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Abstract

:

Plastic film mulching is an effective way to manage agricultural fields in water shortage areas. Through increasing the soil surface temperature at the early stage of crop growth and reducing the soil evaporation during the whole growth period, plastic film mulching can realize the effect of water saving and yield increase. This study examined the effects of plastic film mulching on crop yield and evapotranspiration (ET) in the Heihe River basin in Northwest China. By using remote sensing data, the gridding G-AquaCrop model was built to simulate the maize yield and ET in the basin under conditions of film mulching and no-film mulching. Through an analysis of changes in maize yield and ET before and after film mulching, suitable areas for film mulching in the whole basin were identified. Through comparative analysis, it was found that after plastic film mulching, maize yield in 12–41% of the Heihe River basin increased to a certain extent, reaching 8%. Furthermore, film mulching decreased ET by 5–30% in 34–41% of areas planted with maize. Based on these results, suggestions were made on suitable areas for expansion of maize cultivation to balance the benefits of water saving and production increase with environmental pollution. Furthermore, the way of assessing the suitable mulching area is obtained by examining the meteorological condition directly. The results of this study are of great significance for rational allocation of agricultural production resources and efficient utilization of agricultural water resources.
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1. Introduction


Plastic film mulching is a field management technique that results from advances in the field of material science. In addition to all the benefits of traditional biological mulching (i.e., to increase temperature, conserve soil moisture, and reduce evaporation) [1,2], plastic film mulching has several advantages, such as low cost, easy production, and good performance [3]. As a result, plastic film mulching has been widely used in agriculture in recent years [4,5,6,7]. It is likely that the use of plastic film mulching will continue to increase in the future, especially considering the increasing food demands due to population growth and the anticipated impacts of climate change.



In China, increasing population and climate change have already raised concerns about food security, and the situation is anticipated to only worsen [8,9,10]. Projections of more frequent and greater magnitude droughts [11,12,13,14] emphasize the need for water saving in the agricultural sector, especially since the sector is the largest consumer of water. In this regard, plastic film mulching offers an important means, as it has the benefits of water saving, especially with low cost and greater efficiency in production. Needless to say, the benefits of plastic film mulching are largest when it is used in regions where water resources are already scarce and agriculture is a key sector, such as the Heihe River basin in Northwest China.



The Heihe River basin, located in the arid Hexi Corridor of Northwest China, is an important commodity grain production base in China [15,16]. Due to its geography and climatic conditions, this area has been facing a severe shortage of water resources for a long time [17]. Theoretically speaking, plastic film mulching has a great potential for application in this area. However, due to differences in climate and soil types over the region, not all areas in the basin can produce satisfactory results with film mulching [18]. Another issue is that the plastic film cannot be degraded in a short time after being discarded [19], which not only results in environmental pollution but also reduces crop yield to varying degrees. Jiang et al. (2017) used the dye tracer method to track soil water movement, and the results highlighted that the presence of residual plastic film fragments significantly influenced soil physical properties, altered soil water distribution, and decreased the matching degree of the flow distribution region and the maize root (densely rooted) zone [20]. Gao et al. (2019) used meta-analysis to show that the crop yield decreased significantly with increased time and residual plastic film exceeded 240 kg/ha [21]. Thus, the use of plastic film mulching without considering its applicability may aggregate negative effects. Therefore, in actual production, it is necessary to allocate agricultural production according to local conditions in order to realize efficient utilization of resources.



Producing more food with less water has been the goal of agricultural development in arid areas, especially where mulch is widely used. Crop water productivity (WP) refers to the ratio of crop yield to crop evapotranspiration (ET) during yield acquisition [22,23,24]. By definition, a larger WP is the goal pursued by researchers and farmers. For this reason, WP can be used as a key index to explore the potential and suitability of plastic film mulching in the Heihe River basin.



The AquaCrop model published by the Food and Agriculture Organization (FAO) is a typical water-driven crop growth simulation model [25,26,27]. It accurately simulates not only the crop yield but also the ET in the process of crop growth. Further, it divides the ET into soil evaporation (E) and crop transpiration (Tr). At the same time, compared with other crop growth simulation models (e.g., EPIC, DSSAT, WOFOST, APSIM, and WAVES) [28,29,30,31,32], this model requires fewer input parameters with stable performance and can simulate different field management practices, such as different irrigation methods, film mulching methods, and fertilization methods [25,26]. It is indeed a good choice to use the AquaCrop model to explore the effects of different field management practices on WP in arid areas. Ran et al. (2017) showed that the simulation performance of the AquaCrop model was better than that of the SIMDualKc model under deficit irrigation conditions through a 5-year field experiment data verification [33]. Compared with SIMDualKc model [34], the AquaCrop model not only considered the effect of soil water content, but also took into account the physiological damage (for example, a decrease in canopy coverage) caused by long-term water shortage when simulating Tr., Shen et al. (2019) used the AquaCrop model to simulate the changes in ET of seed maize with and without film mulching in the Shiyang River basin in Northwest China and verified the results with field data [35]. The results not only showed that the model had good simulation performance under both conditions but also indicated that plastic film mulching significantly reduced soil evaporation, thereby reducing water consumption during the growth period of the crop. The current AquaCrop model does not take into account the effects of plant diseases and pests on crop growth and yield. In this case, the simulation results are often the potential yield (defined by solar radiation and temperature) or attainable yield (limited by water and nutrient availability) rather than the actual yield (reduced by diseases, pests, and environmental stressors); this seems to be a common flaw in most crop growth models [36]. Tigkas et al. (2015) and Li et al. (2019) showed that when the independent variables were meteorological conditions or management measures, the crop model was an ideal tool. In this way, other influencing factors can be set to have a neutral role in crop growth without affecting the interpretation of the results [37,38].



