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Abstract

:

Determining the water productivity of maize is of great significance for ensuring food security and coping with climate change. In 2018 and 2019, we conducted field trials in arid areas (Changji), semi-arid areas (Qitai) and semi-humid areas (Xinyuan). The hybrid XY335 was selected for the experiment, the planting density was 12.0 × 104 plants ha−1, and five irrigation amounts were set. The results showed that yield, biomass, and transpiration varied substantially and significantly between experimental sites, irrigation and years. Likewise, water use efficiency (WUE) for both biomass (WUEB) and yield (WUEY) were affected by these factors, including a significant interaction. Normalized water productivity (WP*) of maize increased significantly with an increase in irrigation. The WP* for film mulched drip irrigation maize was 37.81 g m−2 d−1; it was varied significantly between sites and irrigation or their interaction. We conclude that WP* differs from the conventional parameter for water productivity but is a useful parameter for assessing the attainable rate of film-mulched drip irrigation maize growth and yield in arid areas, semi-arid areas and semi-humid areas. The parametric AquaCrop model was not accurate in simulating soil water under film mulching. However, it was suitable for the prediction of canopy coverage (CC) for most irrigation treatments.
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1. Introduction


Irrigation in agriculture mainly uses fresh water, which accounts for more than 70% of the total amount in the world [1,2]. Water shortage is a main factor limiting crop growth and grain yield in arid and semi-arid agricultural areas [3,4,5]. The most effective way to reduce agricultural water use is by reducing the planting of water-consuming crops. However, it was predicted by the Food and Agriculture Organization (FAO) that global food production needs to increase by 70% to meet the needs of an additional 2.3 billion people by 2050 [6]. The AquaCrop model developed by FAO could predict crop productivity, water demand and water use efficiency under limited water conditions in 2009 [7,8]. At present, AquaCrop has been proven to be an effective tool to simulate the response of maize yield to an irrigation system and soil moisture conditions [9,10,11,12,13,14]. In addition, the model has also been successfully applied to the research of other crops, such as wheat [15,16,17], rice [18] and cotton [19,20,21]. In China, predecessors evaluated the applicability of AquaCrop model in maize [22,23], wheat [24,25], rice [26] and other crops. However, these studies mainly focused on areas with relatively more rainfall in northeast, north and central China. There are few studies in the inland areas of northwest China, with drought, high temperature and less rainfall.



Film-mulched drip irrigation is a new agricultural water-saving technology that combines plastic film mulching with a drip irrigation system. It increases soil temperature, reduces soil evaporation and water loss [27,28], and improves crop yield and water use efficiency [29,30]. At present, this technology is widely used in the production of field crops in northwest China [31,32,33]. Many attempts have been made to use the AquaCrop model in film mulch. Liu et al. (2015) and Yang et al. (2015) suggested quantifying the relationship between soil-accumulated and air-accumulated temperatures under the film mulch [22,23]. The air-accumulated temperature parameters corresponding to the soil-accumulated temperature were input into the model. As it is known, the AquaCrop model contains the setting of ground cover parameters. In order to realize the simulation of seed maize production under film mulch, Ran et al. (2018) calibrated crop parameters by actually observing the response of yield formation [13]. However, the feasibility of this method needs to be verified under film-mulched drip irrigation and dense planting modes.



In addition, normalized water productivity, WP* (g m−2 d−1), was defined as the ratio between crop biomass and the integral of normalized daily transpiration over the growth duration of the crop [34]. AquaCrop uses WP* to estimate the attainable rate of crop growth under water limitation. WP* was not sensitive to changes in soil nutrient status and may only slightly change under different climates [34]. In a word, WP* is a conservative value. There are few studies on values of WP*, however, and no reports for drip maize under plastic film mulching and closed planting in arid to semi-humid areas. It is not clear whether the default parameters provided by the model and the parameters calibrated by predecessors under plastic film mulching can be used directly. Therefore, the purpose of this study is to parameterize the AquaCrop model of maize under the mode of drip irrigation under plastic film and closed planting to simulate the growth of maize. Second, we assume that maize productivity may be different under different irrigation amounts and verify this hypothesis by actually measuring the biomass and calculating the water productivity of different irrigation amounts.




2. Materials and Methods


2.1. Site Description


Field experiments were conducted in 2018 and 2019 at the Experimental Station of the Western Agricultural Research Center of the Chinese Academy of Agricultural Sciences (Changji, 44°9′33″ N, 87°11′59″ E, 470 m a.s.l.), Qitai Farm (Qitai, 43°29′15″ N, 89°28′42″ E, 1021 m a.s.l.), and Xinyuan Farm (Xinyuan, 43°27′37″ N, 83°19′50″ E, 817 m a.s.l.) (Figure 1). Changji, Qitai and Xinyuan represent arid, semi-arid, and semi-humid climates, respectively [35]. Every year, plant growth was monitored from sowing to harvesting of maize. The data of weather, initial soil water content and development stage of the entire season were collected. The above data were used as input in the AquaCrop model. The model was then used to calculate the difference between normalized water productivity and water use efficiency. The results of the model were verified by comparing simulated canopy coverage with canopy cover estimated based on field measured leaf area index, simulated biomass and measured biomass, simulated soil water storage and observed soil water storage. The experimental results and calculated WUEB and WP* were statistically analyzed to evaluate the variability among different ecological regions.




