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Abstract

:

The construction of ecological irrigation districts is of great significance to protect the Yellow River ecology and achieve sustainable development of the local ecological economy. Taking the ecological irrigation district of Helan County as the study area, a health evaluation index system of the irrigation district was established, including three primary indexes of ecological environment, modernization level, and agricultural production and benefit, and 20 secondary indexes. Then, the Topsis method, entropy weight evaluation method, fuzzy pattern recognition model, and variable fuzzy model were used to evaluate the health of the Helan ecological irrigation district. In order to avoid the one-sidedness of the evaluation results of a single evaluation method, a combined evaluation method named deviation maximization combined evaluation method was used to combine each single evaluation result. The evaluation results by the combined evaluation method showed the following: (1) The ecological health of Helan irrigation district had a trend of becoming better from 2007 to 2016. (2) The grey correlation analysis showed that the soil salt content, groundwater depth, canal lining rate, ratio of efficient water-saving irrigation area, information level of the irrigation district, water productivity, agricultural unilateral aquatic output value, irrigation water consumption per mu, and coefficient of effective utilization of farmland irrigation water were closely related to the evaluation results. (3) In order to effectively improve the ecological health of Helan irrigation districts, it is necessary to reduce soil salt content and groundwater salinity, increase canal linings, promote water-saving irrigation measures, and agricultural information construction, etc.
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1. Introduction


China is a country with a large population and agriculture. Additionally, agricultural modernization is one of the goals of national modernization. Apart from modernization, the construction of an ecological civilization and sustainable development are both also highly valued by China. Irrigation districts, which exhibit an important infrastructure of agriculture and rural areas, play an important role in guaranteeing national food security, promoting farmers’ continuous income increase, improving the rural ecological environment, and balancing urban and rural development [1]. The ecological irrigation districts arose with the integration of ecological problems in the modern agricultural production system. It greatly solved the ecological environment problems caused by traditional irrigation districts and became the main development direction of agricultural irrigation district construction. At present, the study of ecological irrigation districts mainly focuses on its concept and evaluation. The concept and evaluation are emphatically studied for the purpose of interpreting the characteristics of ecological irrigation districts and defining the parts of non-ecological irrigation districts, which is convenient for targeted treatments.



The concept of ecological irrigation district originates from the water-saving irrigation district. However, it is not limited to the improvement of the efficiency of water resource utilization; the potential for expansion should be further considered. This concept, which is undergoing proposal, continuous deepening and refinement, and interpretation from its initial abstract description, reflects people’s expectations for the future construction of irrigation districts under certain economic and social conditions. Schaeffer [2] first put forward the concept of ecological irrigation districts. Jiang [3] proposed that a self-sustaining and economically feasible virtuous cycle system should be required by ecological irrigated districts based on ecological theories. Mao [4] advocated for the construction of a water-saving and ecological irrigation district, which can maintain and promote the virtuous cycle development of the irrigation district, and improve the use of water resources, economic, and environmental resources. Based on the analysis and summary of the development concepts of China’s irrigation districts in different historical periods, Gu et al. [5] believed that ecological irrigation districts should be a new type of district with perfect engineering systems, scientific and efficient resource utilization, healthy irrigation district ecosystems, significant benefits for agriculture and sidings, coordination between irrigation districts and river basins, and sustainable development. Yang et al. [6] proposed that an ecological irrigation district should be guided by the harmony between humans and nature. An ecological irrigation district is a modern and advanced irrigation district mode with healthy ecosystems, efficient use of resources, scientific and orderly management, and support of engineering facilities. The construction of the index system is the primary health evaluation problem in ecological irrigation districts. Bos [7], Bottrall and Mundial [8], and Abernethy [9] presented empirical indexes for performance evaluation when classifying irrigation performance indexes, including productivity, fairness, utility, cost-effectiveness, and sustainability et al., which were mainly used to measure the performance of direct irrigation water elements. Later, Bos [10] further proposed other indexes for irrigation management via a system containing 40 indexes, such as water shortage, maintenance, environmental sustainability, socio-economic and management indexes, etc. In 1990, Brookers [11] indicated that ecological irrigation districts can also continuously maintain the stability of the surrounding environment and keep high productivity and sustainability. Charles et al. [12,13] designed a set of special programs for the comprehensive evaluation of established irrigation systems. The main technical indexes in these programs included uniformity, possible surface runoff, abnormal pressure loss, etc., and the main comprehensive indexes included irrigation district characteristics, crop evaporation, water transport, water quality, power charges and water charges. Many of these indicators require measured results of the operation of the system. Therefore, it is more effective to improve the operation and management level of irrigation systems. Because many indexes need the measured data of the irrigation system, it is more effective to improve the operation and management level of the irrigation system. In 1998, the International Water Management Institute [14] published and reviewed nine irrigation performance indexes, most of which relate the yield of irrigated agriculture to major inputs of water, land, and capital. Furthermore, members of the International Commission on Irrigation & Drainage (ICID) described in detail the types and properties of indexes for irrigation system evaluation, providing a 77 indexes system with a classification of four groups, including water balance, environment, economy, and emerging indexes [15]. They concluded that the indexes of each group should be combined in the evaluation because performance was evaluated from different perspectives.