Despite these encouraging results, it is important to note that most simulation models such as AquaCrop are applicable only at the field scale. This presents certain limitations when applied to the Heihe River basin. This is because, due to the wide distribution of maize planting areas in the whole Heihe River basin, the spatial heterogeneities meteorological, soil and management variables in the region are large and are difficult to calculate and measure [39]. Therefore, although the AquaCrop model has been found to perform well for field-scale studies, it cannot be directly applied to regional studies due to limitations and difficulties in parameter estimation.



Advances in remote sensing technology have provided effective support for exploring the potential of plastic film mulching in the Heihe River basin using the AquaCrop model [40,41]. For example, many studies have proposed different important indexes in agricultural production using remote sensing data. Jin et al. (2020) and Toshihiro et al. (2006) estimated crop physiological indicators such as canopy coverage (CC) and growth period by using remote sensing data such as the enhanced vegetation index (EVI) and the three-band water index (TBWI) [42,43]. Lorite et al. (2013) and Han et al. (2019, 2020) used remote sensing technology to obtain CC, sowing date, aboveground biomass and other crop physiological indicators preliminarily. Then, the above indicators were introduced into the crop model and distributed simulation was carried out [44,45,46]. These results indicate that the coupling of remote sensing data and crop models can extend the application scale of existing crop models.



According to the above review, plastic film mulching has great application potential in arid areas of northwest China. However, few studies attempt to clarify the application effect and applicability of plastic film mulching in the whole Heihe River basin; this provided the motivation for the present study. In this study, the spatial distribution of water-saving and yield-increasing effects of plastic film mulching in the Heihe River basin was investigated and suggestions for suitable expansion areas were put forward. First, the maize sowing date and CC without statistical data were retrieved from EVI data and normalized difference vegetation index (NDVI) data, respectively. This lays a foundation for subsequent simulation and analysis. Due to the limited availability of land use data, only data for the period of 2011–2014 were considered. Further, combined with other products for the grids (i.e., meteorological data, land use data, soil variables), the gridding G-AquaCrop model was constructed. The G-AquaCrop model outputted maize yield and ET during the whole growth period under different scenarios (mulching/no-mulching). On the basis of reliable output results, the application effect and applicability of plastic film mulching of maize field in the Heihe River basin were quantified. At the same time, a new method to quickly obtain the applicability of plastic film mulching was proposed.




2. Materials and Methods


2.1. Study Area


This study focused on the maize cultivation area of the Heihe River basin (Figure 1) in the arid inland region of Northwest China. The basin is located in the middle of the Hexi Corridor, at 97°42′~102°04′ E, 37°41′~42°42′ N and covering an area of 142,900 square kilometers [47]. The maize cultivation areas in this study are mainly distributed in nine counties: Shandan, Minle, Ganzhou, Linze, Gaotai, Sunan, Suzhou, Jiayuguan, and Jinta in the middle and lower reaches of the Heihe River basin, as shown in Figure 1. In this area, the climate is mainly temperate continental arid climate; the annual average temperature is 4–8 °C; the annual average precipitation decreases from more than 250 mm in the east to less than 50 mm in the west; the annual average evaporation increases from the east to the west, from less than 2000 mm to more than 4000 mm; and the annual average sunshine duration reaches 3000–4000 h [48,49,50]. It is a relatively suitable area for agricultural development in the whole Heihe River basin. The main crops in the region are maize, spring wheat, spring barley, and spring rapeseed. Among these, maize occupies the largest area [51].




2.2. Acquisition of Spatial Heterogeneity Variables


2.2.1. Land Use Data


The land use data used in this study were from the Landsat remote sensing data obtained by the Heihe Plan Science Data Center (http://heihedata.org/ (accessed on 10 December 2019)), with a spatial resolution (SR) of 30 m. In order to matching other available forcing data, the 500 m SR is applied. The 500 m SR can also reflect spatial heterogeneity for the relatively flat agriculture land. The area cultivated under maize was re-samples to 500 m resolution using NEAREST by ArcGIS. This data was used as the basic data for this study and also as a reference for other data processing.




2.2.2. Meteorological Data


The ERA (ECMWF re-analysis-interim) data of precipitation ( P , mm), maximum air temperature (   T  m a x    , °C), minimum air temperature (   T  m i n    , °C), wind speed at 10 m height (   u 2   , m/s), solar net radiation (   R n   , MJ m−2 d−1), surface pressure (  S P  , kPa), and dew point temperature (   T  d e w    , °C) was obtained from the European Centre for Medium-Range Weather Forecast (ECMWF, https://www.ecmwf.int/ (accessed on 11 August 2021)), with a spatial resolution of 0.125° (13.89 km) and a temporal resolution of one day. In this study, the spatial resolution was re-sampled to 500 m using NEAREST with the land use data as the reference.



The reference crop evapotranspiration (  E  T 0   , mm/d) was calculated by the Penman–Monteith method [52]:


  E  T 0  =   0.408 · Δ  (   R n  − G  )  + γ ·   900   T + 273   ·  u 2  ·  (   e s  −  e a   )    Δ + γ ·  (  1 + 0.34 ·  u 2   )     



(1)




where    R n    is the average net radiation of the crop surface;  G  is the soil heat flux, which is approximately equal to 0 in a day,  γ  is the hygrometer constant,  T  is the average temperature;    u 2    is the average wind speed at a height of 2 m,    e s    is the saturated water pressure at average temperature,    e a    is the actual water pressure; and  Δ  is the slope of the water pressure curve.




2.2.3. Soil Variables


The main soil types in the Heihe River basin include clay, sand, and silt. The distribution of soil types was obtained from the Digital soil mapping dataset of soil texture in the Heihe River basin (2012–2014) (spatial resolution was 100 m) [53] downloaded from the National Tibetan Plateau Data Center (https://data.tpdc.ac.cn/zh-hans/ (accessed on 25 August 2020)). The distribution of the soil hydraulic properties (including soil saturated water content, field water capacity, and saturated water conductivity) were also derived from the Digital soil mapping dataset of hydrological features in the Heihe River basin (2012) (spatial resolution is 90 m) [54] downloaded from the same website. In this study, the spatial resolution was uniformly aggregated to 500 m by NEAREST.




