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Abstract

:

The adjustment of crop planting structure can change the process of water and material circulation, and thus affect the total amount of water and evapotranspiration in the irrigation district. To guide the allocation of water resources in the region, it is beneficial to ascertain the effects of changing the crop planting structure on water saving and farmland water productivity in the irrigation district. This paper takes Yingke Irrigation District as the background. According to the continuous observation data from 2012 to 2013, Based on the modified Soil and Water Assessment Tool (SWAT) model and taking advantage of monthly scale remote sensing EvapoTranspiration (ET) and crop growth parameters (leaf area index and shoot dry matter), we tested the simulation accuracy of the model, proposed irrigation efficiency calculation methods considering water drainage, and established the scenario analysis method for the spatial distribution of crop planting structure. Finally, we evaluated the changes in water savings in irrigation district projects and resources, the irrigation water productivity and the net income water productivity under different planting structure scenarios. The results indicate that the efficiency of irrigation has increased by 15~20%, while considering drainage, as compared with conventional irrigation efficiency. Additionally, the adjustment of crop planting structure can reduce regional evapotranspiration by 14.9%, reduce the regional irrigation volume by 30%, and increase the net income of each regional water area by 16%.
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1. Introduction


Water has been identified as one of the most limiting factors for ecosystem functioning in the arid district due to limited and unevenly distributed freshwater resources and high water demands to support its large cropland area, huge population, and rapid industrialization. Water resources allocation is an important means to realize effective and reasonable distribution of water resources between different regions and users and to promote the efficient and rational use of water resources [1]. The allocation of water resources in an arid irrigation district provides an important scientific basis for the efficient utilization of water resources, the ecological management of the basin, and the sustainable development of the society and economy. This is not only related to the irrigation engineering condition, the water management level, and the application of irrigation technology, but also closely related to a reasonable crop planting structure (spatial-temporal distribution of crop water requirements). Such information is critical for policy makers to design strategies for regional sustainability.



The optimization and adjustment of crop planting structure has long been an important research content of agricultural geography and sustainable development of agriculture, and it has attracted great attention of scholars [2]. Regional crop water requirements are one of the main factors affecting the total irrigation amount. A reasonable arrangement of regional crop planting proportions can reduce crop water requirements in the region, and it can also reduce the total amount of irrigation taking advantage of the irrigation efficiency indicators, which comprehensively reflect the management and engineering conditions of irrigation districts. As to the irrigation efficiency index, Israelsen defined irrigation efficiency as the ratio of irrigation water in the field to the actual imported irrigation water. Irrigation water use efficiency is the ratio of the amount of water available to crops in the field to the total amount of water from the source, and it is an important index to evaluate the efficiency of agricultural water use in irrigation areas. Some scholars have studied the performance indexes of different irrigation systems in different areas [3,4,5,6]. With the development of research on water-saving irrigation, previous studies have shown that water use efficiency can reflect the cyclicity and spatial variability of water [7]. The adjustment of planting structure changes the surface biochemical process, farmland hydrological cycle process, and ecosystem productivity by adjusting crop species, varieties and area. For agricultural water use, it directly affects the total water demand of each crop, causing the total water demand of all crops to change after structural adjustment. Research has shown that when arranging a water-saving agricultural planting structure, the continuity of the agricultural ecological system should be protected [8]. In Korla, the southern Xinjiang Autonomous Region of western China, a typical arid area, the suitable ratio of grain, economic crops, and orchard, while considering the reasonable allocation of water resources, is 26:56:18 [9]. The water requirement of a plant is a key factor for irrigation efficiency, and thus, irrigation efficiency should be changed as agricultural planting structure being changed. However, related studies have focused on (1) the effect of planting structure changes on water requirement and (2) planting structure optimization with limited water resources [10,11].