Due to the complexity of the factors influencing the health of ecological irrigation districts, whether the evaluation model is properly constructed will directly affect the accuracy of the health evaluation of ecological irrigation districts. In recent years, with the rapid development of various evaluation methods and artificial intelligence algorithms, they are widely used in irrigation district evaluations, such as fuzzy set theory, artificial neural network, support vector machine, and so on. Lilenfeld et al. [16] used data envelopment method to estimate the wastewater of agricultural irrigation in Kansas, USA. Komaragiri [17] used the multi-attribute utility theory to evaluate the irrigation system and achieved good results. Okada et al. [18,19] analyzed the engineering transformation of irrigation districts by the analytic hierarchy process (AHP). Garcia-Melon et al. [20] appraised farmland based on the analytic network process. Hu [21] used the fuzzy hierarchical comprehensive evaluation model to evaluate the ecology of irrigation districts. Nowadays, a single evaluation method is usually applied to obtain the evaluation results in most studies [22,23,24,25,26,27,28,29,30,31,32]. However, the results were not always inconsistent even when evaluating the same sample, owing to the different evaluation mechanisms, dimensionless mode, and weights of evaluation indexes. There are two shortcomings in the single evaluation method: (1) the single evaluation method only evaluates the evaluation object from a certain angle, which leads to information loss and omission; (2) different single evaluation methods obtain different evaluation ranking, but there is currently no unified method to judge the advantages and disadvantages of various evaluation methods. It is common to have inconsistency in various evaluation methods. It is also incomplete to use only one method for evaluation. In order to solve the above problems, a combination evaluation methods is put forward to combine each single evaluation result. In order to achieve the purpose of using more sample information, various single evaluation methods with the same property are integrated together through a combined evaluation method to eliminate the boundedness of a single evaluation method.



Ningxia Yellow River Diversion Irrigation district is located in the upper reaches of the Yellow River between the Lower Riverside and Shizuishan hydrological stations, along the two sides of the Yellow River terrain, which presents a “J”-shaped zoning distribution. It is located in a mid-temperate arid area with a continental climate, with characteristics of drought, little rain and strong evaporation. The Helan County of Ningxia Hui Autonomous Region is located in the core area of the Yellow River Diversion Irrigation district. The construction of the ecological irrigation district is of great significance to protect the Yellow River ecology and achieve the sustainable development of the local ecological economy. In this study, ecological health evaluation was carried out taking the Helan County ecological irrigation district as an example. Firstly, the geographical location and natural conditions of this ecological irrigation district are described. Secondly, evaluation indexes and their criteria of ecological health in the irrigation district are established, including three primary indexes of ecological environment, modernization level, and agricultural production and benefit, and 20 secondary indexes. Thirdly, a combination evaluation method named deviation maximization combined evaluation method combining the Topsis method, entropy weight evaluation method, fuzzy pattern recognition model, and variable fuzzy model is established. Finally, the main factors affecting the evaluation results are identified via grey correlation analysis, proposing the rectification measures for irrigation districts subsequently. The structure of this article is shown in Figure 1.




2. Materials and Methods


2.1. Study Area


Helan County is located in the north-central part of the Ningxia Hui Autonomous Region, under the jurisdiction of Yinchuan City, China. The geographical coordinates are between 105°53′ E~106°36′ E and 38°26′ N~38°48′ N, with a land area of 1595.5 km2. The specific geographical location is shown in Figure 2. Helan County is mainly composed of western mountains and central and eastern plains. The altitude of Helan Mountain in the west is more than 1400 m. The sloping plain in the eastern foot of Helan Mountain and the Yellow River alluvial plain in the center and east are 1122~1400 m and 1000~1122 m above sea level, respectively. The Yellow River alluvial plain has a flat terrain and deep soil layer, which has been cultivated for more than 2000 years.



The Helan ecological irrigation district is adjacent to the Helan Mountain in the west and the Yellow River in the east, which is located in the north-central part of the Qingtongxia irrigation district. It belongs to the temperate continental monsoon climate with annual sunshine hours ranging from 2851 to 3106 h, an effective cumulative temperature of 1534.9 °C, and an effective cumulative temperature of 961.6 °C from July to September. The multi-year mean relative humidity is 58.0% with the lowest and highest value of 45.7% and 71.7%. The annual average wind speed is 2.2 m/s. Sandstorms mostly occur in spring and soil erosion is relatively heavy. The annual precipitation is 193 mm, which is mostly concentrated in June to September of each year, accounting for 80% of the annual precipitation. More precisely, 50–60% of the annual precipitation concentrates in July to August. The annual evaporation capacity is 1716.8 mm varying greatly within a year, which is mainly influenced by air temperature, sunshine, humidity, and wind speed. In winter, the evaporation capacity is small, and Helan County is rich in light, water, and heat resources, which is conducive to the growth, development, and nutrient accumulation of crops.




2.2. Construction of Health Evaluation Index System of Ecological Irrigation Districts


2.2.1. Principles for Constructing a Health Evaluation Index System of Ecological Irrigation Districts


A reasonable evaluation index system is the basis of ecological irrigation district evaluation. The principles of representativeness, systematicness, gradation, independence, and operability should be considered when selecting evaluation indexes for an ecological irrigation district. Representativeness means that the selected indexes should be able to characterize the essential features of the ecological irrigation district. Meanwhile, each index should characterize the health features of the ecological irrigation district from various different perspectives. Systematicness means that the selected indexes must form a complete system. Gradation means that the selected indexes should be composed of different levels and elements. Independence means that the selected indexes should avoid overlapping information as much as possible. Operability means that the selected indexes should be easy to obtain and calculate.




2.2.2. Health Evaluation Index System of the Ecological Irrigation District


A reasonable index system for evaluating the health of the ecological irrigation district was established with reference to existing results. This system considered the principles of index selection and the actual condition of the ecological irrigation district in Helan County, with the ecological health of the irrigation district as an evaluation objective. This evaluation index system includes 3 primary indexes and 20 secondary indexes, of which the 3 primary indexes are the ecological environment, the modernization level, and the agricultural production and benefit of the irrigation district. The meaning and unit of each index are shown in Table 1.