2.2. Experimental Design and Field Management


A high-yield maize hybrid Xianyu 335 was used. Its planting density was 12.0 × 104 ha−1 in the three experimental sites. Drip irrigation under plastic film mulching was used and each treatment and was repeated 3 times. The area of each plot was 165 m2 (length–15 m, width–11 m). The plants were sown with alternating wide and narrow rows of 70 and 40 cm, respectively.



The local farmers’ conventional irrigation amount was taken as the maximum irrigation amount (I5), and the 90 mm was reduced successively for the set irrigation treatment. Five irrigation quantities were set up in Changji, Qitai and Xinyuan in 2018. I1 (450 mm), I2 (540 mm), I3 (630 mm), I4 (720 mm), and I5 (810 mm) at Changji; I1 (360 mm), I2 (450 mm), I3 (540 mm), I4 (630 mm), and I5 (720 mm) at Qitai; I1 (180 mm), I2 (270 mm), I3 (360 mm), I4 (450 mm), and I5 (540 mm) at Xinyuan in 2018; and I1 (0 mm), I2 (180 mm), I3 (270 mm), I4 (360 mm), and I5 (450 mm) at Xinyuan in 2019. The specific experimental design was shown in Table 1. After sowing, all experimental fields were immediately irrigated with water according to soil water storage at topsoil (0–20 cm) to guarantee the uniform and rapid germination of seeds. Each district has a separate water meter to accurately measure and control the amount of irrigation water.




2.3. AquaCrop Model Input Elements


According to the input requirements of the AquaCrop model, parameter databases of meteorology, crops, soil and management were established.



2.3.1. Meteorological Data


Daily weather data of rainfall, wind speed, minimum and maximum temperature, sunshine hours and relative humidity were obtained from a standard weather station at experimental sites. The daily rainfall and maximum and minimum temperatures are shown in Figure 2. The ET0 was based on the FAO Penman–Monteith equation [36].




2.3.2. Soil Data


The input soil parameters required for AquaCrop were saturated hydraulic conductivity (Ksat), saturated volume water content (sat), field capacity and permanent wilting point (Table 2). The field capacity and permanent wilting point were field measured values, and other parameters adopted the reference values by AquaCrop. Field capacity was measured by the ring knife method. The permanent wilting point was the soil water content measured when the maize seedling entered into permanent wilting. The groundwater of Changji and Qitai was below 10 m, and that of Xinyuan was about 2.5 m.




2.3.3. Crop Data


The dates of maize sowing, emergence, maximum canopy cover, flowering, canopy decay and harvest were accurately recorded in 2018 and 2019.



Canopy coverage (CC): five representative plants were randomly sampled at the V6, V12, R1, R3, R4, R5 and R6 stages. The length and width of each green leaf were measured in the above-growth stage. The leaf area per plant (LA) of each plant was calculated according to length × width × 0.75 (expanded leaves) and length × width × 0.5 (unexpanded leaves). The leaf area index (LAI) refers to the land area occupied by the LA × the number of plants per unit area. The corresponding canopy coverage was calculated according to Equation (1) [9].


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



(1)







Root depth: the maximum effective root depth of maize measured in Changji, Qitai and Xinyuan was 0.6 m.



Biomass: the five maize plants were dried at 105 °C for 30 min and dried at 85 °C and then weighed to obtain aboveground biomass.



Yield: artificial harvest was carried out at physiological maturity. Maize plants in an area of 66 m2 from the middle six rows of each plot were harvested manually. According to the average panicle weight method, 20 ears were collected as standard samples per plot.




2.3.4. Manage Data


Management data included irrigation measures and field management. Drip irrigation was chosen as the irrigation method. The mulch was plastic, and its proportion was 40%. The dense planting (12.0 × 104 ha−1) was set. The sowing dates were 3 May and 25 April in Changji, 19 and 21 April in Qitai, and 28 and 28 April in Xinyuan, the harvest dates were 5 October and 26 September, 10 and 3 October, and 30 and 23 September in 2018 and 2019, respectively. In order to promote the deeper penetration of maize roots to prevent lodging (which occurred mainly in stages VT–R3), no irrigation was applied between certain stages to induce slight drought, these stages were from VE (emergence) to V6 in Changji, from VE to V10 in Qitai, and from VE to V12 in Xinyuan. Fertilization was provided in sufficient quantities to ensure that nutrients were not restricted during maize growth. All weeds, diseases and insect pests were effectively controlled.