2.2.4. Sowing Date Retrieval


The sowing date is the starting point of time for crop growth and yield simulation by the AquaCrop model. Accurate acquisition of the spatial distribution data of sowing date in grids is of great importance for maize yield and ET. With the help of MODIS-NDVI, Han et al. (2019) obtained the sowing date of maize in the middle reaches of the irrigation area in the Heihe River through the threshold method [45]. However, many studies have shown that EVI has been improved to overcome the problems of atmospheric noise, soil background, and saturation on the basis of NDVI, and more and more studies choose to use EVI for phenological monitoring [55,56,57,58,59]. Therefore, in this study, MYDEV1D China 250 M EVI daily product of Geospatial Data Cloud (http://www.gscloud.cn/#page1/3 (accessed on 18 September 2020)) was used for sowing date retrieval. The sowing date was calculated using [60]:


   {      E V  I i  > β       E V  I  i + 5   − E V  I i  > 0       E V  I  i + 10   − E V  I  i + 5   > 0       s o w i n g   d a t e = i − 10        



(2)




where   E V  I i    is the EVI value of day i, and  β  is the empirical threshold, which is closely related to crop variety and planting area. Due to the lack of empirical data, this study used the empirical sowing date data of the Yingke Irrigation District in the Heihe River basin, i.e., 22 April [61], to carry out the backward deduction so that the calculated sowing date generally falls on 22 April. Here,  β  is 0.22.




2.2.5. Canopy Coverage Retrieval


Canopy coverage (CC) is an important variable connecting the maize plant body and the AquaCrop model, which reflects crop growth [62]. In this study, MYDND1M China 500 M NDVI monthly composite product of the Geospatial Data Cloud (http://www.gscloud.cn/#page1/3 (accessed on 23 September 2020)) was adopted. The spatial resolution of data was re-sampled to 500 m using NEAREST by ArcGIS. The CC was calculated using:


  W D R V I =    [   (  α + 1  )  N D V I +  (  α − 1  )   ]     [   (  α − 1  )  N D V I +  (  α + 1  )   ]     



(3)






  L A I = L A  I  m a x     W D R V I − W D R V  I  m i n     W D R V  I  m a x   − W D R V  I  m i n      



(4)






  C C = 1.005 ×    [  1 − e x p  (  − 0.6 L A I  )   ]    1.2    



(5)




where WDRVI is the wide dynamic threshold vegetation index [63],   L A  I  m a x     is the maximum leaf area index of maize, which was set as 5 [64]; and  α  is the empirical coefficient, which was set as 0.2.





2.3. G-AquaCrop Model Parameterization & Yield and ET Simulation


2.3.1. G-AquaCrop Model


Since the AquaCrop model came into being, it has been widely used and recognized, especially in arid areas [25,26,33,35].



In the simulation of the AquaCrop model, the key process of conversion from CC to yield (Y) may be summarized as [26]:


  C  C *  = 1.72 C C − C  C 2  + 0.30 C  C 3     



(6)






   T r  =  K S  C  C *  K  c  T r , x   E  T 0     



(7)






  B = K  s b  W  P *  ∑    T r    E  T 0       



(8)






  Y =  f  H I   H  I 0  B    



(9)




where   C  C *    is the adjusted canopy coverage,   K  c  T r , x     is the largest standard crop transpiration coefficient,    K s    is the soil water stress coefficient,    T r    is the plant transpiration,   W  P *    is the normalized water productivity,   K  s b    is the air temperature stress coefficient,   H  I 0    is the reference harvest index, and    f  H I     is the water stress adjustment factor. In this study, water stress was not considered, and so both    K s    and    f  H I     were 1. According to Equations (5)–(8), accurate simulation of CC is a necessary prerequisite for the accurate simulation of maize Y and ET (For more detailed model mechanism process, please refer to Raes et al. (2009)).



However, since the Heihe River basin covers a large area and the meteorological, soil, vegetation, and other variables have significant spatial heterogeneity, it is impossible to use the point-scale AquaCrop model for simulation. Therefore, this study combined the advantages of AquaCrop plug-in v6.0, ArcMap 10.0, and Matlab R2018a software to build a G-AquaCrop model. The G-AquaCrop model uses ArcGIS 10.0 software to grid all spatial heterogeneity variables obtained by remote sensing. Each grid in the Heihe River basin was taken as an independent simulation unit and was simulated by the AquaCrop model. Then, the ArcGIS 10.0 software was used to present the simulation results of each grid in the basin map. Due to the large number of grids in the Heihe River basin, this study prepared each input file required for the model operation in advance and used Matlab R2018a to call AquaCrop plug-in v6.0 to simulate. Calendar Day was used for simulation in this study.




2.3.2. Setting Simulation Scenarios for the G-AquaCrop Model


In order to compare the effects of plastic film mulching on Y and ET in the Heihe River basin, two simulation scenarios were set up in this study: (1) plastic film mulching; and (2) no plastic film mulching. In order to control the variables and highlight the influence of plastic film mulching, the irrigation schedule of the two scenarios was unified. Due to the lack of actual irrigation statistics, the irrigation schedule was set based on the irrigation experience of Yingke irrigation area. Yingke irrigation area is located in the middle reaches of the Heihe River basin, which could be regarded as a good representative for the region. The irrigation amount in Yingke irrigation area was 507–819 mm, and its average value (663 mm) was taken as the total amount of irrigation here. The irrigation events were four times, with border irrigation. The water stress was excluded from all scenarios in this study. It is assumed that there is no fertility stress, i.e., fertility is not limited. At the same time, due to the widespread application of pesticides in agricultural production for the study period, plant diseases and insect pests were not included in the two scenarios. In addition, according to the FAO recommended value, under the film mulching condition, the mulching proportion parameter was set to 70% and the mulching effect parameter was set to 100%. Under the condition of no film mulching, the film mulching proportion and the film mulching effect parameters were set as 0 (Table 1). Due to the lack of spatial distribution data of plastic film mulching in the Heihe River basin, this study considered the non-plastic film mulching scenario as the current basic scenario, and the simulation results of Y under the non-plastic film mulching condition were compared with the data in the 2012–2015 Statistical Yearbook of the Gansu Provincial Bureau of Statistics (http://tjj.gansu.gov.cn/ (accessed on 13 December 2020)). Table 1 shows the management parameter settings in different scenarios.