The distributed hydrological model can be used to evaluate the water use efficiency of irrigated areas in multiple scales, which can provide technical support for the improvement of water-saving in irrigated areas. The Soil and Water Assessment Tool (SWAT) model can predict the impact of different soil types, land use patterns, and management conditions on the hydrological cycle of the basin. According to the comprehensive review of studies on SWAT model by Gassman et al. [12], only a few literatures have conducted simulation and verification research on ET with SWAT model. Arnold et al. simulated ET using the SWAT model and verified ET while using traditional methods. Immerzeel and Droogers rate the simulated ET of SWAT model based on remote sensing ET. The use of remote sensing monitoring of regional distribution ET directly to the SWAT model simulation of ET rate is a relatively new model research method. Cui used the improved SWAT model to analyze the simulation of irrigation water consumption in the southern multi source irrigation area [13]. However, in the field of hydrological models, the key to using the SWAT model for ET simulation is to select reasonable soil and crop growth parameters. At present, there are few related studies in this area [14,15,16,17,18,19,20]. Based on the current water resources situation, most scholars discuss the planting structure adjustment policy and future development trends from the perspective of regional plant structure evolution, hydrological change response, and structural adjustment [21,22].



The main objective of this study were (i) calculating the irrigation efficiency, considering water draining, based on a further simplification of the irrigation efficiency calculation formula and the definition of the boundary of the spatial scale; (ii) setting up different planting structures and evaluating the changes in water saving amount, the irrigation water productivity, and the net income water productivity in different scenarios of irrigation district projects.




2. Materials and Methods


2.1. Study Area


The Yingke irrigation district is located in the middle reaches of the Heihe River in Ganzhou District, and the designed irrigation area is 192.2 km2 (Figure 1). The irrigation district is a typical well-canal combined irrigation district and it has an irrigation network with a water supply in Heihe as the backbone and the irrigation well pumping as a supplement. The Yingke irrigation district is in an inland arid climate zone with an annual average temperature of 6.5–7.0 °C, a minimum temperature of −28 °C, and a maximum temperature of 33.5 °C. The annual sunshine duration is over 3000 h, and the frost-free period is approximately 140 days. The annual average precipitation in the Yingke irrigation district is 125 mm and gradually decreases from east to west. The precipitation is concentrated from May to September, and its precipitation accounts for 80–90% of the annual precipitation, especially in July and August, which accounts for more than 40% of the annual precipitation. The main crops in the Yingke irrigation district in 2013 were corn for seed (41.49%), field corn (15.20%), vegetables (10.94%), and spring wheat (5.26%).




2.2. Methods


2.2.1. Crop Growth Indicators


Sixteen soil sampling points were arranged on Yingke Irrigation District, and the growth indicators of each growth stage were monitored at the corresponding soil moisture content monitoring points, including leaf area index (LAI), plant height, biomass, and yield. The leaf area index was directly determined by ACCUPAR-LP80 [23,24]. Statistics of typical crop yields when crops being harvested, fertilization and irrigation practices, and crop calendars were based on local farmers and consultants.




2.2.2. SWAT Model Input Parameters


The SWAT model database can be divided into two categories: spatial database and attribute database. The spatial database mainly includes digital elevation model (DEM), soil type distribution map, and land use map. The attribute database mainly includes meteorological data and ET data. DEM comes from geospatial database with spatial resolution of 90 m. Soil type map comes from the Chinese academy of sciences, Nanjing soil database, and comprehensive national soil classification. Land use type map is obtained through visual interpretation of LANDSATTM images, real-time field measurement data is taken into account, and land use interpretation is completed by combining with manual correction method [25,26].




2.2.3. Remote Sensing ET


The ET data of remote sensing monitoring month used in this study were verified by the institute of remote sensing application of the Chinese academy of sciences on the basis of ASTER/TM and AVHRR/MODIS remote sensing data, and the calculation results of ETWatch model [27,28].




2.2.4. Net Crop Irrigation System


Under the assumption that the soil moisture is constant, the net irrigation water requirement is equal to the crop water requirement minus the effective precipitation and the direct consumption of ground water [29,30,31,32]. According to the known data, the annual average net irrigation quota for various crops during the growth period in the Yingke irrigation district is shown in Table 1.




2.2.5. Crop Cost and Price


The unit yields of major crops, the market prices and the labor costs per unit area in the Ganzhou district according to survey data are shown in Table 2.






3. Mathematical Model


3.1. SWAT Model


The SWAT model is a comprehensive and distributed hydrological model with a physical basis, which has been used in many fields, such as water and nutrient cycling in irrigation districts [35,36]. Based on the DEM and the land use soil classification map, the research area was divided into 13 sub-basins and 275 hydrological response units, as shown in Figure 2. In this study, we calibrated and validated the model based on the ET value of the daily scale and the crop growth data of the spatial scale of the hydrological response unit (HRU). The main parameters of the model were obtained and validated by applying the remote sensing inversion of ET values (2012 and 2013) at a monthly scale. The remote sensing inversion of ET values in 2012 and 2013 and the simulation results of the crop growth are shown in Figure 3 and Figure 4.