2.4. AquaCrop Model Run


The Aqua Crop model provided a series of maize parameters, some of which had been proven or assumed to be conservative (constant) in the research [9]. In this study, most of the parameters refer to the values provided by Hsiao et al. (2009) (Table 3). The remaining parameters were calibrated according to the corresponding test data (Table 4).



AquaCrop needs WP* as an input parameter to estimate biomass. In this study, however, we did not estimate the biomass of AquaCrop. We compared the biomass measured in different ecological regions with the comprehensive normalized transpiration calculated by AquaCrop to determine WP* [37]. Therefore, we only used AquaCrop’s leaf growth and water balance algorithm to estimate transpiration and evaporation.



Using data of meteorological, soil, sowing date and density, and observed values during the maize growing period, the AquaCrop models were parameterized in Changji, Qitai and Xinyuan (Table 2, Table 3 and Table 4). Canopy coverage and soil water content throughout the maize season were used to test the output of AquaCrop. The calculated transpiration and field-measured dry matter were used to calculate WUE and WP*.



2.4.1. Soil Water


AquaCrop divided the soil profile into thin layers in order to accurately describe the retention, movement and absorption of water in the soil profile during the maize growing season. In this study, the soil profile was divided according to the soil compartment of 0.2 m. The maximum root depth of maize was assumed to be 0.6 m, and the soil water content and maize transpiration were calculated [8,38].



The initial soil water content (V, %) was measured by oven drying method at 0–100 cm before sowing. Time domain reflectometry (TDR, TRIME-T3, Germany) was used to measure soil water content during the maize growth period. Under the drip irrigation belt, five 150 cm long measuring tubes were arranged to measure the soil water content of 20 cm (0–100 cm) after rainfall, before irrigation and one day after irrigation.




2.4.2. Transpiration, WUE and WP*


Transpiration (Tr) was calculated with AquaCrop [38]. WUE was calculated based on the integral of the measured biomass (WUEB, Equation (2)) or yield (WUEY, Equation (3)) and the actual daily transpiration calculated from sowing to harvest [37].


  W U  E B  =  B    ∫   s o w i n g   h a r v e s t   T r · d t    



(2)






  W U  E Y  =  Y    ∫   s o w i n g   h a r v e s t   T r · d t    



(3)




where Tr is the actual daily transpiration.



WP* was obtained by regressing the biomass sampled periodically by crops and the sum of normalized ET from emergence to each biomass sampling time [34]. The equation for calculating normalized water productivity (WP*, g m−2 d−1) was as follows:


  W  P *  =  B    ∫   s o w i n g   h a r v e s t     T r   E  T 0    · d t    



(4)




where B (g m2) is the aboveground biomass. Tr is the actual daily transpiration, which is calculated by AquaCrop. ET0 is the daily reference evapotranspiration. According to the Penman–Monteith Equation [36], the ET0 was calculated based on the daily solar radiation, maximum and minimum temperature, 2 m wind speed and dew point data.





2.5. Statistical and Analysis


In our study, the soil water storage and canopy coverage of film-mulched drip maize were compared to test the applicability of the AquaCrop model. The performance of AquaCrop in predicting canopy coverage and soil water storage was evaluated by comparison of simulated results with measured data in Changji, Qitai and Xinyuan. The statistical parameters root mean square error (RMSE, Equation (5)) and the index of agreement (d, Equation (6)) were selected as indicators to analyze the fitting accuracy between the simulated values and the measured values. For the value of RMSE ≥ 0, the smaller the value, the closer the simulated value was to the measured value, and the best value was 0 [9]. d was calculated by the Willmott equation [39], and its value range is from 0 to 1. A value close to 1 indicates that the model can better simulate the researched parameters.


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



(5)






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



(6)




where Si is the simulated value, Mi is the measured value,    S ¯    is the simulated average value,    M ¯    is the measured average value, and n is the number of samples.



Analysis of variance (ANOVA) was performed to test for yield, biomass, Tr, WUEB, WUEY and WP* among irrigation treatments. Means were compared using Fisher’s least significant difference (LSD) tests at p < 0.05 (LSD 0.05). Linear stepwise regression was conducted with SPSS software (SPSS 19.0, SPSS Institute Inc., Chicago, IL, USA) to determine the relationships between above-ground biomass and integral of actual transpiration and with integral of normalized transpiration over time for maize. In addition, the simulated (line) and calculated value (points) were conducted in the growing seasons of maize.





3. Results


3.1. Soil Water and Canopy Coverage


The soil water storage simulation and observation are shown in Figure 3. For all irrigation treatments, the parameterized AquaCrop model basically reflected the change trend of soil water. The appearance of the peak value indicated that irrigation or rainfall occurred on the day. However, the accuracy of model for simulating soil water storage was poor. The RMSE was 8.36–29.72 in Changji, 16.83–33.87 in Qitai, and 12.94–38.09 in Xinyuan. The d was 0.637–0.951 in Changji, 0.632–0.897 in Qitai, and 0.560–0.928 in Xinyuan.