2.3.3. Tuning and Simulation of G-AquaCrop Model


Increasing the accuracy of the simulation parameter in each grid can improve the simulation of Y in the G-AquaCrop model and the accuracy of ET simulation. In addition to the spatial heterogeneity variables that can be obtained from remote sensing data, there are some mechanical parameters involved in the G-AquaCrop model. According to past studies [35], the nine parameters in Table 2 are the most sensitive parameters about maize Y and ET in the model, which would be adjusted in this study.



As mentioned above, accurate simulation of CC is the premise of accurate simulation of maize Y and ET. Therefore, monthly CC values of remote sensing retrieval were taken as the verification data of each grid’s parameter in the basic scenario (that is, without film mulching). With the help of Matlab R2018a software, a particle swarm optimization (PSO) algorithm was used to conduct gridding optimization and parameter tuning [65,66]. In order to highlight the effect of film mulching and simplify the simulation process, the same set of parameters was used for the corresponding grid of film mulching and no-film mulching scenarios, and only the proportion parameter and effect parameter of film mulching were changed.



The objective of parameter optimization is to minimize the difference between the CC values obtained by remote sensing and which output by the model on the corresponding date. The objective function is:


  min  f  C C   =    1 n  ∑    (  C  C  R S   − C  C S   )   2     



(10)




where   C  C  R S     refers to the CC value of remote sensing retrieval,   C  C S    refers to the CC value of the corresponding date output by AquaCrop model, and n is the number of   C  C  R S     during the growth period of maize in each grid.



Parameters were optimized via the server. The CPU was Intel (R) Xeon (R) Silver 4214 @2.20 GHz 2.19 GHz, and the operating memory was 128 GB. In the PSO algorithm, the number of particles and iterations were both set to 30. The elapsed time of optimization was 210 s for each grid. Due to the large number of grids in the research area, taking the year 2014 as an example, the number of grids was 9901. Therefore, all grids of each year were first grouped according to the sowing date to improve optimization efficiency. Some grids were selected for parameter optimization in each group, which (about 60) with the nearest grid number shared a set of parameter optimization results. The spatial distribution of parameter optimization objective function is shown in Figure 2, where,   min  f  C C   < 0.2   means the optimization result is Very good,   0.2 ≤ min  f  C C   < 0.6   means the optimization result is Good, and   min  f  C C   > 0.6   means the optimization result is Normal. It can be seen from Figure 2 that satisfactory results were obtained during parameter optimization for 4 years, providing a solid foundation for the accurate simulation of Y and ET. When   min  f  C C     is reached, the input parameters of this model are adopted as the optimal parameters, as shown in Table 2.



After the parameters were adjusted, each grid-specific parameter was brought into the G-AquaCrop model to carry out the simulation of Y and ET. Through extensive literature reading, we obtained some ground experimental observations from published papers. The data were collected from three ground stations in the Heihe River basin, including maize yield and leaf area index (LAI). Using Equation (5), LAI was converted into CC. The data details are shown in Table 3. Then, we fitted the simulation results of the corresponding grid with the observation data to evaluate the simulation effect of G-AquaCrop model. Due to the limited amount of ground observation data, this study also averaged the Y per unit area of grid in the same county without film mulching and compared it with the Y per unit area of the county obtained through the Statistical Yearbook. Here, we used the following statistical evaluation indicators: the root mean squared error (RMSE), normalized root mean squared error (NRMSE), Willmott’s index of agreement (d), and mean bias error (MBE).


  R M S E =    [     ∑  i = 1  n     (   M i  −  S i   )   2   n   ]    0.5      



(11)






  N R M S E =   100   M ¯      [     ∑  i = 1  n     (   M i  −  S i   )   2   n   ]    0.5      



(12)






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



(13)






  M B E =  1 n   ∑  i = 1  n   (   S i  −  M i   )     



(14)




where    M i    is field observation data or yearbook data, and    S i    is the simulated data. When    M i    represents field observation data, n represents the quantity of observation data; when    M i    represents yearbook data, n is the number of counties. For the RMSE, when the RMSE value is close to 0, the simulation results are in good agreement with the measured results. While for the d, the closer it is to 1, the better the simulation result is. The NRMSE can indicate the degree of overall consistency, and the MBE can represent positive and negative attributes of model bias.





2.4. Relationship between Mulching Areas and Meteorological Variables


The suitable areas for mulching were given by comparing the model output results under different conditions. Based on this result, the study attempts to explore the relationship between the mulching areas and their meteorological variables (accumulated temperature and precipitation). Here, the relationship between mulching areas and meteorological variables was expressed by a ratio, which of the number of grids recommended for mulching to the total number of grids under each meteorological condition:


   r i  =    N  m u l c h      N  m u l c h   +  N  n o − m u l c h      



(15)




where i refers to the specific total accumulated temperature value or total precipitation value in each grid during the whole crop growth period. When i stands for accumulated temperature,   1200   d ℃ < i < 3000   d ℃  ; when i represents precipitation,   0   mm < i < 1000    mm   .    N  m u l c h     is the number of grids mulching under condition of i meteorological value;    N  n o − m u l c h     is the number of grids without mulching under i condition;    r i    is the ratio of the recommended grid number for film mulching to the total grid number under the same accumulated temperature value or precipitation value.





