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Abstract

:

Background: Traditional polyethylene film mulching is widely used in the Loess Plateau region of China to improve crop yields. However, whether long-term polyethylene film mulching can continue to ensure crop yield under future climate change conditions is questionable. First, we conducted a four-year field experiment to calibrate and validate the biogeochemical DeNitrification–DeComposition (DNDC) model. Then, based on the calibrated and validated model, we evaluated the spring maize yield and water use efficiency under different film mulching methods (no mulching, traditional polyethylene film mulching, and biodegradable film mulching) in the Loess Plateau region. Results: The temperature and rainfall in the Loess Plateau region are predicted to increase in the future (2021–2100) under four scenarios due to higher CO2 concentrations. Through 252 simulation results, we found that future climate change will have positive impacts under no mulching, traditional polyethylene film mulching, and degradable film mulching conditions. The yield increase will be greater with no mulching, but in the future, film mulching will continue to reduce crop yields. Additionally, the crop yield reduction under traditional polyethylene film mulching is greater. A sensitivity analysis indicated that rainfall will have a major effect on yield, and polyethylene film mulching will reduce the sensitivity of the yield to rainfall. As the rainfall increases, the differences between the yield and water use efficiency under ordinary plastic film and degradable film will become smaller. In the later period with a warmer and wetter climate under the SSP585 scenario, the water use efficiency will be higher under degradable film than traditional polyethylene film mulching. Conclusion: It can be seen that degradable film is more adaptable to the warmer and wetter climate in the future.
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1. Introduction


The Loess Plateau region in China is a typical dryland farming area that plays an essential role in ensuring food security in China [1]. However, due to long-term water shortages, soil impoverishment, and other limitations, the crop yields in this area are low and unstable throughout the year [2]. In recent years, plastic film mulching has significantly improved the crop yields in this region by inhibiting evaporation, retaining moisture, and increasing the temperature, making it the most widely used cultivation practice in the Loess Plateau region [3,4]. In particular, the most widely used mulch material is ordinary polyethylene plastic film. However, this material requires a long time to degrade and is difficult to recycle; therefore, large amounts of residual plastic film accumulate in the soil. This can detrimentally affect the physical and chemical properties of the soil and the growth and development of crops, limiting the sustainability of production [5,6]. Moreover, in the future, climate warming caused by greenhouse gas emissions will change the spatial and temporal rainfall patterns to severely impact dryland agricultural production [7], and it is not clear whether sustainable, stable yields can be achieved under long-term film cover mulching in a changing climate. Therefore, there is an urgent need to understand the performance of plastic film mulching under future climate change conditions to ensure food security [8].



Recently, there has been increasing global awareness of plastic pollution, raising the question of whether biodegradable films can serve as substitute for polyethylene films. Under natural conditions, biodegradable film can be degraded into CO2, H2O, and microbial biomass through oxidation and microbial decomposition to effectively avoid the environmental pollution problem caused by the use of plastic film [9,10,11]. However, studies on the effectiveness of biodegradable film have obtained contradictory results. In particular, Huang et al. found that in years with lower than normal precipitation, the water retaining effect of degradable film was lower and insufficient to offset the impacts of drought [12]. Liu et al. also suggested that it is too early to promote degradable film based on their bibliometric analysis [13]. In contrast, Gu et al. conducted a meta-analysis and showed that degradable film can potentially be used in northern China to eliminate the negative impacts of plastic film while also improving the yield and water use efficiency (WUE) [14].



Previous studies have analyzed the short-term changes in the soil water temperature and crop yield under mulching with different film materials. However, the long-term benefits of film mulch application under future climate change remains unclear. Therefore, it is necessary to use modeling as an effective tool to evaluate the responses in terms of the WUE and yield to different film mulching methods under climate change. The DeNitrification–DeComposition (DNDC) model, which is based on the carbon and nitrogen cycles in agroecosystems, has been widely used and verified for simulating the WUE and yield [15,16].



