DNDC Model Input Parameters for Ye County.
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Site

	
Ye Country

	
Ye Country




	
2015, 2016

Wheat

	
2016, 2017

Corn






	
Latitude (°)

	
33.5

	
33.5




	
Tillage depth (cm)

	
10

	
10




	
Soil depth sampled (cm)

	
0–10

	
0–10




	
Soil pH

	
7

	
7




	
Soil texture

	
Silty loam

	
Silty loam




	
Clay fraction (%)

	
0.2

	
0.2




	
Bulk density (g·cm−3)

	
1.35

	
1.35




	
Total organic carbon (kg C·kg−1)

	
0.01

	
0.01




	
Field capacity (WFPS)

	
0.52

	
0.52




	
Wilting point (WFPS)

	
0.34

	
0.34




	
Nitrate N (mg N·kg−1)

	
0.5

	
0.5




	
Ammonium N (mg N·kg−1)

	
0.05

	
0.05
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Table 3. The climate change scenarios.
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	Temperature Change

Scenarios
	Explanation
	Precipitation Change

Scenarios
	Explanation





	P/T
	Baseline
	P/T
	Baseline



	P/T−3
	Temperature decrease of 3 °C
	0.7P/T
	Precipitation decreased by 30%



	P/T−2
	Temperature decrease of 2 °C
	0.8P/T
	Precipitation decreased by 20%



	P/T−1
	Temperature decrease of 1 °C
	0.9P/T
	Precipitation decreased by 10%



	P/T+1
	Temperature increase of 1 °C
	1.1P/T
	Precipitation increased by 10%



	P/T+2
	Temperature increase of 2 °C
	1.2P/T
	Precipitation increased by 20%



	P/T+3
	Temperature increase of 3 °C
	1.3P/T
	Precipitation increased by 30%







Note: T represents the baseline temperature, P represents the baseline precipitation, and the baseline temperature and precipitation are the daily average of the past 20 years (1998–2017).
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Table 4. The effects on annual yield, N2O emissions, and SOC loss under the P/T−3 and P/T+3 scenarios.
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P/T−3

	
P/T+3




	
Management Strategies

	
Yield

	
N2O

	
SOC

	
GWP

	
Yield

	
N2O

	
SOC

	
GWP






	
0.8 N

	
−11.09%

	
−30.35%

	
−42.20%

	
−35.59%

	
−4.26%

	
1.00%

	
48.03%

	
21.81%




	
1.2 N

	
−11.06%

	
−1.99%

	
−42.12%

	
−19.75%

	
−4.28%

	
39.30%

	
47.32%

	
42.85%




	
SR

	
−9.89%

	
4.48%

	
−1276.94%

	
−562.57%

	
−3.02%

	
51.24%

	
−948.96%

	
−391.36%




	
NT

	
−11.07%

	
−29.35%

	
−106.75%

	
−63.60%

	
−4.30%

	
4.98%

	
−32.41%

	
−11.57%




	
FG

	
−9.89%

	
126.87%

	
−41.98%

	
52.15%

	
−2.56%

	
123.38%

	
51.41%

	
91.53%




	
CP

	
−0.11%

	
−15.92%

	
−39.66%

	
−26.42%

	
−5.08%

	
25.37%

	
41.25%

	
32.40%




	
CI

	
−11.07%

	
−17.41%

	
−42.04%

	
−28.31%

	
−4.28%

	
18.41%

	
48.25%

	
31.61%




	
IR

	
−11.06%

	
−7.96%

	
−42.08%

	
−23.06%

	
−4.26%

	
34.33%

	
47.51%

	
40.16%




	
CR

	
0.20%

	
−16.42%

	
−46.01%

	
−29.51%

	
−9.04%

	
21.89%

	
51.83%

	
35.14%




	
DR

	
−9.89%

	
−16.42%

	
43.18%

	
−28.26%

	
−2.56%

	
21.39%

	
49.74 %

	
33.94%








Note: A negative value represents a percentage decrease relative to the baseline, and a positive value represents a percentage increase relative to the baseline. 0.8N: Decrease N by 20%; 1.2N: Increase N fertilize by 20%; SR: Straw Return; NT: No Tillage; FG: Fertigation; CP: Change the crop planting time; CI: Change the time of irrigation and fertilization; IR: Increase irrigation by 30%; CR: Cold-resistant variety; DR: Drought-resistant variety.
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Table 5. The effects on annual yield, N2O emissions, and SOC loss under the 0.7P/T and 1.3P/T scenarios.
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0.7 P/T

	
1.3 P/T




	
Management Strategies

	
Yield

	
N2O

	
SOC

	
GWP

	
Yield

	
N2O

	
SOC

	
GWP






	
0.8 N

	
−7.64%

	
−22.39%

	
−19.93%

	
−21.30 %

	
3.87%

	
−16.92%

	
15.66%

	
−2.50%




	
1.2 N

	
−7.64%

	
7.46%

	
−20.18%

	
−4.77%

	
3.87%

	
24.88%

	
15.28%

	
20.63%




	
SR

	
−5.96%

	
20.90%

	
−1135.97%

	
−491.03%

	
3.87%

	
32.34%

	
−1084.43%

	
−461.85%




	
NT

	
−7.56%

	
−22.39%

	
−101.75%

	
−57.51%

	
3.87%

	
−6.47%

	
−54.69%

	
−27.81%




	
FG

	
2.72%

	
−5.47%

	
−11.95%

	
−8.34%

	
3.87%

	
86.57%

	
16.39%

	
55.51%




	
CP

	
−7.15%

	
−1.00%

	
−5.77%

	
−3.11%

	
4.15%

	
12.94%

	
4.63%

	
9.26%




	
CI

	
−7.58%

	
−7.96%

	
−16.93%

	
−11.93%

	
3.87%

	
5.97%

	
15.30%

	
10.10%




	
IR

	
−7.64%

	
2.99%

	
−20.03%

	
−7.20%

	
3.87%

	
17.91%

	
15.36%

	
16.78%




	
CR

	
−6.77%

	
−5.97%

	
−10.07%

	
−7.78%

	
4.86%

	
10.45%

	
20.94%

	
15.09%




	
DR

	
−0.32%

	
−7.46%

	
−15.25%

	
−10.91%

	
3.87%

	
6.97%

	
16.13%

	
11.02%








Note: A negative value represents a percentage decrease relative to the baseline, and a positive value represents a percentage increase relative to the baseline. 0.8N: Decrease N fertilizer by 20%; 1.2N: Increase N fertilize by 20%; SR: Straw Return; NT: No Tillage; FG: Fertigation; CP: Change the crop planting time; CI: Change the time of irrigation and fertilization; IR: Increase irrigation by 30%; CR: Cold-resistant variety; DR: Drought-resistant variety.
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