3. Results


3.1. Spatial Distribution of Sowing Date


Through the inversion method of the sowing date introduced above, the spatial distribution map of the maize sowing dates from 2011 to 2014 in the Heihe River basin was obtained, as shown in Figure 3. As can be seen from Figure 3, the sowing date of maize in the Heihe River basin was approximately from the 91st day to the 142nd day of a year, with a span of 52 days. In most areas, the sowing dates are concentrated on the 111th–125th day, around 22 April. From the spatial perspective, this part of the region is densely distributed in the Ganzhou and Linze counties. The maize areas in these two counties are irrigated areas, where unified field management measures are implemented. The sowing date of maize in the irrigated areas is about 22 April, which is consistent with the results obtained in this study. However, in areas outside the irrigated areas, such as Jinta and Suzhou, there are certain differences between the sowing dates and the irrigated areas due to differences in geography, climate, and crop varieties. It is obvious that the sowing date in the northern part of the Ganzhou region is generally early, which may be related to the maize varieties planted in this region. Ganzhou is the largest maize seed production base at the county level in China. However, some studies have shown that in actual production, the seed maize should be separated from the sowing date of field maize with a flexible time of 30–40 days [69] to better carry out seed production. This is why the sowing date in the northern region of Ganzhou is regularly advanced.




3.2. Spatial Distribution of Y under Different Scenarios


Figure 4 shows the spatial distribution of maize Y per unit area in the Heihe River basin from 2011 to 2014 under the two scenarios. Figure 4a,c,e,g represents the no-film mulching scenario for the four respective years (top to bottom), and Figure 4b,d,f,h represents the film mulching scenario. In general, the maximum Y per unit area of maize in the Heihe River basin was 17.6–20.7 t/ha, while the average Y was only 8.6–10.0 t/ha. These values indicated that there was a large difference in the spatial distribution of maize Y per unit area. At the same time, after film mulching, the maximum Y did not increase significantly, but in a local range, film mulching did improve the Y of maize to a certain extent. From one point of view, plastic film mulching is already in use in some areas. If plastic film mulching was covered in a wide range, there would be two consequences: first, plastic film mulching could not reach the desired effect; second, it would put great pressure on the ecological environment.



Figure 5 shows the comparison between the observed and simulated Y and CC of maize at the three field stations in the Heihe River basin. Through consulting the published literature, we obtained some data of maize planting experiment in Heihe River basin. After excluding the data with inconsistent planting years and unclear planting locations, data of the three field stations in Table 3 were finally selected for comparison. The d and R2 values for maize Y and CC were larger than 0.90, indicating good agreement for both Y and CC. The simulated Y slightly underestimated the observed values, with MBE of −0.51 t/ha. While the simulated CC slightly overestimated the observed values, with MBE of 1.6%. Considering all the statistical indicators, the G-AquaCrop model has good simulation performance. The results of Zhang et al. (2021) also included 5 Y values [70]. All the statistical indicators about Y in our study are superior to the results of Zhang et al.



Table 4 shows the fitting effect of maize Y per unit area at the county level in the Heihe River basin from 2011 to 2014. The results showed that, under the condition of no-film mulching, the RMSE and NRMSE of spatial average Y reached 1.29 t/ha and 14.37 (dimensionless), respectively. The absolute values of MBE were not larger than 0.77 t/ha. However, the absolute value of maize yield MBE was 1.19 t/ha in the study of Zhang et al. (2021) [70]. For 9901 grids in the Heihe River basin, the fitting accuracy of our study is acceptable. After film mulching, the Y in each county was generally improved, to a certain extent. However, the simulated Y in Shandan in 2013 and 2014 was abnormally low. According to the meteorological data of these two years, spring drought of different degrees occurred in Shandan from January to April in 2013 and 2014. The government and agricultural management departments issued early warning information in advance and suggested farmers to take countermeasures. Therefore, the Statistical Yearbook data on Y did not show much decline. However, in the G-AquaCrop model simulation, empirical irrigation data was still used, resulting in abnormally low values. Similarly, spatial averaging weakened the local effect of film mulching, as will be described in detail in Section 3.3.



In general, the distribution of maize in the irrigated areas of Ganzhou and Linze was relatively concentrated and the Y value was relatively stable, which is closely related to the mature planting system and field management measures in the irrigated areas. Han et al. (2019) obtained the spatial distribution of maize Y in the Yingke Irrigated Area in 2012 and 2015 [45]. In terms of quantity, the maize Y in the Yingke Irrigated Area ranged from 7.8 to 13.7 t/ha, which was consistent with the results obtained in this study. At the same time, Han et al. (2019) also found that the reason why the Y of 2015 was higher than that of 2012 might be that the sowing date of 2015 was about 10 days earlier than that of 2012. Compared with Figure 3 and Figure 4, in this study, the sowing date of northern Suzhou was earlier and its Y was higher, which was consistent with the results of Han et al. (2019).




3.3. Change in Y after Film Mulching


The Figure 6 shows the spatial distribution of Y change ratio after plastic film mulching in the Heihe River basin from 2011 to 2014. It can be clearly seen from the spatial three-dimensional diagrams that the Y change of most areas in the basin is −2–0%, and the negative value mainly comes from the random error of the model. In this study, the maize Y in the irrigated area after film mulching did not increase significantly, while the Y in Yumen, Jiayuguan, Jinta, Suzhou, Sunan, Shandan, and Minle counties significantly increased after film mulching, with the maximum increase of nearly 8%. There are two main reasons. First, the Y of maize in the irrigated area hardly increased after plastic film mulching, which may be due to the improvement of irrigation system, water and fertilizer management, and field management measures in the irrigated area at the present stage. Plastic film mulching may have been used in a large range, and the Y potential of maize has been fully tapped. However, since the spatial distribution of the film-mulched areas in the Heihe River basin could not be obtained at the present stage, this study assumed that the whole Heihe River basin was not film-mulched during parameter adjustment, and the CC data of remote sensing retrieval used in parameter adjustment was the actual CC. It is possible that the CC used for the parameter adjustment may be relatively larger in the irrigated area. Second, Jiayuguan, Jinta, and Suzhou are located in the middle and lower reaches of the Heihe River basin, whose latitudes are higher than that of the other counties, so the corresponding temperature is relatively low and the annual average precipitation is also less. Film mulching can increase soil surface temperature and reduce soil evaporation, thus promoting various physiological processes of maize plants. Therefore, after film mulching, the maize Y of Jiayuguan, Jinta, and Suzhou improved to a certain extent.