3.2. Spatial Distribution Model of Crop Planting Structure


The generation model of the crop planting structure [37,38,39] was established while using a greedy algorithm that forms the spatial distribution of different crops and the input files of the SWAT model according to the number of crop types, the sown area ratio of the specified crop type, the crop sowing/harvesting time, as well as the time and dosage of irrigation and fertilization. The detailed flow chart of the model is shown in Figure 5.



In Figure 5, i is the area of the i-th HRU(Hydrologic Research Unit), KSJ is the total area of the j-th type of crops, KDSJ is the area gap of the j-th type of crops, sample.exe is the crop type distribution procedure, par_inf.txt is the crop type occupying text, par_val is the calculated results of individual crop type distributions, edit_swat.exe is the input file modification procedure of the SWAT model, modified input_swat is the input file modification results of the swat model, and process.exe is the output results manipulation procedure of the SWAT model, which can obtain water balance factors and yields of the whole basin, the sub-basin, and the HRU.




3.3. Irrigation Efficiency


Irrigation water use efficiency refers to a period into the field of water that can be utilized by crops and water ratio of the total irrigation water, reflecting the whole irrigation canal system water and field water condition, and being a measure of water from water source to field crops absorption use in the process of irrigation water use level of an important indicator, it can comprehensively reflect the status of irrigated area projects, water management, and irrigation technology [40,41,42]. The calculation formula of irrigation water utilization ratio used in this paper is shown in formula (1).


   η 1  =    ∑  i = 1  n   (  E  T i  −  P  e i    )  ×  A i     (   Q w  +  Q  m c    )  − S  W d     



(1)




where    η I    is irrigation efficiency in the irrigated district scale,   S  W d    is the water loss from the irrigated district (m3),    Q  m c     refers to the actual water diversion of the Yinke irrigation district main canal (m3),    Q w    is the water of well irrigation in the Yinke irrigation district (m3),    P  e i     refers to the effective rainfall of the entire growth period for the  i  type of crop (m3),   E  T i    is the evapotranspiration of the entire growth period for the  i  type of crop extracted through the remote sensing retrieval data in the Yinke irrigation district (mm), and    A i    is the total area of the   i   type of crop in the Yinke irrigation district (m2). There are three types of crops (corn, wheat, and vegetable) in the control area of every branch canal. When   S  W d    is zero, the result is the traditional calculated formula for irrigation efficiency at the irrigation district scale [43].




3.4. Evaluation Indicators of the Adjustment of Planting Structure


3.4.1. Water Saving Volume


Ignoring the change in soil moisture, the formulas for water balance of the irrigation district scale are:


    ∑  i = 1  n   E  T i  ×  A i  =  Q t  ×  η I  +   ∑  i = 1  n    P  e i   ×  A i   



(2)






  ∆  Q S  =  Q t  −  (   Q w  −  Q  m c    )   



(3)






  ∆  Q s  =    (   ∑  i = 1  n  E  T i  ×  A i  −  ∑  i = 1  n   P  e i   ×  A i   )     η I  −  (   Q w  +  Q  m c    )     



(4)




where    Q t    is the water consumption in the irrigation district under different planting structures and    η I    is the irrigation efficiency at the irrigation district scale considering drainage and is calculated using formula (1). Finally,   ∆  Q s    is the amount of water that is saved in the Yingke irrigation district [44,45].




3.4.2. Irrigation Water Productivity


The production efficiency of irrigation water refers to the grain crop yield produced by unit irrigation water in the region [46,47,48]. The calculation formula is shown in formulas (5)–(7):


  W U  E I  =    ∑  i = 1  n   Y i     Q t    ×  A  i    



(5)






  ∆ W U  E I  = W U  E I  − W U  E I ′   



(6)






  ∆ W U  E I  =    ∑  i = 1  n   Y i  ×  A i       (   ∑  i = 1  n  E T ×  A i  −  ∑  i = 1  n   P  e i   ×  A i   )     η I       



(7)




where   W U  E I    is the irrigation water productivity (kg/m3) in the Yingke irrigation district, Yi is the economic output (yuan/ha) of the i-th type of crops,   W U  E I ′    is the average value (yuan/ha) of irrigation water productivity in the Yingke irrigation district in 2012 and 2013, and   ∆ W U  E I    is the variation of irrigation water productivity (yuan/m3) in the Yingke irrigation district.