SSP126 assumes that global annual greenhouse gas emissions (measured in units of CO2 equivalent concentration level (ppm)) will reach a peak of 490 ppm before 2100, followed by a significant decline. In SSP245, the peak of 650 ppm occurs in 2100 before stabilizing. In SSP370, the emissions will peak at 850 ppm and then stabilize after 2100. In SSP585, the emissions will continue to rise and reach a peak of 1370 ppm by 2100 [17]. Many previous studies only considered two future climate change scenarios: SSP245 and SSP585. In the present study, we considered all four greenhouse gas emission scenarios to assess the future climate. The effects of different mulching methods on the maize yield and WUE in the southern part of the Loess Plateau region were evaluated by testing no mulching (CK), traditional polyethylene film mulching (P), and biodegradable film mulching (B) methods. The starting point of this study is as follows: (1) under long-term polyethylene film treatment, the physical and chemical properties of the soil are deteriorated due to the large amount of residual film left in the soil, which compromises production sustainability and causes white pollution. (2) Biodegradable films offer significant advantages in terms of environmental protection, and we aimed to investigate whether the future phase can serve as an environmentally friendly alternative to polyethylene films while ensuring sustainable yields. The aims of this study were as follows: (1) to conduct DNDC model simulations to evaluate the performance of different mulching methods in terms of the maize yield and WUE, based on four years of field test data; (2) to predict the trend of maize yield and WUE under different material film mulching methods in the future climate; and (3) to assess whether degradable biofilm can be widely used in maize-producing areas in the Loess Plateau region of China under future climate conditions.




2. Materials and Methods


2.1. Study Area


The field study was conducted in Yangling, Shaanxi (34°20′ N, 108°04′ E; altitude, 490 m) at the southern boundary of the Loess Plateau in China (Figure 1). The climate in this area is mild and semi-humid, with an average annual precipitation of 600 mm (65% of the rainfall is concentrated from June to September), an average annual evaporation of 933 mm, and an average annual temperature of 13.5 °C. The soil type is Lou soil (Eum–Orthic Anthrosol), with an average bulk density of 1.40 g cm−3. The soil texture (0–10 cm) is silty clay loam, consisting of 8% sand, 75% silt, and 17% clay [18]. At the beginning of the experiment, the basic soil properties of the 0–20 cm soil layer are shown in the Table 1. The daily meteorological data used in the test stage were acquired from the Yangling meteorological observation station located approximately 100 m from the test site.




2.2. Experimental Design and Field Management


The field experiment was conducted from 2015 to 2018. A complete, randomized block design was employed with no mulching, traditional polyethylene film mulching, and biodegradable film mulching methods. The plastic film used for covering was a transparent polyethylene film, 120 cm wide and 0.008 mm thick (Gansu Tianbao Plastics Factory, Tianshui, China). The biodegradable film with a width of 120 cm and thickness of 0.008 mm (Showa Electric Co., Ltd., Fukaya, Japan) was made of polybutylene succinate. The film mulching was conducted before the end of the autumn rainfall. Three replicates were constructed for each treatment, with a total of nine plots spaced 1 m apart. The experiment was conducted in the same field. Spring maize (Dafeng 30) was sown in late April and harvested in mid-August each year. Maize was planted with 66,667 plants ha−1, at a sowing depth of 4–5 cm. The film treatments were applied before sowing. Basal fertilizer was applied at sowing (N = 140 kg ha−1 and P = 150 kg ha−1) and as a top dressing (N = 145 kg ha−1) between the maize plants approximately 60 days after sowing (fertilization depth = 4–5 cm). None of the treatments received irrigation throughout the growth period. After the harvest, the plastic film was removed. Detailed information on tillage management methods is shown in Table 2. Among them, the depth of the machine farming was 30 cm.




2.3. Soil Sampling and Yield


Soil samples were collected from the 0−10 cm soil layer at five randomly selected points in each plot with a 5 cm soil drill. The five samples from the same plot were mixed to form one sample. The fresh soil was weighed immediately, then the soil sample was dried to a constant weight at 105 degrees. The dry soil was reweighed, and the soil water content (SWC, %) was calculated as follows:


SWC = [(fresh soil weight − dry soil weight)/dry soil weight] × 100%



(1)







The soil temperature was measured at a depth of 5 cm using a curved tube mercury thermometer. The thermometers were placed between the maize plants in each plot. When the maize was harvested each year from 2015 to 2018, 4 rows of maize were randomly selected in each plot, and 10 plants were continuously selected in each row for yield measurements [19].