3.4. ET Changes after Film Mulching


Figure 7 shows the spatial distribution of changes in ET after plastic film mulching in the Heihe River basin from 2011 to 2014. As can be seen from these diagrams, after plastic film mulching, ET in the whole maize planting area in the Heihe River basin decreased, with the maximum reduction reaching 30%. Further, ET in most areas decreased between 0.9 and 10.0%, including the irrigated areas with relatively perfect field management measures. The areas with large ET reduction were concentrated in Shandan and Minle, especially in Shandan, where the ET reduction reached 20–30% in 2014. This was mainly due to a large degree of spring drought in Shandan from January to April 2014, which reduced the soil evaporation by plastic film mulching.




3.5. Suggestions for Film Mulching According to Changes in Yield


On the basis of the spatial distribution in Figure 6, a statistical chart of Y change range after plastic film mulching in the Heihe River basin from 2011 to 2014 is shown in the bar chart of each plot in Figure 6.



As can be seen, in four years, the areas where Y barely changed after plastic film mulching accounted for 59.8–87.8% of the maize cultivation area in the entire Heihe River basin. Among the areas where Y increased, the areas where Y increased by 0.1–5.0% accounted for the largest proportion, and the areas where Y increased by 5.1–8.0% accounted for less than 0.9% of the maize planting area. As mentioned above, the areas with no significant change in maize Y after plastic film mulching was mainly the irrigated areas in the middle reaches of the river basin, where various field management measures are relatively mature and crop Y potential is largely developed. On this basis, the areas with improved Y in the simulation should be encouraged to expand the area mulched with film in the actual production at the present stage to increase the maize yield. Figure 8 presents the proposed map of the mulched area according to different targets, including changes of maize Y (bottom layer in each plot), ET (middle layer), and Y and ET (top layer). As can be seen from the bottom layer in each plots, it is recommended to continue to expand the area of plastic film mulching in the southern areas of Jinta, Suzhou, Minle, and Shandan to obtain a higher yield. Irrigated areas continue to maintain the current status of field management.




3.6. Suggestions Based on ET Changes


On the basis of the spatial distribution in Figure 7, we summarized the statistical chart of changes in ET after plastic film mulching in the Heihe River basin from 2011 to 2014, as shown in the pie chart of Figure 7. From 2011 to 2014, after plastic film mulching, ET in the whole Heihe River basin decreased by varying degrees, while 59.8–66.6% of the region only decreased by 5.0% (the pie chart of Figure 7). Considering that the plastic film cannot be degraded in a short time after use, leading to white pollution to the ecological environment of the area, the water-saving benefits brought by the plastic film mulching will be greatly reduced. Therefore, it is not necessary to expand film mulching in areas where ET reduction is less than 5%. Increasing the plastic film mulching area in the areas where ET reduction exceeds 5% can reduce the water consumption of crops to a certain extent, thus promoting the sustainable development of water-saving agriculture. With the above results, a proposed film mulching map for the Heihe River basin was drawn based on the distribution of ET reduction during 2011–2014, as shown in the middle layer of each plot in Figure 8. The results indicate that it is more suitable to increase the area of film mulching in Ganzhou, Minle, Shandan, and southeast of Linze in the Heihe River basin, while it is not necessary to increase it in the other areas.




3.7. Suggestions Based on Y and ET Changes


The ability of plastic mulch to reduce soil evaporation and increase yield provides a feasible solution to improve crop water productivity. Therefore, combined with the lower and middle layers of each plot in Figure 8, it is recommended to apply film mulching in areas with increased Y and reduction of more than 5% in ET, mainly distributed in some areas of Ganzhou, Minle, Shandan, and other counties. Mulching film in this area can improve WP and achieve water saving and yield increase (the upper layer of each plot in Figure 8).




3.8. Relationship between Mulching Areas and Meteorological Variables


Relationship between mulching areas and meteorological variables were studied during the period 2011–2014 (Figure 9). As can be seen from Figure 9a, the proportion of film mulching is the highest when the accumulated temperature is between 2100 and 2400 d°C. When the accumulated temperature exceeds 2700 d°C and below 1800 d°C, there is almost no film mulching. The reason is obvious: due to full irrigation, a large accumulated temperature can support the growth of maize independently, while too small accumulated temperature cannot meet the physiological requirements of maize germination. Even with measures such as film mulching, maize cannot grow normally. Figure 9b shows the relationship between film mulching areas and precipitation. As the study area is located in an arid area, the highlights in the figure are concentrated in the part with low precipitation. It can be seen that the proportion of film mulching is highest when the precipitation is between 300 and 400 mm. Figure 9c shows the comprehensive influence of accumulated temperature and precipitation. With the increase of accumulated temperature and the decrease of precipitation, the proportion of film mulching increases. Meteorological conditions suitable for mulching are concentrated in the lower right corner of Figure 9c. By referring to this figure, you can clearly know the accumulated temperature and precipitation most suitable for plastic film mulching. Conversely, when you want to know whether the climatic conditions of an area are suitable for mulching, you can also easily obtain the results by referring to it. Therefore, Figure 9c provides a new method for judging whether mulching is suitable for each maize cultivation area in the Heihe River basin, which greatly improves the efficiency of determining.