3.4.3. Net Income Water Productivity


The calculation formula of Net Income Water Productivity [49] is shown in formula (8)–(10):


  W U  E  n e t   =    ∑  i = 1  n   Y  n i   ×  A i     Q t     



(8)






  ∆ W U  E  n e t   = W U  E  n e t   − W U  E   n e t  ′    



(9)






  ∆ W U  E  n e t   =    ∑  i = 1  n   Y  n i   ×  A i       (   ∑  i = 1  n  E  T i  ×  A i  −  ∑  i = 1  n   P  e i   ×  A i   )     η I      − W U  E   n e t  ′    



(10)




where   W U  E  n e t     is the irrigation water productivity (yuan/m³) in the Yingke irrigation district,    Y  n i     is the net income (yuan/ha) of the i-th type of crops,  W U  E   n e t  ′     is the average value (yuan/ha) of irrigation water productivity in the Yingke irrigation district in 2012 and 2013, and   ∆ W U  E  n e t     is the variation in the net income water productivity (yuan/m³) in the Yingke irrigation district.





3.5. Statistical Indicators


The regression and determination coefficients [50] are defined as:


  b =    ∑  i = 1  n   (   Q i  −  O ¯   )   (   P i  −  P ¯   )     ∑  i = 1  n   (   O i  −  O ¯   )     



(11)






   R 2  =  {     ∑  i = 1  n   (   O i  −  O ¯   )   (   P i  −  P ¯   )       [   ∑  i = 1  n     (   O i  −  O ¯   )   2   ]    0.5      [   ∑  i = 1  n     (   P i  −  P ¯   )   2   ]    0.5      }   



(12)







The root mean square error, which characterizes the variance of the errors.


  RMSE =    [     ∑  i = 1  n     (   (   P i  −  Q i   )   )   2   n   ]   0.5   



(13)







The average absolute error, which expresses the size of estimation errors as an alternative to RMSE


  AAE =  [     ∑  i = 1  n   |   Q i  −  P i   |   n   ]   



(14)







The modelling efficiency (EF, non-dimensional), which is the ratio of the mean square error to the variance in the observed data, subtracted from unity [51]:


  EF = 1 −    ∑  i = 1  n     (   O i  −  P ¯   )   2     ∑  i = 1  n     (   O i  −  O ¯   )   2     



(15)




where    Q i    and    P i    are observations and the model outputs at the ith time point or in the ith grid, respectively, and   n   is the number of paired data points.





4. Results and Discussions


4.1. SWAT Model Verification


According to the comparison diagram between the simulated and the measured values of the LAI model, the LAI and the determination coefficients of the measured values that were simulated by the modified SWAT model are 0.94 and 0.98, the root mean square errors are 0.25 and 0.53, and the validity indices of the model are 0.95 and 0.89. According to the comparison diagram between the simulated and the measured values of shoot dry matter, the determination coefficients of the measured value simulated by the modified SWAT model are 0.99 and 0.92, the root mean square errors are 1.16 and 1.60 t/ha, and the validity indices of the model are 0.97 and 0.90. According to the comparison diagram between the simulated and the measured values of the monthly ET model, the monthly ET simulated by the modified SWAT model, and the determination coefficients of the monthly ET obtained by remote sensing inversion are 0.87 and 0.47, the root mean square errors are 7.40 and 36.62 mm/month, and the validity indices of the model are 0.76 and 0.42.



Consequently, the decision coefficients, the root mean square errors and the validity indices of the modified SWAT model for the LAI, shoot dry matter, and the simulation of monthly ET are all in a reasonable range (Table 3). In other words, the simulation results reflect the evapotranspiration and growth of crops and can be used to simulate the water circulation process and to analyse the irrigation efficiency in irrigation districts [52,53,54,55,56,57].