By consulting statistical yearbooks of Helan County, Yinchuan City and the Ningxia Hui Autonomous Region, water resource bulletins of Yinchuan City and the Ningxia Hui Autonomous Region, the Ningxia water conservancy statistical bulletin, the Helan county development planning and water resource allocation plan etc., the data of 20 secondary indexes of the Helan ecological irrigation district from 2007 to 2016 was collected.




2.2.3. Classification of Health Evaluation Indexes of Ecological Irrigation Districts


It is also crucial to establishing criteria for evaluation indexes to evaluate the health condition of ecological irrigation districts, which directly affects the scientificity of the evaluation results. There are no recognized criteria for the health evaluation of ecological irrigation districts. The following five principles are generally followed: (1) the service function of the ecological environment could not be damaged; (2) the current situation and future development should be reflected objectively and benefit; (3) should be able to help people to stay healthy; (4) should be able to quantify through mathematical models; (5) the criteria should be higher than the background value.



Based on China’s national, industry, and local standards, international standards, and the situation of the ecological irrigation district in Helan County, the primary and secondary indexes are classified as five grades, which are very healthy (Grade I), healthy (Grade II), sub-healthy (Grade III), unhealthy (Grade IV), and morbid (Grade V). The evaluation criteria of each index are shown in Table 2.





2.3. Methods


2.3.1. Weight Calculation Approaches


The weight calculation approaches adopted in this paper are Analytical Hierarchy Process (AHP), Entropy Weight Method (EWM), and combined weighting method.



AHP is one of the multi-criteria evaluation techniques and decision-making methods, which was developed by Saaty [33]. It enables us to garner priority of the goal element according to pairwise comparisons of elements in a clustering group. These pairwise comparisons accrue relative measurement considering tangible and intangible factors of the goal by the decision-maker [34].



Entropy is a concept in thermodynamics, which was first introduced in information theory by Shannon [35], and is now widely used in engineering technology, social economy, and other fields. EWM is proposed as a measurement for uncertainty in information and formulated in terms of probability theory. The uncertainty of data in communication processes is called information entropy; the lower the information entropy is, the higher the weight will be. The EWM works in steps as follows:



Step 1: The collected historical data of the secondary indexes mentioned in Section 2.2 are formulated as an information decision matrix X = (xij)m×n (i = 1, 2, ..., m; j = 1, 2, ..., n); m represents the number of secondary indexes, n is the total number of years.



Step 2: The initial decision matrix X is standardized to obtain the standardizing decision matrix B = (bij)m×n.



Step 3: The information entropy for each evaluation index i is defined as:


   e i  = −     ∑   j = 1  n   s  i j   l n  s  i j     / l n n  



(1)






   s  i j   =   1 +  b  i j     /   ∑   j = 1  n    1 +  b  i j      



(2)




when sij = 0 or 1, sijln(sij) = 0.



Step 4: The weight obtained from information entropy for each index i is expressed as follows:


   w i  =  d i  /   ∑   i = 1  m   d i   



(3)




where di is index difference coefficient, di = 1 − ei, and   0 ≤  w i  ≤ 1  , and     ∑   i = 1  m   w i  = 1  .



AHP is simple and convenient. However, the weight calculated by it is subjective and arbitrary on the part of experts. In contrast, EWM is less influenced by subjectivity. Nevertheless, the obtained values are restricted by samples in evaluation and results vary to some degree with the same data by different calculation methods. The combined weighting method is based on the combination of AHP and EWM, which exhibits the advantages of human experience and judgment and the objectivity of objectives.



Suppose the weight calculated by EWM is w1, the weight calculated by AHP is w2, and the combined weight is w, which is determined as follows:


w = tw1+ (1 − t) w2



(4)




where t is the proportion of the weight calculated by EWM in the combined weight.




2.3.2. Evaluation Methods


(1) Topsis method



The Topsis method was introduced by Hwang and Yoon [36]. It assumes a distance calculation where the ideal solution must have the shortest distance to the positive ideal solution and the longest distance to the negative ideal solution. It is a common method for multi-objective decision analysis, which is widely used in many fields such as benefit evaluation, decision-making, and management.



(2) Entropy weight evaluation method (EWEM)



According to the bij calculated by EWM, the evaluation value EVj for the jth year is as follows:


  E  V j  =   ∑   i = 1  m   b  i j   ×  w i   



(5)




where wi is the weight of index j. The larger the evaluation value, the better the evaluation object.



(3) Fuzzy pattern recognition model (FPRM) and variable fuzzy model (VFM)



Fuzzy sets theory was first presented by Zadeh in 1965 and has been applied in many fields. Based on this, Chen proposed the multi-objective fuzzy optimum selection model, fuzzy pattern recognition model [37] and variable fuzzy model [38], etc. The advantage of the above methods is that they can not only rank different samples according to their superiority and inferiority, but also obtain the membership degree of each sample to the superior one. In this paper, the fuzzy pattern recognition model (FPRM) and the variable fuzzy model (VFM) are used to evaluate the health of the ecological irrigation district.



(4) Deviation maximization combined evaluation method



The evaluation results of different evaluation methods are not the same due to the different principles of various evaluation methods. The combined evaluation method was employed to solve this problem. The combined evaluation method appropriately combines the evaluation results of different evaluation methods, and comprehensively uses the information provided by various methods to improve the evaluation and accuracy levels as much as possible. The essence of combined evaluation is to determine the weight of each evaluation method through a combined evaluation method without human intervention, to ensure that each evaluation method is “fair competition” in the combined evaluation method, and to improve the accuracy of the final combined evaluation value. Deviation maximization combined evaluation method is adopted in this paper, and the steps are as follows:



Step 1: Consistency test of ranking results



The Kendall-W coefficient is applied to test the consistency of the evaluation results of multiple evaluation methods [39]. If the evaluation results of various evaluation methods are consistent, then go to step 2; if they are inconsistent, perform the consistency test of pairwise methods, and then select several evaluation methods with consistency.