4. Discussion and Conclusions


To study the effects of plastic film mulching on maize yield and ET in arid areas, we chose the Heihe River basin as a typical representative to explore the impacts at the regional scale. The gridding large-scale G-AquaCrop model was established fully considering spatial heterogeneity by using remote sensing data. The parameters of the G-AquaCrop model were optimized by the particle swarm optimization method. The yield and canopy coverage of maize were verified by field data, and the R2 was larger than 0.92.



There is a large amount of plastic-mulched farmland in China [71]. However, the records of the current situation of plastic film mulch used on all statistical yearbooks only included the mulching weight used. The spatial distribution of plastic film mulch was not recorded. This would undoubtedly cause some obstacles to exploring the application effect and applicability of plastic film mulching in the region. Some scholars used remote sensing technology to identify the situation of plastic film mulch [72,73,74]. They often obtained original images from UVA or high-resolution satellites. For a large area, a large amount of input is required. At the same time, the crop canopy coverage was extensive when it reached the middle and late growth period. The crop canopy would cover the ground. This could cause the identification results to be not reasonable.



The skillful strategy in our modeling approach realizes relatively reliable simulation in evaluating the effects of film mulching in the studied region. We set up two scenarios: no-mulching and plastic film mulching, and the comparison of the difference between the two scenarios is focused. There were two possible situations if there was little difference between the two scenarios. In the first situation, the area was already mulched with plastic film. The second situation was that plastic film mulch was not applicable in the area. In either situation, the area did not need additional mulching. Too much plastic film mulching not only alters soil moisture distribution, but also reduces crop yields over time. As mentioned earlier, the G-AquaCrop model does not take into account crop disease and insect infestation. Meanwhile, as pesticides have been widely used in the Heihe River basin, the effects of disease and pests are not considered here. From the perspective of the model mechanism, the limitation caused by field data loss was avoided by comparing the two scenarios.



Compared with no mulching, plastic film mulching could retain soil moisture and significantly reduce soil evaporation. The biggest drop is 30%. Plastic film mulching could improve maize yield, but the effect of it on maize yield varied spatially. Considering the environmental pressure caused by plastic film mulching, the suggestions for mulching expansion were given from different angles. In general, expanding the plastic film mulching area in the upper and lower reaches of the Heihe River basin could produce greater positive benefits. The middle reaches of the Heihe River basin where the irrigation area is located have been fully explored. This research provides a quantitative and spatial assessment of plastic film mulching application, which helps better to understand management practices.



There are also some limitations of the current study work. Although the results of this study by comparing the differences between the two scenarios are reliable, they can be further improved. With the emergence of additional higher-resolution remote sensing products, we will continue to carry out remote sensing retrieval of actual film mulching conditions and bring data into our research to obtain more accurate and reliable simulation results. The study period is relatively short due to the available land use data on spatial crop varieties, which is important for the regional simulation study. The used data for the period of 2011–2014 was well evaluated by using Google Earth high-resolution images and field survey data, and the overall accuracy reached 92.19%. Meanwhile, the 4 years for the period of 2011–2014 vary in terms of the precipitation variability. For example, the year 2013 and 2014 is the spring drought year, and the year 2012 is with abundant precipitation. The regional precipitation variability has been reflected to a certain degree. Long-term data support would be expected for the next-step investigation.



In terms of research results, the G-AquaCrop model has the original advantages of the AquaCrop model, while overcoming the limitation that the AquaCrop model can only be used on field points. Due to the water-driven attribute of the G-AquaCrop model, its outputs were sensitive to water. Ganzhou, Linze, Gaotai, Sunan, and Suzhou counties are located in the middle reaches of Heihe River basin, which are closed to the Yingke irrigation area. The irrigation schedule in this study was set according to the experience of Yingke irrigation area. Therefore, the yield simulation results in these counties were relatively good. As can be seen from Table 4, the G-AquaCrop model only slightly overestimated the maize yield of these counties. This was also a reflection of the full irrigation (no water stress) setup in this study. Jiayuguan, Jinta, and Yumen counties are located in the lower reaches of the Heihe River basin and have less precipitation. The maize yields of the three counties in Table 4 were underestimated. However, it also reflected that the G-AquaCrop model could well capture water changes, which was suitable for the northwest arid region with water shortage.



Moreover, based on mathematical statistics, the accumulated temperature and precipitation conditions with the maximum probability of plastic film mulching were obtained. The result provided a new method for quickly judging whether a certain area was suitable for plastic film mulching.
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Figure 1. Location map of the Heihe River basin and the nine counties considered in this study. 
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Figure 2. Spatial distribution of parameter optimization objective function (  min  f  C C    ) in the Heihe River basin for four different years: (a) 2011, (b) 2012, (c) 2013, and (d) 2014. 
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Figure 3. Sowing date of maize in the Heihe River basin for four different years: (a) 2011, (b) 2012, (c) 2013, and (d) 2014. 
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Figure 4. Spatial distribution of simulated maize yield in the Heihe River basin from 2011 (top) to 2014 (bottom): (a,c,e,g) are the Y values without mulching; and (b,d,f,h) are the Y values with mulching. 
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Figure 5. Comparison between the observed and simulated (left) Y and (right) CC of maize at the three field stations in the Heihe River basin. 
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Figure 6. Spatial distribution of maize Y improvement degree after mulching and the proportion of each improvement degree in the Heihe River basin for four different years: (a) 2011, (b) 2012, (c) 2013, and (d) 2014. 
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Figure 7. Spatial distribution of maize ET reduction degree after mulching and the proportion of each reduction degree in the Heihe River basin for four different years: (a) 2011, (b) 2012, (c) 2013, and (d) 2014. 
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Figure 8. The recommendations for mulching according the change of maize Y (bottom map in each figure); ET (middle map in each figure); and maize Y and ET (top map in each figure) after mulching for four different years: (a) 2011, (b) 2012, (c) 2013, and (d) 2014. The red area is recommended for mulching, and the yellow area is not recommended for mulching. 
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Figure 9. Proportion of mulching under different meteorological conditions in the Heihe River basin for four years: (a) accumulated temperature, (b) precipitation, (c) accumulated temperature and precipitation. 
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Table 1. Parameters for characterizing on-farm water management interventions in AquaCrop.
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Irrigation technology