4.2. Irrigation Efficiency Considering Drainage


The values of the irrigation efficiency in the Yingke irrigation district in 2012 and 2013 are, respectively, 0.51 and 0.48 when calculated by Equation (1). However, the values of the irrigation efficiency are 0.59 and 0.56 considering drainage, which is a 16.9% and 16.3% improvement when compared with the traditional method. The Yingke irrigation district is an arid irrigation district, and the runoff yields of the whole irrigation district are, respectively, 14.70 and 14.19 million m3, as calculated by the modified SWAT model (Table 4), which accounts for 14.5% and 14% of the total irrigation amount in irrigation district.



Zhang [58,59] has researched the characteristics of water circulation in the Hetao irrigation district while using the distributed hydrological model and identified that the amount of drainage is 12.6% of the sum of the amount of irrigation and the amount of precipitation. This paper is more consistent with these results, and the effective coefficients of irrigation water utilization when considering drainage more accurately reflects the actual situation of water consumption in the irrigation district.



According to the comparison between traditional irrigation efficiency and irrigation efficiency while considering drainage, the irrigation efficiency considering drainage is 15% more than the traditional irrigation efficiency. Thus, it is necessary to consider the water flowing out of the spatial scale. Considering the original loss of water quantity will only result in a lower calculated result.




4.3. Scenario Analysis


According to the Figure 6, the yields and ET values of different types of crops simulated by the model are consistent with the statistical values and the error is less than 10% [60]. In terms of yield, POTA (Potato) has the highest yield of 18,678 kg/ha, followed by CORN (Corn for seed), CSIL (Field corn), and ALFA( Alfalfa), with yields of 9233 kg/ha, 9371 kg/ha, and 10,283 kg/ha, respectively. SOYB (Soybean) yield is the smallest, only 2403 kg/ha. In terms of ET, the ET of CSIL is the highest, which reached 506 mm, followed by CORN, ALFA, SOBY, and CANA (Spring canola-Argentine), the ET is 494 mm, 430 mm, 429 mm, and 426 mm, respectively, while the ET of POTA is the lowest, only 365 mm, of which SWHT (Spring wheat) is higher than POTA. In terms of ET, the ET of CSIL is the highest, which reached 506 mm, followed by CORN, ALFA, SOBY, and CANA, the ET is 494 mm, 430 mm, 429 mm and 426 mm, respectively, while the ET of POTA is the lowest, only 365 mm, of which SWHT is higher than POTA In terms of the difference in evapotranspiration, the difference between CORN and POTA is substantial, while the differences among the others are small.



According to the analysis results, CSIL has the largest amount of ET, but its yield is not the largest, while POTA with a small amount of ET reached the maximum yield in the selected crops, for the SWHT, CANA, and SOYB with small yields, the ET are relatively large. Therefore, the variation relationship between yield and ET of different crops should be analyzed according to the species of crops.



4.3.1. Water Saving Analysis


The average values of evapotranspiration in the Yingke district in 2012 and 2013 is 65.343 million m3, and the range of evapotranspiration in the Yingke district under different planting structures is 55.56~67.60 million m3, which means that the variation range is −14.98–3.45% as compared with the current evapotranspiration rates in the Yingke district. From the aspect of the water requirement in the irrigation district, 9.786 million m3 of the water requirements can be reduced at most. The average effective precipitation in 2012 and 2013 is 15.176 million m3, and the irrigation efficiency while considering drainage is 0.57, so the water diversion range of the canal head in the irrigation district is 70.050–100.820 million m3. Thus, the water diversion range of the canal head in the irrigation district can be reduced by the adjustment of planting structures and the amount of water saved can be up to 30.77 million m3, which accounts for 30.52% of the total irrigation water in the current irrigation district. The water diversion range of the canal head in the irrigation district can be reduced by up to 31.345 million m3. Under the condition of constant pumping irrigation water, the decrease in amplitude is up to 45.56%. The proportion of corresponding planting structure is shown in Table 5 and Figure 7.



Therefore, it is feasible to lower the pumping irrigation and raise the water level. From the perspective of the proportion of water-saving potential being generated by various measures, the amount of water-saving generated by reducing irrigation quota through strengthening water management and providing irrigation water utilization coefficient through implementing water-saving engineering measures still accounts for the majority, but the amount of water saving generated by optimizing planting structure is also considerable.



According to the relationship between the amount of water saved and the planting areas (Table 6), the amount of water saved is inversely proportional to the planting areas of crops with high water requirements (such as CORN and CSIL), which means that the larger the planting areas are, the smaller the amount of water saving is. To the contrary, the amount of water saved is proportional to the planting areas of crops with low water requirements, such as SWHT and POTA, which means that the larger the planting areas are, the larger the amount of water saving is. The results are similar to those of previous studies [61].