2.4. WUE


The WUE is used an index to measure the relationship between the crop yield and water consumption in the field. It represents the dry matter produced by crop evapotranspiration per unit mass of water, and it indicates the energy conversion efficiency in plant production. The WUE was calculated as follows:


  WUE =  Yield / ET   



(2)






ET = IWP + Pr − Le − RO − EWP



(3)




where ET is the crop water consumption, IWP is the initial water pool in the farmland, Pr is the precipitation, Le is the amount of water leaching, RO is the surface run-off, and EWP is the end water pool in farmland.




2.5. DNDC Model


The DNDC (DeNitrification–DeComposition, version 9.5) model is a process-based biogeochemical model. The first part of the model consists of three sub-models for soil climate, crop growth, and soil organic matter decomposition, using ecological drivers (i.e., climate, soil, vegetation, and human activities) to simulate soil environmental conditions (i.e., soil temperature, moisture, pH, redox potential, and associated chemical substrate concentration gradients). The second part includes three sub-models for nitrification, denitrification, and fermentation, which simulate the effects of soil environmental conditions on microbial activity and calculate the emissions and consumption of various gases (CO2, CH4, NH3, N2O, NO, N) in the plant–soil system. The functions used in the DNDC are derived from classical laws of physics, chemistry, and biology, or from empirical equations derived from laboratory studies. When the DNDC model is used to simulate biogeochemical processes at any point, basic parameters such as meteorological, soil, and crop data can be used as inputs according to the local planting and cultivation conditions, and the simulation can be conducted from 1 year up to many years. DNDC version 9.5 was used in this study, which allowed for simulations of film mulching by adjusting the film mulch area and duration. It was also used to quantify the effects of film mulching on the soil temperature and moisture under different heat transfer, water evapotranspiration, and runoff rates [16].




2.6. Model Testing


There were many differences between the basic parameters obtained in the experiment and the default data values provided in the model. In order to accurately simulate the growth of spring maize, we used the actual observational data to correct the parameters (Table 3). The model validation involved comparing historical measured data and model simulation data to determine whether the simulation results obtained by the model were consistent with the actual situation. Model validation was a necessary step before applying the model to a specific point.



The fitting degree of the model is generally evaluated by calculating the deviations between the model simulation data and historical measured data. We used the coefficient of determination (R2), normalized root mean square error (nRMSE), and Willmott index of agreement (d) to evaluate the suitability of the DNDC model for the study area:


   R 2  =    (      ∑  i = 1  n   (  S i  −  O ¯  ) (  S i  −  S ¯  )         ∑  i = 1  n     (  O i  −  O ¯  )  2          ∑  i = 1  n     (  S i  −  S ¯  )  2         )   2   



(4)






  d = 1 −     ∑  i = 1  n     (  S i  −  O i  )  2        ∑  i = 1  n     (  |   S i  −  O ¯   |  +  |   O i  −  O ¯   |  )  2       



(5)






  n R M S E =       ∑  i = 1  n     (  O i  −  S i  )  2     n    ×   100   O ¯    



(6)




where n is the number of actual observations, Oi and O are the actual observations and their averages, respectively, and Si and S are the model simulations and their averages.




2.7. Climate Models and Future Meteorological Scenarios


To assess the climate in future phases, the Intergovernmental Panel on Climate Change (IPCC) Fifth Assessment Report, published in 2014, established new future climate change typical concentration path scenarios with four different greenhouse gas concentration trajectories: SSP126, SSP245, SSP370, and SSP585 [19].



GCMs are major tools for predicting future climate change. In this study, a coupled model was used to compare 21 atmospheric circulation models under different emissions scenarios in phase 6 of the plan (CMIP6). We used raw prediction data from 21 different global circulation models (GCMs) to reduce the uncertainty when applying a single GCM (Table S1). Based on the DNDC model, the effects of climate change on maize production were simulated under four different emissions scenarios. Therefore, 252 simulations were conducted: four climate scenarios × 21 GCMs × three mulching treatments. The baseline simulation period was 1981–2010, and the future simulation lasted from 2021 to 2100.