Maize canopy coverage was simulated by the parametric AquaCrop model in Changji, Qitai and Xinyuan (Figure 4). In Changji, the canopy growth and maximum canopy coverage were simulated with poor accuracy at the early stage of maize. Maximum canopy coverage was underestimated. The RMSE was 10.04–24.66, and the d was 0.893–0.982. Canopy coverage of maize growing period was accurately simulated in Qitai. The RMSE was 6.85–10.21, and the d was 0.982–0.992. Compared with Changji and Qitai, the canopy coverage of Xinyuan obtained the most accurate simulation. The RMSE was 1.57–10.72, and the d was 0.978–1.000.




3.2. Transpiration, Biomass and Yield


The seasonal transpiration (Tr) showed a linear increase trend with an increase in irrigation amount (Table 5). The Tr was different for Changji, Qitai and Xinyuan. The Tr of Xinyuan was significantly higher than that of Changji and Qitai. The Tr was affected by the significant interaction of site × year and site × irrigation interaction.



Increasing the irrigation amount significantly increased the biomass in Changji, Qitai and Xinyuan (Table 5). The biomass was affected by the significant interaction of site × year and site × irrigation interaction.



Maize yield showed a linear increase trend with the increase in irrigation amount at Changji and Qitai. However, yield increased first and then decreased with the increase in irrigation at Xinyuan (Table 5). The maize yield under drip irrigation varied with climatic conditions. Changji had the lowest yield (11.4–16.6 Mg ha−1), followed by Xinyuan (14.1–18.6 Mg ha−1), and Qitai had the highest yield (15.8–18.9 Mg ha−1). The yield was affected by the significant interaction of site × year and site × irrigation interaction.




3.3. Water Use Efficiency and Normalized Water Productivity


Water use efficiency was divided into average water use efficiency of biomass (WUEB) and yield (WUEY) (Table 5). In Changji and Qitai, I1 had the lowest WUEB, and over-irrigation (I5) had the highest WUEB, indicating that the amount of irrigation increased the WUEB. However, the WUEB (6.9–7.1 kg m−3, 2019) of I1 in Xinyuan may be due to the fact that the lack of irrigation during the whole growth period significantly reduced transpiration. The changing trend of WUEY was consistent with WUEB. The mean WUEB varied fort all irrigation treatments at the three experiment sites. Xinyuan had the lowest WUEB (6.8 kg m−3), followed by Changji (7.6 kg m−3), and Qitai had the highest WUEB (10.4 kg m−3). The WUEB and WUEY were affected by the significant interaction of site × year and site × irrigation interactions. The average value of maize WUEB was 7.23 kg m−3 (R2 = 0.8720, Figure 5b).



WP* was determined based on the measured biomass and normalized transpiration during the growth period of maize in Changji, Qitai and Xinyuan (Table 5). The increase in irrigation amount significantly increased WP*. However, I1 (2019) calculated the highest WP* at Xinyuan. The mean WP* of all irrigation treatments was 37.69, 38.76 and 39.01 g m−2 d−1 for Xinyuan, Qitai and Changji, respectively. The WP* was affected by the significant interaction of site × year and site × irrigation. Under the film mulch and dense planting mode, the average value of drip maize WP* was 37.81 g m−2 d−1 (R2 = 0.9590, Figure 5a).





4. Discussion


4.1. AquaCrop Model Parameterization under Film-Mulched Drip Irrigation and Dense Planting


According to the setting of surface cover parameters in the management module of the AquaCrop model, some crop parameters of the model can be calibrated by actually observing the response of seed maize yield to the surface mulching [13]. This study proved that this calibration method was feasible for film-mulched drip irrigation maize in arid, semi-arid and semi-humid areas. Compared with the improvement of AquaCrop by determining the quantitative relationship between geothermal and air temperature [22,23], our method was simpler and more direct. At the same time, it was proven that the provided conservative parameter by Hsiao et al. (2009) was also applicable for drip maize under dense planting [9].



The core goal of AquaCrop was to calculate daily biomass using normalized water productivity (WP*) and daily ET0 simulated daily Tr [8,34]. In this study, we determined that the increase in irrigation lead to an increase in drip maize WP* under film-mulched and dense planting in arid, semi-arid and semi-humid areas. There were significant interactive effects on WP* between site × year and site × irrigation. However, this effect may come from the soil properties and irrigation measures at the different sites. The soils were light loam in Changji, heavy loam in Qitai, and medium loam in Xinyuan. The first irrigation was V6 (jointing stage) in Changji, V9 in Qitai, and V12 in Xinyuan. According to the relationship between the measured biomass of maize and actual transpiration integral and normalized transpiration integral, the average WP* was 37.81 g m−2 d−1, and the average WUEB was 7.23 kg m−3. The relationship between biomass and normalized transpiration (Figure 5a) showed a substantially greater coefficient of determination (R2 = 0.9590) than the linear regression (R2 = 0.8720) between biomass and actual transpiration (Figure 5b). This shows that WUEB was greatly affected by the year, site and irrigation, but the response of WP* was relatively stable under different sites, years and irrigation. Therefore, WP* can be used as a good indicator to study the relationship between crops and water use and predict crop yields under the background of crop climate change.