Suppose the ranks of n evaluation objective obtained and m evaluation methods are represented by the matrix PX = (pxij)n×m, and the evaluation values are represented by matrix PJ = (pjij)n×m, where pxij and pjij are the ranking value and evaluation value of the ith (i = 1, 2, …, n) evaluation object calculated by the jth (j = 1,2, …, m) evaluation methods, respectively.



Suppose that:


   χ 2  = m   n − 1   W  



(6)






  W =   12   ∑   i = 1  n   r i 2  − 3  m 2  n     n + 1    2    /    m 2  n    n 2  − 1      



(7)






   r i  =   ∑   j = 1  m  p  x  i j    



(8)




where    χ 2    obeys the chi-square distribution with freedom degrees (n − 1). Given the significance level α, check the chi-square distribution table to determine    χ α 2    n − 1    . When    χ α 2    n − 1    , it indicates that the evaluation methods are consistent at the significance level α; otherwise, they are not consistent.



Step 2: Constructing the deviation maximization combined evaluation method



The results of the combination evaluation method are generally divided into two forms: ranking value and evaluation value. In comparison, the evaluation value has more information than the ranking value. The deviation maximization combined evaluation method can combine the evaluation values of various evaluation methods to obtain an evaluation value that can cover all information. The specific process is as follows [40]:



① PJ is standardized to obtain PJ* = (pjij*)n×m by using Equations (9)–(11).



The larger the evaluation value, the better.


  p  j  i j     *  =   p  j  i j   − p  j  i m i n     p j i m i  n  i m a x      



(9)







The smaller the evaluation value, the better.


  p  j  i j     *  =   p j i  j  i m a x     p j i m a  x  i m a x      



(10)







The closer the evaluation value is to a median, the better,


  p  j  i j     *  = 1 −     p  j  i j   − p  j i *        m a x   t = 1 , 2 , ⋯ , n     p  j  i t   − p  j i    *       



(11)




where pji* is the ideal value of index i.



② Solve the real symmetric matrix according to Equation (12).


  H =     P  J *     T  P  J *   



(12)







③ The maximum eigenvalue and standard eigenvector λ′ of H are solved.



④ Determine the combined weight vector λj according to the value of each component in λ′, where:



If λj′ ≥ 0, then:


   λ j  =  λ j ′  / ∑  λ j ′   



(13)







If λj′ ≤ 0, then:


   λ j  = −  λ j ′  / ∑    λ j ′     



(14)







⑤ Solve the combined evaluation values by Equation (15) and sort them.


   Z i  =   ∑   j = 1  m   λ j  p  j  i j     *   



(15)







Step 3: Spearman’s post-consistency test of combined evaluation



Although the evaluation results obtained by the combined evaluation method are more scientific and reasonable than those of a single method, a certain random deviation may also occur. Spearman rank correlation coefficient is used for the post-consistency test of combination evaluation in this paper.



① Calculate the rank correlation coefficient dj between the ranking values of the combined evaluation method and those of a single evaluation method by Spearman rank correlation coefficient Equation (16) and solve for the average value of dj,


   d j  = 1 −   6   ∑   i = 1  n   D i 2    n    n 2  − 1      



(16)




where Di is the rank difference of ith evaluation object between the rank of the combined evaluation method and that of a single evaluation method.



② Calculate the test statistics t by Equation (17). Given the significance level α = 0.01, check the t distribution table to determine t0.01. If t > t0.01, it indicates that the combined evaluation method is closely related to the four single evaluation methods, so the evaluation results calculated by the combined evaluation method have higher credibility; otherwise, it is not credible.


  t =  d ¯        n − 2       1 −    d ¯   2         



(17)








2.3.3. Grey Correlation Analysis


It is effective to use the grey correlation analysis theory established by Deng [41] in 1982 when it comes to uncertain systems. The object of grey system theory is a small sample consisting of partial information known and partial information unknown, as well as poor information and uncertain systems. The grey system model has no special requirements or restrictions on the experimental observation data. As a very simple and easy-to-learn new theory, the grey system theory has a very vast application field. For this study, the main indexes affecting the evaluation results were found out by grey correlation analysis.






3. Results


3.1. Weight Calculation


The weights of each primary index and secondary index of EWM calculates as follows: ① the data of the secondary indexes from 2007 to 2016 are standardized; ② the entropy values and index difference coefficients of the secondary indexes included in the ecological environment, modernization level, and agricultural production and benefit are calculated according to Equation (1); ③ the index difference coefficients of the 9 secondary indexes included in the ecological environment of the irrigation district are brought into Equation (3). The weight of each secondary index in the ecological environment is further calculated. Similarly, the weight of each secondary index of the modernization level and the agricultural production and benefit is calculated, which are shown in the second column of Table 3; ④ the indexes’ difference coefficients of the three primary indexes are brought into Equation (3) to calculate the weight of each primary index, and the results are 0.4761, 0.2652, 0.2587.



In AHP, the primary indexes are the first level of the hierarchical architecture, and the secondary indexes are the second level. The weights of secondary indexes calculated by AHP are shown in the third column of Table 3. The weights of primary indexes are 0.5, 0.25, 0.25.



The weight calculated by EWM is assigned to 0.8, and the weight calculated by AHP is 0.2, for the purpose of eliminating the one-sidedness of the calculation results of one weight calculation method, fully considering the importance of indexes reflected in historical data, and reducing the impact of human factors. Therefore, the combination weight w = 0.8w1 + 0.2w2 is shown in the fourth column of Table 3. The combined weights of primary indexes are 0.4809, 0.2622, 0.2569.