3. Results


3.1. Applicability of Evaluation of the Model


3.1.1. Soil Temperature and Soil Moisture


In order to verify the suitability of the DNDC model for simulating the soil water temperature in this study, the soil temperature fitted by the model was compared with the actual observed soil temperature (at a depth of 5 cm) in the field. The correlation was calculated between the simulated value and actual observed value. The results showed that there was a significant correlation between the soil temperature simulated by the model and the measured value (p < 0.01). The simulation results were found to be good to excellent (nRMSE: 9.12–10.94%; R2: 0.906–0.910; d: 0.956–0.970) (Figure 2). The soil temperatures were significantly higher under different mulching methods compared to those without film mulching.



After analyzing the measured and simulated soil water contents (10 cm) under each treatment, we found significant correlations between the simulated soil water contents and the measured values for all the three treatments (p < 0.01). The simulation results ranged from medium to good (nRMSE: 16.63–21.03%, R2: 0.56–0.63, d: 0.86–0.88) (Figure 3). The field observations showed that the soil water content was slightly higher under P than B, and the soil water contents under both P and B were significantly higher than that under CK. Comparisons between the simulated and measured values showed that the model slightly underestimated the soil water content without film mulching and the soil temperature under film mulching, but overestimated the soil water content under different film mulching methods and the soil temperature without film mulching. In general, the model performed well in simulating soil water and temperature.




3.1.2. Verification of Spring Maize Yield and WUE


According to the selected parameters, the spring maize yields were simulated under each treatment from 2015 to 2018. Comparisons of the simulated and actual yields showed that the simulated values were generally consistent with the measured values (Figure 4). In addition, the DNDC model simulated an increase in maize yield under different mulching methods compared to the no-mulch treatment, but the model overestimated the maize yields under film mulching. The nRMSE values under CK, P, and B were determined to be 10.33%, 5.35%, and 2.82%, respectively. This indicated that the fits were better for the film treatments than for CK. The overall R2, d, and nRMSE values were 0.76, 0.86, and 6.55%, respectively. Therefore, the model obtained excellent fits to the yields. Moreover, the model simulated the inter-annual differences. Due to the high temperature and low rain in the late maize growth stage in 2017, the yield was lower compared to other years.





3.2. Future Climate Change in the Experimental Area


Under the four climate change scenarios, the mean temperature and precipitation values were calculated for each future period using 21 GCM models. The temperature and precipitation increased over time (Figure 5). The mean annual rainfall during the baseline period (1981–2010) was 600 mm, and the mean annual temperature was 13.5 °C. The following 80 years (2021–2100) were divided into four periods: 2021–2040, 2041–2060, 2061–2080, and 2081–2100. The average temperatures in the next 80 years under the SSP126, SSP245, SSP370, and SSP585 scenarios were determined to be 15.73 °C, 16.17 °C, 16.54 °C, and 17.23 °C, respectively. The temperature growth rate continued to decrease over time under the SSP126 and SSP245 scenarios. The average temperature under SSP126 did not increase throughout 2081–2100 compared with 2061–2080. In contrast, the temperature continued to increase under the SSP585 and SSP370 scenarios. The increases in the temperature under the four scenarios followed the order of: SSP585 > SSP370 > SSP245 > SSP126.



The average rainfall amounts in the next 80 years under the SSP126, SSP245, SSP370, and SSP585 scenarios increased by 12.59%, 9.20%, 9.97%, and 16.18%, respectively, compared with the baseline. In addition, the rainfall in each period was compared with the previous period. The results showed that the increase in rainfall in the SSP126 scenario decreased with time. The increase in rainfall under the SSP245 scenario was the largest during 2041–2060. Under the SSP370 and SSP585 scenarios, the rainfall and its increase peaked in the last 20 years of the 21st century. In addition, we divided the annual rainfall amounts predicted by the GCMs under the four scenarios into less than 400 mm, 400–800 mm, and greater than 800 mm. The results showed that years with annual rainfalls of 400–800 mm were more frequent than years with the other two annual rainfall amounts (Figure 6).