4.3.2. Irrigation Water Productivity Analysis


The average value of irrigation water productivity in the Yingke district in 2012 and 2013 is 6.63 yuan/m3, and the range of irrigation water productivity in the Yingke district under different planting structures is 2.33–6.72 yuan/m, which means that the variation range is −64.86–1.36% as compared with the current irrigation water productivity in the Yingke district. The crop with the largest planting area is corn for seed and its unit price is also higher (Shown Table 2). Thus, the irrigation water productivity of the corn for seed in the Yingke district is relatively high. From the point of view of irrigation water productivity, 1.36% of the irrigation water productivity can be increased at most under 800 combinations of scenarios. The total irrigation amount in this circumstance is 87.61 million m³ and the total water requirement is 55.02 million m3, both of which are less than the amount of water that is consumed in the irrigation district. The proportion of the corresponding planting structure is shown in Table 5 and Figure 7. Therefore, the irrigation water productivity in the current Yingke irrigation district is high, and there is an optimal scenario that is larger than the current, but the increase should be small.



According to the relationship between irrigation water productivity [62] and planting areas (Table 6), the irrigation water productivity is proportional to the planting areas of crops with high yields and unit prices, such as corn for seed and potatoes, which means that the larger the planting areas are, the bigger the irrigation water productivity is. To the contrary, the irrigation water productivity is inversely proportional to the planting areas of crops with low yields and unit prices, such as wheat and soybean.




4.3.3. Net Water Productivity Analysis


The average value of net water productivity in the Yingke district in 2012 and 2013 was 2.73 yuan/m3, and the range of net water productivity in the Yingke district under different planting structures was 1.94–3.17 yuan/m3, which means the variation range is −28.93–16.11% when compared with the current net water productivity in the Yingke district. From the point of view of the net income of crops, the net income of potatoes and corn for seed are the largest and they are 923.64 and 1374.8 yuan/hm2. Thus, increasing the planting area ratio of crops with a high net income can greatly improve the net water productivity in the whole irrigation district. The optimal planting structure is shown in Table 5 and Figure 7 under the existing planting scenario combinations



According to the correlation coefficients of the net water productivity [63] and the planting areas of crops, the increase in net water productivity is inversely proportional to the planting areas of crops with low net income, such as wheats. The correlation coefficient is −0.52; the larger the planting areas of wheats are, the smaller the increase in net water productivity is. To the contrary, the increase in net water productivity is proportional to the planting areas of crops with high net income, such as potatoes. The correlation coefficient is 0.94; the larger the planting areas of potatoes, the larger the increase in net water productivity.



This shows that reducing the area of crops with low water efficiency and low economic value and increasing the area of crops with high water efficiency and high economic value can increase farmers’ income and reduce agricultural investment [64].






5. Conclusions


Based on the improved SWAT model, the observation data of yingke irrigated area from 2012 to 2013 were used to calibrate and verify the SWAT model, and a higher accuracy was obtained. It shows that the simulation results can better reflect the evapotranspiration and growth of crops, so it can be used to simulate the water cycle process and analyze the irrigation efficiency of irrigation areas.



The scenario analysis method of the spatial distribution of crop planting structure was established to analyze the changes of irrigation efficiency under different planting structure scenarios. When considering the irrigation efficiency of drainage, the actual water consumption in the irrigated area was more accurately reflected as compared with the conventional irrigation efficiency, and the irrigation efficiency was improved by 15–20%.



The adjustment of crop planting structure can change crop water requirement and economic output. Planting crops with low water consumption and high economic benefits can effectively reduce regional evapotranspiration by 14.9%, regional irrigation by 30%, and net income by 16%.



This paper aims at changing the water and material circulation process of irrigated areas through rational allocation of crop planting structure, increasing water-saving amount in irrigated areas, and improving farmland water production efficiency, which is helpful for guiding rational allocation of water resources in irrigated areas. More comprehensive crop species will be selected for analysis in subsequent studies.
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Figure 1. Location of the Yingke irrigation district. 
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Figure 2. Basic data for the improved Soil and Water Assessment Tool (SWAT) mode. 
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Figure 3. Simulated and measured values: (a,b) leaf area index (LAI) in 2012 and 2013; (c,d) shoot dry matter in 2012 and 2013. 
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Figure 4. Relationship diagram between simulated Evapotranspiration (ET) and monthly Remote Sensing RS_ET. 
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Figure 5. The flow chart of crop planting structure model. 
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Figure 6. Yield and ET simulation of crops under different scenarios. 