At the beginning of the AquaCrop model design, the commonly used farmland surface cover and farming techniques were not considered enough. In this study, our estimate of WP* (37.81 g m−2 d−1) and the value reported by 33.7 g m−2 d−1 [9] increased by 4.11 g m−2 d−1. The WP* is also higher than that of FAO, the default value of C4 plants in the AquaCrop model (30 g m−2 d−1 to 35 g m−2 d−1). This result shows that the drip maize under film-mulched and dense planting conditions is different from others. Ran et al. (2018) calculated that the WP* was 20.9 g m−2 d−1 for seed maize production under film mulching and border irrigation in the Shiyang River area [13]. However, He et al. (2020) confirmed that the maize WP* was 23.2 g m−2 d−1 under film mulching and drip irrigation in this area [14]. This shows that although WP* does not change with annual climate, it may be affected by planting patterns, management measures and varieties. Therefore, it is necessary to conduct continuous experiments to verify the consistency of WP* in different ecological areas, planting modes, management measures and varieties. This will provide a scientific basis and technical support for the productivity prediction and optimal management of water resources for maize in arid, semi-arid and semi-humid areas.




4.2. Evaluation of Parametric AquaCrop Model Simulation


The driving factor of the AquaCrop model is water availability [9]. Therefore, accurately simulating the dynamic changes of soil water is the basis of the model. In this study, the observed and simulated values of soil water storage were generally consistent at a depth of 0–100 cm during the maize growth period in the arid, semi-arid and semi-humid areas. However, the simulation accuracy of the measured value was poor. The reasons for this may be the following: one is the evapotranspiration of water caused by the lag of the measurement time, the other is the spatial variation when rainfall occurs, and the third is the interception of plastic film and maize plant leaves. This shows that AquaCrop can reflect the change of soil water in the field, but it was not suitable for the prediction of soil water with film-mulched drip irrigation. In addition, the AquaCrop model only considers vertical input (rainfall, irrigation and capillary rise) and output (evaporation, transpiration and deep infiltration) for soil water balance and does not distinguish the difference in soil water transport under different irrigation conditions. For example, soil water was a two-dimensional movement form under furrow and border irrigation [40]. However, it was a three-dimensional movement form under drip irrigation [41]. Therefore, how to combine multi-dimensional water movement models, such as Hydrus [42], to obtain more accurate soil water data may be a new way to improve the simulation accuracy of the AquaCrop model.



It is generally believed that the AquaCrop model can simulate the growth of maize under full irrigation and mild stress conditions [9,10]. However, the model is sensitive to water stress during the vegetative growth period, which leads to underestimation of the occurrence stage of canopy coverage [43,44]. In this study, the parametric AquaCrop model can simulate the canopy coverage of film-mulched drip maize in arid, semi-arid and semi-humid areas. The simulation accuracy of high irrigation was higher than that of low irrigation. From arid to semi-humid areas, the simulation accuracy of the model gradually improved. The reason was that maize was not irrigated in seedlings in V6 (arid areas) and V9 (semi-arid areas). This led to an underestimated expansion of maximum canopy coverage. Therefore, the model needs to establish a refined parameter set to improve the simulation accuracy.



The AquaCrop model assumes that the field is uniform. It requires no spatial differences in crop development, transpiration, soil characteristics or management [9,34]. Currently, most simulations of maize yield are on a single field scale (point simulation) [45]. However, in the wide area, due to differences in soil texture and management measures, model parameter calibration and verification are poor. Therefore, in order to apply the AquaCrop model onto a wider area, it may be necessary to combine multi-year data or multi-site data to verify the model parameters. At the same time, it may also be necessary to combination remote sensing technology [46], climate models [47,48] and economic models [49] with the AquaCrop model.