3.3. Effects of Future Climate Change on Spring Maize Yield and WUE


3.3.1. Spring Maize Yield


The yields simulated by the DNDC model in the baseline period (1981–2010) and future period (2021–2100) under four concentration scenarios is shown in Figure 7. The simulated yields under CK in the future periods (2021–2100) under the SSP126, SSP245, SSP370, and SSP585 scenarios increased by 28.53%, 29.55%, 31.43%, and 26.30%, respectively, compared with the baseline period. The simulated yields under B in the next four periods (2021–2100) under the SSP126, SSP245, SSP370, and SSP585 scenarios increased by 19.34%,17.26%, 16.49%, and 12.60%, respectively, compared with the baseline period. The simulated yields under P in the next four periods (2021–2100) under the SSP126, SSP245, SSP370, and SSP585 scenarios increased by 8.63%, 7.90%, 6.43%, and 2.67%, respectively, compared with the baseline period. The overall yield tended to increase under CK as the atmospheric CO2 concentration increased. Under the SSP126 scenario, the CK treatment showed an increasing trend over time, and the yields of the P and B treatments did not change significantly over time. In the SSP245, SSP370, and SSP585 scenarios, the yields of the P and B treatments gradually decreased over time, and the yield of the P treatment decreased more. The average yields at the 2081–2100 stage under the SSP370 scenario and 2061–2100 under the SSP585 scenario were lower than the average yields at the baseline stage. A sensitivity analysis based on the effects of rainfall and temperature on the maize yield showed that rainfall had a significantly greater effect on the yield than temperature, and both rainfall and temperature had the greatest impacts under CK (Table S2). The simulated yields under each treatment during years with different annual rainfall amounts under the four scenarios are shown in Figure 6. In the years with rainfall less than 400 mm, the yields under P and B increased significantly by 41.93–72.48% and 38.20–69.04%, respectively, compared with C. However, the difference was not significant between P and B. In the years with precipitation more than 800 mm, the yields under P and B only increased by 2.34–7.51% and 2.26–7.50%, respectively, compared with CK. The fitted curves for the effects of rainfall and temperature on the yield are shown in Figure 8. The yield under CK was highest when the annual rainfall was 690 mm, and the maximum yields under P and B occurred with rainfalls of 561 mm and 601 mm, respectively. As the temperature increased, the yields decreased under the film mulching treatments, whereas the yield increased with increasing temperatures under CK. The highest yield was obtained when the temperature reached 17.01 °C, then the yield decreased above this temperature threshold.




3.3.2. WUE of Spring Maize


The simulated WUE values obtained under each treatment in each period under the four scenarios during 2021–2100 are shown in Figure 9. Compared with the baseline, the WUE increased by 17.12–23.78% under CK, by 19.20–25.25% under B, and by −8.30–2.97% under P. Comparisons of the WUE under each treatment and future scenarios showed that as the greenhouse gas emissions increased, the WUE tended to first increase and then decrease under each treatment, and the peak WUE occurred under the SSP370 scenario. The curves fitted between the temperature and WUE under the four scenarios are shown in Figure 10. As the temperature increased, the WUE under each treatment tended to increase initially before then decreasing. The maximum WUE values under CK, P, and B were obtained at 16.74 °C, 17.13 °C, and 16.57 °C, respectively. The WUE under CK was significantly correlated with the rainfall amount (Figure 10). The WUE values under each treatment decreased slightly as the rainfall amount increased. The WUE values differed significantly among the three treatments at the baseline. In the next 80 years, the differences in WUE were not significant between P and B, but significant differences were found between the WUE values under P and B compared with those under CK.






4. Discussion


4.1. Evaluation of Model Fitting Results under Different Mulching Methods


The calibrated DNDC model was effective at simulating maize growth, development, and the changes in the soil hydrothermal conditions (Figure 2 and Figure 3). The field measurements showed that the film mulch materials had different effects on the soil hydrothermal conditions, and the model accurately simulated the changes in the soil water and temperature conditions under film mulching with different materials. The differences between the field measurements and simulated values could be explained by the timing of temperature and moisture measurements, which were taken in the morning or the afternoon, whereas the simulation output provided daily average values [20]. In addition, the model showed better fit to the soil temperature compared to the soil moisture because tit accounted for daily precipitation at the earliest time of the day, whereas the output water content was based on water infiltration and evaporation from the surface soil after the rainfall events ended. Thus, the simulation results may have missed the actual high soil moisture measurements due to larger fluctuations in the actual water measurements compared to the simulation results [21].