	
Technology Name

	
Water Application Efficiency (%)

	
Surface Soil Wetting Area (%)




	
Border √

	
60

	
80




	
Sprinkler

	
75

	
100




	
Drip

	
90

	
30




	
Soil management

	
Mulching Method

	
Material Factor (fm)

	
Mulching Cover Area (%)




	
No mulching √

	
0

	
0




	
Organic mulching

	
0.5

	
100




	
Plastic mulching √

	
1

	
70




	
Soil fertility

	
Soil Fertility limiting

	
Soil Fertility Stress (%)




	
No limiting √

	
0




	
20–99%

	
74–2




	
Irrigation schedule

	
Date

	
Water Irrigation Quantity (mm)




	
5/31

	
166




	
6/30

	
166




	
7/31

	
166




	
8/31

	
165








√: Management measures used in this study.
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Table 2. Optimization parameters and their default values and calibrated values.
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	Parameters
	Description
	Default Value
	Calibrated Value





	KcTr,x
	Crop coefficient when canopy is complete but prior to senescence
	1.05
	1.00–1.25



	cc0
	Soil surface covered by an individual seedling at 90% emergence (cm2/plant)
	6.5
	5.00–8.00



	Numpph
	Number of plants per hectare
	50,000–100,000
	50,000–100,000



	CGC
	Canopy growth coefficient (fraction per day)
	No reference is given on the calendar mode
	0.03–0.07



	CCx
	Maximum canopy cover (%)
	65–99
	60–100



	CDC
	Canopy decline coefficient (fraction per day)
	No reference is given on the calendar mode
	0.03–0.07



	mat
	Time from sowing to maturity, i.e., length of crop cycle (day)
	No reference is given on the calendar mode
	153–183



	wp
	Water productivity normalized for ETo and CO2 (gram/m2)
	33.7
	20.0–40.0



	HI0
	Reference harvest index (%)
	48–52
	30–55
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Table 3. Field observation data details.
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Field Stations

	
Coordinate

	
Crop

	
Parameter

	
Year

	
n

	
Data Sources






	
1

	
(100°07′ E, 39°21′ N)

	
Spring Maize

	
Yield

	
2011

	
1

	
Zhang (2012) [67]




	
2

	
(100°20′ E, 38°51′ N)

	
Spring Maize

	
Yield

	
2012, 2013

	
2

	
Jiang (2017) [68]




	
Canopy Coverage

	
2013

	
7




	
3

	
(100°34′ E, 38°57′ N)

	
Spring Maize

	
Yield

	
2012, 2013

	
2

	
Jiang (2017) [68]




	
Canopy Coverage

	
2013

	
3
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Table 4. Maize yield simulation in counties in the Heihe River basin for four different years (2011–2014). (YY represents the yearbook yield per unit area, YN represents the yield per unit area of the model without film mulching, and YM represents the yield per unit area of the model without film mulching in t/ha.).
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Counties

/Indicators

	
2011

	
2012

	
2013

	
2014




	
YY

	
YN

	
YM

	
YY

	
YN

	
YM

	
YY

	
YN

	
YM

	
YY

	
YN

	
YM






	
Shandan

	
9.75

	
7.27

	
7.27

	
9.76

	
8.15

	
8.15

	
9.15

	
5.46

	
5.46

	
9.57

	
3.50

	
3.51




	
Minle

	
8.22

	
7.90

	
7.90

	
8.08

	
8.27

	
8.53

	
8.25

	
8.29

	
8.29

	
8.59

	
6.81

	
6.81




	
Ganzhou

	
8.34

	
8.60

	
8.59

	
8.08

	
9.87

	
9.87

	
8.08

	
9.88

	
9.88

	
8.65

	
8.07

	
8.07




	
Linze

	
8.22

	
9.23

	
9.44

	
6.95

	
8.53

	
10.96

	
7.03

	
10.58

	
10.58

	
7.40

	
9.01

	
9.01




	
Gaotai

	
8.42

	
9.86

	
10.14

	
7.29

	
11.36

	
11.35

	
7.28

	
9.86

	
9.86

	
7.77

	
10.31

	
10.32




	
Sunan

	
7.77

	
8.69

	
8.76

	
7.55

	
9.93

	
9.93

	
6.32

	
9.31

	
9.31

	
6.88

	
8.95

	
8.97




	
Suzhou

	
8.59

	
9.60

	
10.02

	
9.45

	
10.08

	
10.08

	
9.29

	
9.79

	
9.79

	
9.25

	
10.59

	
10.61




	
Jiayuguan

	
10.57

	
10.57

	
10.58

	
7.90

	
9.99

	
9.99

	
11.48

	
9.73

	
9.73

	
11.86

	
11.62

	
11.64




	
Jinta

	
10.52

	
8.79

	
8.80

	
11.91

	
10.47

	
10.48

	
11.35

	
9.34

	
9.36

	
10.96

	
10.01

	
10.02




	
Yumen

	
9.94

	
8.33

	
8.33

	
10.64

	
10.47

	
10.47

	
9.37

	
8.04

	
8.07

	
8.90

	
7.54

	
7.55




	
RMSE

(t/ha)

	
1.29

	
-

	
2.03

	
-

	
2.33

	
-

	
2.44

	
-




	
NRMSE

	
14.37

	
-

	
23.17

	
-

	
26.57

	
-

	
27.13

	
-




	
MBE

(t/ha)

	
−0.15

	
-

	
0.77

	
-

	
0.27

	
-

	
−0.37

	
-
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