3.2. Calculation Results of Single Evaluation Method


The classification threshold values of the secondary indexes (I-II classification threshold values, II-III classification threshold values, III-IV classification threshold values, IV-V classification threshold values) and the irrigation district index data from 2007 to 2016 are used as the research object for evaluation. Moreover, the evaluation values of three primary indexes and the health of the ecological irrigation district are further calculated. As listed in Table A1, Table A2, Table A3 and Table A4, the evaluation results of the Topsis method is calculated by DPS, as well as the evaluation results of EWEM, FPRM, and VFM calculated by VB programming. The index weights used in the four methods are combined weights.



It can be seen from Table A1, Table A2, Table A3 and Table A4 that the evaluation values and ranks calculated by different methods are different even for the best and worst evaluation objects. It is impossible to decide which evaluation method is more reasonable. Therefore, the deviation maximization combined evaluation method is proposed to comprehensively consider the evaluation results of the above four evaluation methods.




3.3. Combined Evaluation Method


The evaluation results of different evaluation methods are not the same due to the different principles of various evaluation methods. However, the combined evaluation method can overcome this problem. Therefore, the deviation maximization combined evaluation method is applied to evaluate the health of the ecological irrigation district in Helan County.



(1) Consistency test of ranking results



The number of evaluation objects n = 14 and the evaluation method m = 4.



The ranking values of the ecological environment of the irrigation district calculated by the above four evaluation methods are shown in Table A1, Table A2, Table A3 and Table A4, from which     ∑   i = 1   14    r i 2    can been calculated, that is     ∑   i = 1   14    r i 2  = 15 , 698  . Substitute the parameters corresponding to the ecological environment into Equations (7) and (8), as follows:


  W =   12 × 15 , 698 − 3 ×  4 2  × 14 ×     14 + 1    2    /    4 2  × 14 ×     14  2  − 1     = 0.8511  



(18)






   χ 2  = 4 ×   14 − 1   × 0.8511 = 44.26  



(19)







Taking the significance level α = 0.05, so    χ α    2    13   = 22.36  . Due to    χ 2  = 44.26 >  χ α    2    13   = 22.36  , the evaluation results of the four evaluation methods are consistent and can be used for a combined evaluation.



(2) Determine the weights of the four evaluation methods



① Standardize the matrix PJ of the ecological environment of the irrigation district to obtain the matrix PJ* by Equations (9)–(11), and use Equation (12) to solve the real symmetric matrix H, the results are as follows:


  H =       1.3670     1.5633     1.5266     1.5148       1.5633     2.0269     2.1633     2.0986       1.5266     2.1633     2.6537     2.5299       1.5148     2.0986     2.5299     2.4238        



(20)







② Solve the maximum eigenvalue of H is 7.9876 and the corresponding standard eigenvector λ′ = (0.3719, 0.4947, 0.5656, 0.545). Then according to Equation (13), the weights of the four evaluation methods are λ = (0.1881, 0.2502, 0.2861, 0.2756).



③ Use Equation (15) to calculate the combined evaluation values and ranks. The evaluation results are shown in Table 4.



④ In the same way, the combined evaluation values of the modernization level, the agricultural production and benefit, and the health of the ecological irrigation district are calculated and ranked, as shown in Table 4.



(3) Spearman’s post-consistency test of combined evaluation



Spearman rank correlation coefficients, corresponding averages of the primary index, and three secondary indexes are calculated according to Equation (16). In addition, the test statistic t is calculated according to Equation (17), as shown in Table A5. When taking the significance level α = 0.01, check the t distribution table to get t0.0114 = 2.624. It can be seen from Table A5 that the test statistics t of the ecological environment, modernization level, agricultural production, and benefit and health of the ecological irrigation district are all greater than t0.0114. Consequently, the deviation maximization combined evaluation method has high credibility.



As illustrated in Table A6, the grade threshold values are obtained according to the evaluation values of the classification threshold values. Thus, the health grade of the ecological irrigation district from 2007 to 2016 is acquired, which is listed in Table 5.



(4) Gray correlation analysis



In order to determine the main factors affecting the evaluation results of the ecological irrigation district in Helan County, the secondary indexes are taken as the system element set. Besides, we apply the grey correlation analysis to calculate the grey correlation degrees of the combined evaluation values and the secondary indexes.



As shown in Table 6, this research solves the grey correlation degrees of the ecological environment, modernization level, agricultural production, and benefits of the Helan irrigation district, as well as corresponding secondary indexes. According to the principle of the grey correlation analysis, the greater the grey correlation degree, the greater the impact of the index on the health of the ecological irrigation district. Moreover, a poor, general, better, and strong correlation could be obtained for a grey correlation degree of γi < 0.6, 0.6 < γi < 0.7, 0.7 < γi < 0.8, γi > 0.8. The raw data of secondary indexes with a grey correlation degree greater than 0.8 are drawn in Figure 3.




3.4. Results


As can be seen from Table 4, Table 5 and Table 6 and Figure 3:



(1) The combined evaluation values of the ecological environment of the irrigation district from 2007 to 2016 show an overall increasing trend. The rankings generally show a decreasing trend with a negligible increase in 2009 and 2014. The health grades of 2007 to 2016 are level IV, which corresponds to unhealthy. In summary, although the health grades of the ecological environment were not changed over the years, there is still a trend towards better health for combined evaluation values and ranking. The grey correlation analysis shows that the soil salinity content, groundwater depth, and groundwater salinity are highly correlated, while the water area rate is poorly correlated, and other indexes are correlated well. From the Figure 3a–c, it can be seen that the soil salt content curve shows a decreasing trend from 2007 to 2016, the groundwater depth curve shows an increasing trend, and the groundwater salinity curve shows a trend of increasing, decreasing and then increasing. Compared with the evaluation criteria of the three indexes in Table 2, the three indexes have a better trend in values and grades, which is the reason for the improvement of the ecological environment.