The predicted yields also verified that the DNDC model could accurately simulate the maize yield under different mulch materials (Figure 3). The accuracy of the DNDC yield simulation has also been verified in many parts of the world [22,23]. In this study, the model overestimated the maize yield under film mulching, probably due to an inaccurate prediction of water evaporation under film mulching [16], leading to overestimation of the soil water content under film mulching. Similar conclusions were also reported by Yu et al. [24].




4.2. Changes in Maize Yield and WUE under Future Climate Change Conditions


4.2.1. Maize Yield


The changes in the crop yield under future climate conditions will be influenced by the combined effects of the temperature, precipitation, atmospheric CO2 concentration, and other factors [20]. The Monte Carlo method was used to analyze the sensitivity of simulated maize yield. The results showed that rainfall had the greatest impact on the yield of each treatment, indicating that rainfall was the main limiting factor for agricultural production in this area. Compared with no mulching, the film mulching treatments reduced the sensitivity of the yield to rainfall due to the inhibition of water evaporation under mulching, and the improved water content under the film could alleviate the limitations on maize production due to scarce water resources [25].



The 21 GCMs used in this study had different climate predictions, but the average temperature and rainfall all tended to increase under the four future scenarios [26]. Compared with film mulching, the absence of mulching mainly obtained lower yields due to the low soil temperature and soil moisture contents, but the increases in the temperature, precipitation, and CO2 concentration in the future climate conditions had positive effects on the yield increases [27]. Our results also indicated that the yield without mulching continued to increase under future climatic conditions, as also shown by Zhang et al. [28].



In the early growth stage of maize, film mulching improved the soil hydrothermal environment and alleviated the effects of insufficient rainfall and accumulated temperature on maize growth. Therefore, the yield was higher with film mulching compared with the yield without film mulching. However, in the future four emissions scenarios, the yields under film mulching were reduced in the later periods compared with the earlier period, and the maize yield decreased more under traditional polyethylene mulch, as also shown in a previous study [20]. In rainfed agricultural regions, heat resources are adequate in the late maize growth, and the temperature does not limit productivity. However, traditional polyethylene film mulching can lead to crop failures when used throughout the whole growing season because soil temperatures above a certain threshold will accelerate root and leaf senescence. Consequently, the time period when light energy can be intercepted to support photosynthesis by crops is reduced, thereby decreasing the accumulated biomass and yield [29]. Xiao et al. also reported a negative relationship between film mulching and the maize yield due to future temperature changes exceeding the optimal temperature range for growth [30,31]. In contrast, the soil temperature will not continue to rise under biodegradable film due to its degradation in the later maize growth stage and changes in the soil hydrothermal environment. Thus, mulching with biodegradable film is more advantageous than polyethylene film for yield formation in the later stage. The curves fitted between the temperature and yield under future climate conditions are shown in Figure 8. The yield decreased rapidly as the temperature increased in the future period under polyethylene film mulching, thereby demonstrating that biodegradable film will be more effective than traditional polyethylene film in the future.




4.2.2. WUE


The WUE depends on the ratio of the crop yield relative to water consumption. In our study, film mulching significantly improved the WUE of maize compared with the absence of mulching (Figure 9), as also shown by Gu et al. [32]. Film mulching provides a more suitable hydrothermal environment for crop growth by inhibiting the ineffective evaporation of soil water and maintaining the soil temperature, which is conducive to the accumulation of biomass and enhancing transpiration to increase the WUE of crops [4,33].