5. Conclusions


The increase in irrigation led to an increase in maize yield, biomass, transpiration, water use efficiency, and normalized water productivity (WP*). Yield, biomass, transpiration and WUE varied substantially and significantly between sites, irrigation and years. WP* varied significantly between sites and irrigation or their interactions, showing an overall value of 37.81 g m−2 d−1. The WP* differed fundamentally from the conventional parameter for water productivity, but it is a useful parameter for assessing the attainable rate of drip-irrigated maize under dense planting in arid to semi-humid climates. The parametric model could simulate the maize canopy coverage well, especially for high irrigation in semi-humid areas. However, the parametric AquaCrop model was not suitable for the prediction of soil water. One way to improve the accuracy of water simulation in a drip irrigation maize field may be to combine a multi-dimensional water movement model with AquaCrop in the future.
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Figure 1. Location of experimental sites in Xinjiang. 
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Figure 2. Daily rainfall and maximum and minimum temperatures at Changji, Qitai and Xinyuan (over maize–cropping season) in 2018 and 2019. Note: (a) Changji 2018, (b) Changji 2019, (c) Qitai 2018, (d) Qitai 2019, (e) Xinyuan 2018, and (f) Xinyuan 2019. 
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Figure 3. Simulated (line) and calculated soil water storage (points) in the growing seasons of maize. Note: (a) Changji I1, (b) Changji I2, (c) Changji I3, (d) Changji I4, (e) Changji I5, (f) Qitai I1, (g) Qitai I2, (h) Qitai I3, (i) Qitai I4, (j) Qitai I5, (k) Xinyuan I1, (l) Xinyuan I2, (m) Xinyuan I3, (n) Xinyuan I4, and (o) Xinyuan I5. 
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Figure 4. Simulated (line) and calculated canopy cover (points) in the growing seasons of maize. Note: (a) Changji I1, (b) Changji I2, (c) Changji I3, (d) Changji I4, (e) Changji I5, (f) Qitai I1, (g) Qitai I2, (h) Qitai I3, (i) Qitai I4, (j) Qitai I5, (k) Xinyuan I1, (l) Xinyuan I2, (m) Xinyuan I3, (n) Xinyuan I4, and (o) Xinyuan I5. 
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Figure 5. Relationships between above ground biomass and integral of actual transpiration (a) with integral of normalized transpiration (b) over time for maize in Changji, Qitai and Xinyuan in 2018 and 2019. 
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Table 1. Irrigation schedule applied at the Changji, Qitai, and Xinyuan farms in 2018 and 2019.
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Site

	
Year

	
Total Irrigation Amount (mm)

	
SWS (0–20 cm) before Sowing (mm)

	
Irrigation Amount 3 Days after Sowing (mm)

	
Irrigation Interval in Growth Period (d)

	
Irrigation Times in Growth Period






	
Changji

	
2018

	
I1(450), I2(540), I3(630), I4(720), I5(810)

	
29.9

	
45

	
8–9

	
9




	
2019

	
I1(450), I2(540), I3(630), I4(720), I5(810)

	
33.4

	
40

	
8–9

	
9




	
Qitai

	
2018

	
I1(360), I2(450), I3(540), I4(630), I5(720)

	
46.7

	
30

	
8–9

	
9




	
2019

	
I1(360), I2(450), I3(540), I4(630), I5(720)

	
50.7

	
30

	
8–9

	
9




	
Xinyuan

	
2018

	
I1(90), I2(180), I3(270), I4(360), I5(450)

	
55.5

	
30

	
12–15

	
4




	
2019

	
I1(0), I2(90), I3(180), I4(270), I5(360)

	
62.8

	
0

	
12–15

	
3








Note: SWS, soil water storage (mm); VE, emergence of seedlings. The first irrigations were on 16 June 2018 and 11 June 2019 in Changji, 25 June 2018 and 26 June 2019 in Qitai, and 5 July 2018 and 8 July 2019 in Xinyuan.
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Table 2. Soil properties (0–100 cm) for experiments conducted in station.
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Site

	
Texture

	
Water Content

at Saturation

	
Field

Capacity

	
Permanent

Wilting Point

	
Ksat




	

	

	
m3 m−3

	
mm d−1






	
Changji

	
loamy sand

	
0.32

	
0.16

	
0.09

	
1950.00




	
Qitai

	
sandy loam

	
0.41

	
0.28

	
0.12

	
850.00




	
Xinyuan

	
silt loam

	
0.46

	
0.33

	
0.13

	
575.00
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Table 3. Default parameters of maize in AquaCrop in Changji, Qitai and Xinyuan from 2018 to 2019.
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	Description
	Default Value



	Base temperature, °C
	8.0



	Upper temperature, °C
	30



	Canopy size of the average seedling at 90% emergence(CC0), cm2
	6.5



	Minimum effective rooting depth, m
	0.3



	Canopy growth coefficient (CGC),%
	1.3



	Leaf growth threshold (pupper)
	0.14



	Leaf growth threshold (plower)
	0.72



	Leaf growth stress coefficient curve shape
	2.9



	Stomatal conductance threshold (pupper)
	0.69



	Stomata stress coefficient curve shape
	6.0



	Senescence stress coefficient (pupper)
	0.69



	Senescence stress coefficient curve shape
	2.7



	Allowable maximum increase in specified HI
	15



	Coefficient, inhibition of leaf growth on HI
	7.0



	Coefficient, inhibition of stomata on HI
	3.0
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Table 4. Calibrated values of parameters in the AquaCrop model from 2018 to 2019.
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Site