(2) The combined evaluation values of the modernization level of the irrigation district present a trend of increasing and then decreasing, which rise sharply from 2007 to 2014 and then decline slightly from 2014 to 2016. The rankings first decrease and then rise with an overall downward trend. The health grades are IV in 2007 to 2009, grade III from 2010 to 2012 and 2016, and grade II from 2013 to 2015, respectively. To summarize, the health of the modernization level over the years has shown a trend of becoming better before becoming worse. The grey correlation analysis shows that the canal lining rate, the ratio of the efficient water-saving irrigation area and the information level of the irrigation district are highly correlated. From the Figure 3d–f, it can be seen that the canal lining rate curve increases at first and then is stable from 2007 to 2016, the ratio of the efficient water-saving irrigation area curve shows an overall increasing trend, and the information level of the irrigation district curve decreases. Compared with the evaluation criteria of the three indexes in Table 2, the three indexes have a better trend in values and grades, which is the reason for the improvement of the modernization level of the irrigation district.



(3) The combined evaluation values of agricultural production and benefit of the irrigation district show an overall upward trend, with a slight decrease from 2007 to 2008 and a steady increase from 2008 to 2016. The rankings show a downward trend with a slight increase in 2008. For health grade, it was grade IV from 2007 to 2009, grade III from 2010 to 2015, and grade II in 2016. As discussed above, the health grades of the agricultural production and benefit show a trend of gradual improvement over the years. The grey correlation analysis suggests that the water productivity, agricultural unilateral aquatic output value, irrigation water consumption per mu, and coefficient of the effective utilization of farmland irrigation water are highly related. From the Figure 3g–j, it can be seen that the water productivity curve, the agricultural unilateral aquatic output value curve and the coefficient of the effective utilization of farmland irrigation water curve show an increasing trend from 2007 to 2016, the irrigation water consumption per mu curve shows a decreasing trend. Compared with the evaluation criteria of the four indexes in Table 2, the four indexes have a better trend in values and grades, which is the reason for the improvement of the agricultural production and benefit of the irrigation district.



(4) The combined evaluation values of the health of the ecological irrigation districts show a steady upward trend, and the evaluation value gradually increases from 2007 to 2016. The rankings show a downward trend. In 2016, it ranks the first with the highest degree of ecological health, while in 2007 it falls to the 10th with the lowest degree. The health grades are IV from 2007 to 2011 and III from 2012 to 2016. In summary, the health of the ecological irrigation district has a trend of gradual improvement over the years.





4. Discussion


4.1. Construction of Health Evaluation Index System of Ecological Irrigation District


The construction of the index system is the focus of evaluation research [42]. How to reasonably determine an evaluation index system based on different evaluation objects and purposes is the primary problem of health evaluation in ecological irrigation districts [32].



The construction of traditional irrigation districts pay more attention to engineering than ecology, which exposed a series of ecological problems. In the new era, China puts forward new requirements for traditional irrigation districts: we need the transition from the pursuit of engineering benefits to the pursuit of sustainable development, and pay more attention to the protection of the ecological environment. At present, the studies on irrigation district evaluation mainly focus on water-saving irrigation benefit evaluation, agricultural water-saving benefit evaluation, irrigation district operation benefit evaluation, and so on. But these evaluation studies rarely considered ecological and environmental factors. The understanding of ecological irrigation district health and its evaluation is still in the primary stages. How to construct the health evaluation index system of ecological irrigation districts based on the meaning of ecological irrigation districts and then evaluating and guiding the ecological irrigation district is key to the evaluation of ecological irrigation districts. Taking the ecological health of irrigation districts as the research object, this study comprehensively described the health status of the ecological irrigation district from three aspects: the ecological environment, the modernization level, and the agricultural production and benefit of the irrigation district.



Nine secondary indexes were set to reflect the ecological environment of the irrigation district, as shown in Table 1. Forest coverage rate, a commonly used indicator to evaluate terrestrial environmental conditions, is closely related to anthropogenic activities, livestock breeding, deforestation monitoring, and climate change [43,44,45,46]. Therefore, it is regarded as one of the secondary indexes of the ecological environment of the irrigation district. Groundwater is a crucial water source for irrigation and plays a substantial role in securing global food production [47,48,49]. The abnormal change of groundwater table will cause many ecological and environmental problems. When the groundwater table is too high, it will cause problems such as soil salinization; when it is too low, it will cause soil desertification and vegetation degradation. Therefore, there is a reasonable range of groundwater table in a certain district of the irrigation district. If the groundwater table is maintained within this range, the ecological environment of the irrigation district will not develop well, on the contrary, it will become worse. Therefore, the groundwater depth is selected as the secondary evaluation index in this study.



In addition, the factors which affect the water ecological environment, such as groundwater salinity, ammonia nitrogen concentration in surface water, soil salt content, pesticide application intensity and fertilizer application intensity, are also selected as secondary evaluation indexes.



Ecological irrigation districts are an advanced stage of modern irrigation districts, so the modernization level of the irrigation district is regarded as the second primary index of the health evaluation of an ecological irrigation district. The secondary indexes include the canal lining rate, effective irrigation area ratio, ratio of efficient water-saving irrigation area, total power of agricultural machinery, informatization level of irrigation district, etc.



Efficient irrigation water management has to be carried out to save water and maximize its productivity [50,51]. Supplemental irrigation and limited or deficit irrigation are effective ways to reduce irrigation water use and improve crop water use efficiency (WUE) [52,53]. It can be seen that the grain yield and water use efficiency are important indexes to characterize the quality of the irrigation district.