In this study, the WUE values with no mulching and biodegradable film mulching under all scenarios were higher in future periods than the baseline period, but the WUE values with polyethylene film mulching were generally lower than those in the baseline period. The absence of mulching led to ineffective evaporation of water, and insufficient rainfall greatly limited formation of the maize yield. However, the utilization of water by the roots under increased rainfall in the future will improve the crop yield and WUE [28]. The WUE continued to decrease under traditional polyethylene film mulching, possibly due to the long-term excessive consumption of soil water over several years of film mulching. This can lead to a lack of available water in the deep soil [34]. In addition, the accelerated growth of crops in the early growth stage would consume excessive water under film mulching. Moreover, the film will form a barrier in the late growth stage to prevent rainfall from penetrating into the soil and being absorbed by the roots. Therefore, the crops will lack sufficient water and nutrients in the late growth stage [11]. Long-term localization studies have also shown that the accumulation of residual film reduces the available water and nutrients [20] and inhibits the accumulation of dry matter [35]. This decreases the yield and WUE over time under plastic film mulching. We observed a greater decrease in the WUE in the warmer and wetter conditions under SSP585.



The effects of polyethylene film mulching and biodegradable film mulching on the WUEs of crops varied with the number of years under mulching due to the different properties of these materials [11]. In the late maize growth stage, degradation of the biodegradable film decreased the thermal insulation effect and water retaining capacity of the plastic film [36]. Consequently, the premature root senescence caused by high temperature stress in the later growth stage of maize was alleviated, and the degraded film had no adverse effects on the soil physical and chemical properties. Therefore, the WUE increased under biodegradable film mulching. In the warmer and wetter conditions in the future under the SSP585 scenario, the WUE values under biodegradable film mulching were higher than those under polyethylene film in the following four periods (2021–2100) (Figure 9), thereby indicating that biodegradable film mulch may adapt better to warmer and more humid climate conditions in the future.






5. Conclusions


Under future climate conditions, the southern Loess Plateau region will experience increased temperature and precipitation. The magnitude of warming and wetter conditions follows the order of: SSP585 > SSP370 > SSP245 > SSP126. Across the four future scenarios, the yields under no mulching, traditional polyethylene film, and biodegradable film mulching increased by different amounts over time compared with the baseline period. However, under the higher temperature and rainfall conditions in the future, the crop yield and WUE under the mulching measures showed a downward trend with time. The yield and WUE under the traditional polyethylene film decreased more, and there was no advantage of the polyethylene film compared with the degradable film. Moreover, in the wetter and warmer conditions under the SSP585 scenario, the WUE was higher with biodegradable film compared to traditional polyethylene film.
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Figure 1. The geographical location of the experimental area. 
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Figure 2. Measured and simulated temperatures (5 cm) of the soil. The vertical represent the standard deviation of the observed values. CK—Conventional tillage without mulching. P—plastic film mulching with transparent polyethylene film, B—biodegradable film mulching. 
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Figure 3. The precipitation data and the simulated and observed soil water content in the 0–10 cm depth range. The vertical bars represent the standard deviations, which were calculated based on three replicates. The abbreviations used in the figure are as follows: CK refers to conventional tillage without mulching, P represents plastic film mulching with transparent polyethylene film, and B indicates biodegradable film mulching. 
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Figure 4. Verification of maize yields under each treatment in a four-year field experiment (n = 12). The abbreviations used in the figure are as follows: R2 refers to coefficient of determination, nRMSE indicates normalized root mean square error, and d represents Willmott index of agreement. CK refers to conventional tillage without mulching, P represents plastic film mulching with transparent polyethylene film, and B indicates biodegradable film mulching. 
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Figure 5. The left figure shows the mean value of the atmospheric temperature predicted by 21 GCMs under the four concentration scenarios in the future, and the shadow part represents the 95% confidence interval. The right figure shows the rainfall of each stage predicted by 21 GCMs under the four concentration scenarios in the future. Among them, the boundaries of the boxes represent the 25th and 75th percentiles, and the whiskers represent the 10th and 90th percentiles. The black line in the box represents the median, and the small square represents the average. The dashed lines indicate the average annual temperature and rainfall for the baseline period (1981–2010). 
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Figure 6. Maize yield of each treatment under different annual rainfall. The black line in the box represents the median, and the small square represents the average. The boundaries of the boxes represent the 25th and 75th percentiles, and the whiskers represent the 10th and 90th percentiles. CK—Conventional tillage without mulching. P—plastic film mulching with transparent polyethylene film, B—biodegradable film mulching. 
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Figure 7. Maize yield at each stage in the future simulated under four concentration scenarios. Each box represents 21 maize yields simulated by the DNDC model using meteorological data predicted by 21 GCMs. Among them, the boundaries of the boxes represent the 25th and 75th percentiles, and the whiskers represent the 10th and 90th percentiles. The black line in the box represents the median, and the small square represents the average. The dashed line represents the maize yield of each treatment in the baseline period (1981–2010) predicted by the model. Among them, the red line, yellow line and green line represent the maize yield of CK, P and B treatments at the baseline stage, respectively. CK—Conventional tillage without mulching. P—plastic film mulching with transparent polyethylene film, B—biodegradable film mulching. 
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Figure 8. The maize yield simulated by DNDC under different temperature and precipitation years in the future stage (2021–2100). Shaded areas indicate 95% confidence intervals. CK—Conventional tillage without mulching. P—plastic film mulching with transparent polyethylene film, B—biodegradable film mulching. 
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Figure 9. WUE at each stage simulated under four concentration scenarios in the future. Each box represents 21 WUEs simulated by the DNDC model using meteorological data predicted by 21 GCMs. Among them, the boundaries of the boxes represent the 25th and 75th percentiles, and the whiskers represent the 10th and 90th percentiles. The black line in the box represents the median, and the small square represents the average. The dashed line represents the WUE of each treatment in the baseline period (1981–2010) predicted by the model. Among them, the red line, yellow line and green line represent the maize yield of CK, P and B treatments at the baseline stage, respectively. CK—Conventional tillage without mulching. P—plastic film mulching with transparent polyethylene film, B—biodegradable film mulching. 
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Figure 10. The WUE simulated by DNDC under different temperature and precipitation years in the future stage (2021–2100). Shaded areas indicate 95% confidence intervals. CK—Conventional tillage without mulching. P—plastic film mulching with transparent polyethylene film, B—biodegradable film mulching. 
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Table 1. Basic soil properties of the 0–20 cm soil layer.
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	Bulk Density