	
Description

	
Calibrated Value




	
I1

	
I2

	
I3

	
I4

	
I5






	
Changji

	
GDD from sowing to 90% emergence (CC0)

	
67/72

	
67/72

	
67/72

	
67/72

	
67/72




	

	
GDD from sowing to maximum canopy coverage

	
822/766

	
822/766

	
805/750

	
798/750

	
798/750




	

	
GDD from sowing to start of anthesis

	
1165/1031

	
1165/1031

	
1152/1015

	
1116/1000

	
1116/1000




	

	
Duration of anthesis, in GDD

	
246/243

	
250/243

	
242/243

	
242/244

	
242/244




	

	
GDD sowing-canopy senescence

	
1702/1638

	
1754/1653

	
1763/1668

	
1763/1698

	
1763/1698




	

	
GDD from sowing to maximum root depth

	
1516/1378

	
1500/1361

	
1472/1344

	
1446/1325

	
1446/1325




	

	
GDD from sowing to maturity

	
2013/2088

	
2013/2088

	
2013/2088

	
2013/2088

	
2013/2088




	

	
GDD from sowing to 90% emergence (CC0)

	
67/64

	
67/64

	
67/64

	
67/64

	
67/64




	
Qitai

	
GDD from sowing to maximum canopy coverage

	
669/544

	
669/544

	
669/544

	
669/544

	
669/544




	

	
GDD from sowing to start of anthesis

	
886/801

	
864/801

	
840/786

	
840/771

	
840/771




	

	
Duration of anthesis, in GDD

	
194/209

	
194/209

	
194/209

	
194/209

	
194/209




	

	
GDD from sowing to canopy senescence

	
1504/1419

	
1516/1419

	
1522/1422

	
1522/1422

	
1522/1422




	

	
GDD from sowing to maximum root depth

	
1183/1110

	
1135/1095

	
1120/1079

	
1126/1063

	
1120/1063




	

	
GDD from sowing to maturity

	
1626/1687

	
1626/1687

	
1626/1687

	
1626/1687

	
1626/1687




	
Xinyuan

	
GDD from sowing to 90% emergence (CC0)

	
70/62

	
70/62

	
70/62

	
70/62

	
70/62




	

	
GDD from sowing to maximum canopy coverage

	
634/626

	
634/626

	
634/626

	
634/626

	
634/626




	

	
GDD from sowing to start of anthesis

	
885/816

	
872/816

	
872/816

	
872/816

	
872/816




	

	
Duration of anthesis, in GDD

	
205/202

	
205/202

	
205/202

	
205/202

	
205/202




	

	
GDD sowing-canopy senescence

	
1514/1353

	
1523/1353

	
1533/1353

	
1533/1353

	
1533/1353




	

	
GDD from sowing to maximum root depth

	
1175/1088

	
1160/1074

	
1146/1060

	
1146/1060

	
1146/1060




	

	
GDD from sowing to maturity

	
1774/1602

	
1774/1602

	
1774/1602

	
1744/1602

	
1774/1602




	
Unified calibration parameter

	
Maximum canopy cover, %

	
98




	
Reference harvest index (HI0), %

	
51




	
Maximum root depth, m

	
0.6




	
Crop coefficient for transpiration at CC = 100% (KcTr,x)

	
1.20




	
Type of surface mulches

	
Plastic mulches




	
Percentage of soil surface covered, %

	
40








Note: GDD, growing degree day(s). The number before ‘/’ is the GDD corresponding to 2018, and the number after it corresponds to 2019.
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Table 5. Biomass, Yield, Transpiration, WUEB, WUEY and WP* from 2018 to 2019.






Table 5. Biomass, Yield, Transpiration, WUEB, WUEY and WP* from 2018 to 2019.





	
Site

	
Year

	
Irrigation

(mm)

	
Biomass

(Mg ha−1)

	
Yield

(Mg ha−1)

	
Transpiration (mm)

	
WUEB

(kg m−3)

	
WUEY

(kg m−3)

	
WP*

(g m2 d−1)






	
Changji

	
2018

	
I1 (450)

	
24.4 c

	
12.3 d

	
357.2 c

	
7.2 d

	
3.4 c

	
32.1 d




	

	

	
I2 (540)

	
28.9 b

	
14.2 c

	
369.9 b

	
8.0 c

	
3.8 c

	
37.4 c




	

	

	
I3 (630)

	
32.1 ab

	
15.3 b

	
373.0 a

	
8.8 b

	
4.1 b

	
41.2 b




	

	

	
I4 (720)

	
35.0 a

	
16.3 a

	
374.4 a

	
9.2 a

	
4.4 a

	
45.4 a




	

	

	
I5 (810)