The ecological irrigation district should have high yield under a healthy ecological environment, and finally form a water-saving ecological irrigation district with excellent ecological environment, high economic benefits, perfect irrigation district functions, scientific and effective water resource allocation, and high ecological benefits per unit water volume. Therefore, agricultural production and benefit are regarded as the third primary index of the health evaluation of the ecological irrigation district. The secondary indexes include agricultural unilateral aquatic output value, grain yield, average irrigation water consumption per mu, coefficient of effective utilization of farmland irrigation water, water productivity, cropping intensity, etc.



In summary, the primary and secondary indexes selected in this study can represent the essential characteristics of the ecological irrigation district and each index can represent the health characteristics of the ecological irrigation district from different angles. The most important is that these indexes are easy to obtain and have strong operability.




4.2. Determination of Index Weight


How to reasonably identify the weight of indexes is central to the construction of a health evaluation model of an ecological irrigation district. Whether the index weight is reasonable or not affects the correctness and scientificity of the evaluation results to a great extent. At present, the methods to determine the index weight are divided into three categories, namely, subjective weighting method, objective weighting method and combination weighting method. The subjective weighting methods determine the index weight according to the attention of decision makers to the index, such as AHP [33], the TACTIC method [53] and the Delphi method [54], etc. The weights determined by the objective weighting methods are calculated from the actual data of each index, such as principal component analysis [55], EWM [35], and the multi-objective programming method [56], etc. The weights calculated by combination weighting methods are obtained by the combination of subjective and objective weights, such as the multiplicative combination weighting method, the additive combination weighting method, the linear weighting method, and the multi-attribute decision-making weighting method, and so on.



Presently, most of the research has used a single subjective weighting method or objective weighting method to determine the index weight. For example, Hu [21], Fang et al. [22], Zhao [23], and Chang [25] adopted subjective weighting methods, in which the first three used AHP, and the fourth one was based on expert opinions. Li [24], Zhao [57], and Wang [29] used EWM, the coefficient of variation method, and the random forest model, respectively, to determine the index weight, which are all objective weighting methods.



The subjective weighting method and the objective weighting method have their own advantages and disadvantages. The index weight obtained by the subjective weighting method is given subjectively by experts according to their personal experience and judgment, which is easy to implement but has great subjectivity and arbitrariness. The subjectivity of the objective weighting method is small, but the weight is restricted by the samples participating in the evaluation. Sometimes the weights calculated by different samples are quite different, and the weights calculated by different methods are different under the same samples. In order to take into account the empirical judgment of decision-makers and reflect the objective characteristics of indexes, this paper combines AHP and EWM to determine the index weight to avoid the one-sidedness of the evaluation results caused by a single weighting method in existing research.




4.3. Construction of Health Evaluation Models of Ecological Irrigation Districts


At present, most evaluations of irrigation districts are used as a single evaluation method. For example, Lilenfeld et al. [16], Komaragiri [17], and Garcia-Melon et al. [20] adopted the data envelopment method, multi-attribute utility theory, and analytic network process, respectively, to evaluate the irrigation system. Okada et al. [18,19] analyzed the engineering transformation of irrigation districts by AHP. Hu [21], Fang et al. [22], Zhao [23], Li et al. [24], and Chang [25] applied the fuzzy set theory to evaluate ecological irrigation districts. Qie et al. [26], Ye et al. [27], and Shekofteh [28] used neural network or its improved algorithm to evaluate the cultivated land quality. Lai et al. [29], Jiang et al. [30] and Khamoshi et al. [31] adopted a support vector machine, a projection pursuit classification model, and a random forest to evaluate operation status of irrigation district, respectively.



As can be seen from Table A4, ① the ranks calculated by different methods are different even for the best and worst evaluation objects; ② the evaluation objects with the largest gaps are different when comparing any two evaluation methods; ③ the evaluation results of FPRM and VFM are the closest, followed by EWEM, FPRM and VFM, and the difference of evaluation results between Topsis and the other three evaluation methods is the biggest. The reason for the inconsistency of different evaluation results is that the principle of different evaluation methods and the amount of information of the samples mined by different evaluation methods are different. Because it is difficult to judge which method is more reasonable, this paper adopts a deviation maximization combined evaluation method to combine each single evaluation result. This combination evaluation method includes three parts: pre-test, combination evaluation model, and post-test. The pre-test can ensure that the evaluation results are combined under the premise of consistency. The combination evaluation model can combine the evaluation values of various methods, rather than the ranks, so it can cover more information from a single evaluation result. The post-test can effectively avoid the random deviation of the combination evaluation results. The three parts of this combination evaluation method proposed in this paper effectively ensure the rationality of the combination evaluation results.





5. Conclusions


The combined evaluation values of the ecological environment, the agricultural production, and the benefit of the irrigation district show an overall increasing trend, while those of the modernization level of the irrigation district present an increasing and then decreasing trend. The health grades of the ecological environment have an unhealthy status (Grade IV) from 2007 to 2016; those of the modernization level range from the unhealthy status (Grade IV) from 2007 to 2009, to the sub-health status (Grade III) from 2010 to 2012, then to the health status (Grade II) from 2013 to 2015, and finally to the sub-health status (Grade III) in 2016; and those of the agricultural production and benefit range from the unhealthy status (Grade IV) from 2007 to 2009, then to the sub-health status (Grade III) from 2010 to 2015, and finally to the health status (Grade II) in 2016. Through the evaluation of the ecological irrigation district in Helan County from 2007 to 2016, it is found that there existed an unhealthy status (Grade IV) from 2007 to 2011 and a sub-healthy status (Grade III) from 2012 to 2016. From the steadily rising evaluation values, it can be seen that the ecological health status of the Helan irrigation district is gradually improving. Grey correlation analysis showed that in order to improve the ecological health of the Helan irrigation district, it is necessary to improve soil properties, reduce soil salinity and groundwater mineralization, increase canal lining, promote efficient water-saving irrigation equipment and information technology, and enhance the intelligent management of agricultural irrigation so as to increase agricultural production, reduce water consumption, and environmental pollution.
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Table A1. Evaluation values and ranks of ecological environments.