(g cm−3)
	Field Water Capacity (%)
	Wilting Point (%)
	Organic Matter (g kg−1)
	Total Nitrogen (g kg−1)





	1.36
	27.92
	12.20
	14.14
	1.31
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Table 2. Farming management practices during the study period from 2015 to 2018.
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Year

	
Treatment

	
Planting

Date

	
Harvest

Date

	
Film

Mulching

	
Tillage Date

	
Fertilization Date






	
2015

	
P

	
4–28

	
8–16

	
11–29

	
11–29

	
4–28 (140 kg N ha−1, 150 kg P2O5 ha−1);

6–20 (145 kg N ha−1)




	
B

	
11–29




	
CK

	




	
2016

	
P

	
4–19

	
8–20

	
11–13

	
11–13

	
4–19 (140 kg N ha−1, 150 kg P2O5 ha−1);

6–25 (145 kg N ha−1)




	
B

	
11–13




	
CK

	




	
2017

	
P

	
4–20

	
8–11

	
10–29

	
10–29

	
4–20 (140 kg N ha−1, 150 kg P2O5 ha−1);

6–15 (145 kg N ha−1)




	
B

	
10–29




	
CK

	




	
2018

	
P

	
4–18

	
8–10

	
10–20

	
10–20

	
4–18 (140 kg N ha−1, 150 kg P2O5 ha−1);

6–12 (145 kg N ha−1)




	
B

	
10–20




	
CK

	








P—plastic film mulching with transparent polyethylene film, CK—conventional tillage without mulching, B—biodegradable film mulching.
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Table 3. Parameters used for the DNDC simulation.
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	Model Parameters
	Value
	Unit





	Maximum grain yield
	6000
	Kg C ha−1



	Grain C/N ratio
	50
	



	Leaf C/N ratio
	80
	



	Stem C/N ratio
	80
	



	Root C/N ratio
	80
	



	Accumulative degree days
	2600
	Degrees



	Water requirement
	150
	Kg water Kg−1 dry matter



	Grain/stem/leaf/root fraction ratio
	0.5/0.2/0.2/0.1
	



	Optimum temperature for plant growth
	32
	°C



	Index of biological nitrogen fixation
	1
	1.0 indicates no N-fixation



	Residue return ratio
	0.05
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