	
36.6 a

	
16.6 a

	
377.8 a

	
9.3 a

	
4.4 a

	
45.8 a




	

	
2019

	
I1 (450)

	
24.6 d

	
11.4 d

	
397.4 c

	
6.2 d

	
2.9 c

	
32.3 d




	

	

	
I2 (540)

	
29.2 c

	
13.0 c

	
425.3 b

	
6.9 c

	
3.1 c

	
36.0 c




	

	

	
I3 (630)

	
32.4 b

	
14.1 b

	
428.4 b

	
7.6 b

	
3.3 b

	
38.7 b




	

	

	
I4 (720)

	
36.6 a

	
15.1 a

	
434.0 a

	
8.4 a

	
3.5 a

	
43.4 a




	

	

	
I5 (810)

	
37.4 a

	
15.7 a

	
434.0 a

	
8.6 a

	
3.6 a

	
44.1 a




	
Qitai

	
2018

	
I1 (360)

	
31.0 c

	
16.0 c

	
336.7 c

	
9.2 c

	
4.8 c

	
34.6 c




	

	

	
I2 (450)

	
33.6 b

	
17.1 b

	
345.2 b

	
9.7 bc

	
5.0 b

	
37.0 b




	

	

	
I3 (540)

	
36.1 a

	
18.7 a

	
346.8 ab

	
10.4 ab

	
5.4 a

	
39.0 b




	

	

	
I4 (630)

	
37.9 a

	
18.6 a

	
350.2 a

	
10.8 a

	
5.3 a

	
40.7 a




	

	

	
I5 (720)

	
38.6 a

	
18.5 a

	
348.4 a

	
11.1 a

	
5.3 a

	
41.3 a




	

	
2019

	
I1 (360)

	
32.5 c

	
15.8 c

	
350.2 c

	
9.3 c

	
4.5 c

	
34.3 c




	

	

	
I2 (450)

	
35.6 b

	
17.7 b

	
365.5 b

	
9.7 b

	
4.8 b

	
36.4 b




	

	

	
I3 (540)

	
37.8 a

	
18.9 a

	
368.2 ab

	
10.3 a

	
5.1 a

	
38.2 ab




	

	

	
I4 (630)

	
38.6 a

	
18.9 a

	
370.4 a

	
10.4 a

	
5.1 a

	
39.1 a




	

	

	
I5 (720)

	
39.2 a

	
18.3 a

	
369.4 a

	
10.6 a

	
5.0 ab

	
39.4 a




	
Xinyuan

	
2018

	
I1 (90)

	
35.5 c

	
16.1 b

	
525.5 c

	
6.8 bc

	
3.1 a

	
36.4 b




	

	

	
I2 (180)

	
39.0 b

	
17.6 a

	
586.6 b

	
6.6 c

	
3.0 b

	
36.1 b




	

	

	
I3 (270)

	
40.5 a

	
17.9 a

	
594.9 a

	
6.8 bc

	
3.0 b

	
37.9 a




	

	

	
I4 (360)

	
41.5 a

	
17.0 a

	
593.6 a

	
7.0 ab

	
2.9 b

	
38.0 a




	

	

	
I5 (450)

	
41.6 a

	
15.6 b

	
583.7 b

	
7.1 a

	
2.7 c

	
39.1 a




	

	
2019

	
I1 (0)

	
30.7 d

	
14.1 d

	
428.1 d

	
7.1 a

	
3.3 a

	
41.4 a




	

	

	
I2 (90)

	
34.4 c

	
16.3 c

	
515.2 c

	
6.7 c

	
3.2 b

	
37.9 c




	

	

	
I3 (180)

	
37.9 b

	
18.4 ab

	
561.3 b

	
6.8 bc

	
3.3 ab

	
37.8 c




	

	

	
I4 (270)

	
39.1 ab

	
18.6 a

	
576.4 a

	
6.8 bc

	
3.2 ab

	
39.3 bc




	

	

	
I5 (360)

	
39.7 a

	
16.8 b

	
574.2 a

	
6.9 b

	
2.9 c

	
39.9 ab




	
Source of variation

	

	

	

	

	

	




	
Site

	
**

	
**

	
**

	
**

	
**

	
**




	
Year

	
ns

	
*

	
**

	
**

	
**

	
ns




	
Irrigation

	
**

	
**

	
**

	
**

	
**

	
**




	
Site × Year

	
**

	
**

	
**

	
**

	
**

	
**




	
Site × Irrigation

	
**

	
**

	
**

	
**

	
**

	
**




	
Year × Irrigation

	
ns

	
ns

	
ns

	
ns

	
ns

	
ns




	
Site × Year × Irrigation

	
ns

	
ns

	
ns

	
ns

	
ns

	
ns








Note: Different letters mean significant differences at p < 0.05. * p< 0.05; ** p< 0.01; ns, no significance.
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