Figure 6. Yield and ET simulation of crops under different scenarios.



[image: Water 10 01305 g006]







[image: Water 10 01305 g007 550] 





Figure 7. The spatial distribution of crop planting structure: (a) the current; (b) the optimal maximum water saving; (c) the optimal maximum irrigation water productivity; and, (d) the optimal maximum Net water productivity. 
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Table 1. Net irrigation quota for main crops.
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	Project
	Alfalfa
	Corn for Seed
	Field Corn
	Rape
	Wheat
	Soybean
	Potato





	Net irrigation quota (mm)
	250
	360
	260
	220
	270
	220
	220



	ET (mm)
	400
	545
	501
	472
	398
	456
	349
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Table 2. Crop cost and price for main crops [33,34].
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	Project
	Alfalfa
	Corn for Seed
	Field Corn
	Rape
	Wheat
	Soybean
	Potato





	Unit-Yield (kg/ha)
	10,032.15
	9895.8
	9037.35
	3574.35
	3464.55
	2075.25
	27,163.35



	Unit-Price (yuan/kg)
	1.47
	6
	1.95
	4
	2.22
	3.8
	1.6



	Net Income (yuan/ha)
	10,477.2
	13,854.6
	10,083.15
	11,364.45
	6653.55
	8878.5
	20,622
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Table 3. Indicators of goodness of fit after model calibration.
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Year

	
Parameter

	
Regression Coefficient

	
R2

	
RMSE

	
ARE

	
EF






	
2012

	
LAI

	
1.05

	
0.98

	
0.25

	
0.01

	
0.95




	
Shoot dry matter

	
0.90

	
0.99

	
1.16

	
0.16

	
0.97




	
ET

	
0.94

	
0.78

	
18.15

	
16.92

	
0.76




	
2013

	
LAI

	
0.84

	
0.94

	
0.53

	
0.04

	
0.89




	
Shoot dry matter

	
0.95

	
0.92

	
1.60

	
0.01

	
0.90




	
ET

	
0.90

	
0.64

	
26.83

	
27.91

	
0.42
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Table 4. The total amount of water balance during the growth period.
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	Year
	Total Amount of Irrigation 104 m3
	Effective Precipitation 104 m3
	Evapotranspiration 104 m3
	Outflow 104 m3





	2012
	10,139.09
	1430.01
	6547.89
	1469.95



	2013
	10,145.15
	1605.19
	6520.72
	1419.07
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Table 5. The optimal planting area and proportion of various crops under the maximum target value.
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Target Value

	
Project

	
CORN

	
ALFA

	
SWHT

	
CSIL

	
CANA

	
SOYB

	
POTA






	
Water saving volume

	
planting areas (km2)

	
8.32

	
6.93

	
106.79

	
8.32

	
0

	
8.32

	
0




	
planting proportion (%)

	
6

	
5

	
77

	
6

	
0

	
6

	
0




	
Irrigation water productivity

	
planting areas (km2)

	
97.08

	
12.48

	
11.10

	
9.71

	
0

	
8.32

	
0




	
planting proportion (%)

	
70

	
9

	
8

	
7

	
0

	
6

	
0




	
Net water productivity

	
planting areas (km2)

	
29.12

	
13.87

	
24.96

	
12.48

	
0

	
15.26

	
42.99




	
planting proportion (%)

	
21

	
10

	
18

	
9

	
0

	
11

	
31











[image: Table] 





Table 6. Correlation coefficients.
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	Correlation Coefficient
	CORN
	ALFA
	SWHT
	CSIL
	CANA
	SOBY
	POTA





	Water Saving Volume
	0.62
	0.07
	−0.38
	0.66
	−0.26
	−0.22
	−0.53



	Irrigation Water Productivity
	0.82
	−0.12
	−0.28
	−0.12
	−0.02
	−0.30
	0.16



	Net Water Productivity
	−0.15
	−0.25
	−0.52
	−0.47
	0.5
	0.23
	0.94
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