Table A1. Evaluation values and ranks of ecological environments.





	
Evaluation Object

	
Topsis

	
EWEM

	
FPRM

	
VFM




	
Evaluation Value

	
Rank

	
Evaluation Value

	
Rank

	
Evaluation Value

	
Rank

	
Evaluation Value

	
Rank






	
I-II

	
0.9444

	
1

	
0.9745

	
1

	
1.5

	
1

	
1.5

	
1




	
II-III

	
0.5443

	
2

	
0.7698

	
2

	
2.5

	
2

	
2.5

	
2




	
III-IV

	
0.3141

	
3

	
0.5382

	
3

	
3.5

	
9

	
3.5

	
3




	
IV-V

	
0.2176

	
4

	
0.3325

	
11

	
4.5

	
14

	
4.5

	
14




	
2007

	
0.1121

	
10

	
0.2658

	
13

	
3.69

	
11

	
3.722

	
11




	
2008

	
0.1065

	
12

	
0.3036

	
12

	
3.717

	
12

	
3.726

	
12




	
2009

	
0.1056

	
14

	
0.2163

	
14

	
3.749

	
13

	
3.753

	
13




	
2010

	
0.1064

	
13

	
0.336

	
9

	
3.554

	
10

	
3.61

	
8




	
2011

	
0.1114

	
11

	
0.3326

	
10

	
3.461

	
8

	
3.649

	
10




	
2012

	
0.1195

	
9

	
0.3427

	
8

	
3.408

	
6

	
3.613

	
9




	
2013

	
0.1572

	
6

	
0.3622

	
6

	
3.383

	
4

	
3.512

	
6




	
2014

	
0.1374

	
8

	
0.3568

	
7

	
3.435

	
7

	
3.606

	
7




	
2015

	
0.1539

	
7

	
0.4009

	
5

	
3.393

	
5

	
3.505

	
4




	
2016

	
0.1646

	
5

	
0.4108

	
4

	
3.372

	
3

	
3.508

	
5








Note: I-II represents I-II classification threshold value; II-III represents II-III classification threshold value; III-IV represents III-IV classification threshold value; IV-V represents IV-V classification threshold value.
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Table A2. Evaluation values and ranks of modernization levels.






Table A2. Evaluation values and ranks of modernization levels.





	
Evaluation Object

	
Topsis

	
EWEM

	
FPRM

	
VFM




	
Evaluation Value

	
Rank

	
Evaluation Value

	
Rank

	
Evaluation Value

	
Rank

	
Evaluation Value

	
Rank






	
I-II

	
0.5242

	
6

	
0.948

	
1

	
1.5

	
1

	
1.5

	
1




	
II-III

	
0.4583

	
7

	
0.6426

	
3

	
2.5

	
5

	
2.5

	
2




	
III-IV

	
0.3691

	
13

	
0.2898

	
10

	
3.5

	
10

	
3.5

	
9




	
IV-V

	
0.412

	
12

	
0.0431

	
14

	
4.5

	
14

	
4.5

	
14




	
2007

	
0.413

	
11

	
0.0777

	
13

	
4.053

	
13

	
4.434

	
13




	
2008

	
0.4184

	
9

	
0.1076

	
12

	
4.011

	
12

	
4.295

	
12




	
2009

	
0.4181

	
10

	
0.1425

	
11

	
3.933

	
11

	
4.096

	
11




	
2010

	
0.3362

	
14

	
0.3331

	
9

	
3.369

	
9

	
3.563

	
10




	
2011

	
0.4443

	
8

	
0.4187

	
8

	
3.129

	
8

	
3.351

	
8




	
2012

	
0.572

	
4

	
0.4972

	
7

	
2.855

	
7

	
3.05

	
7




	
2013

	
0.7359

	
1

	
0.601

	
5

	
2.322

	
3

	
2.682

	
5




	
2014

	
0.6791

	
2

	
0.7116

	
2

	
2.235

	
2

	
2.536

	
3




	
2015

	
0.5456

	
5

	
0.6074

	
4

	
2.395

	
4

	
2.666

	
4




	
2016

	
0.5959

	
3

	
0.5279

	
6

	
2.815

	
6

	
2.825

	
6
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Table A3. Evaluation values and ranks of agricultural production and benefit.






Table A3. Evaluation values and ranks of agricultural production and benefit.





	
Evaluation Object

	
Topsis

	
EWEM

	
FPRM

	
VFM




	
Evaluation Value

	
Rank

	
Evaluation Value

	
Rank

	
Evaluation Value

	
Rank

	
Evaluation Value

	
Rank






	
I-II

	
0.8224

	
1

	
0.8878

	
1

	
1.5

	
1

	
1.5

	
1




	
II-III

	
0.6408

	
3

	
0.672

	
3

	
2.5

	
3

	
2.5

	
2




	
III-IV

	
0.353

	
10

	
0.3741

	
10

	
3.5

	
10

	
3.5

	
12




	
IV-V

	
0.1418

	
14

	
0.1255

	
14

	
4.5

	
14

	
4.5

	
14




	
2007

	
0.2833

	
13

	
0.236

	
13

	
3.589

	
12

	
3.472

	
10




	
2008

	
0.3008

	
12

	
0.2413

	
12

	
3.698

	
13

	
3.517

	
13




	
2009

	
0.3346

	
11

	
0.3182

	
11

	
3.545

	
11

	
3.478

	
11




	
2010

	
0.3997

	
9

	
0.4269

	
9

	
3.199

	
9

	
3.261

	
9




	
2011

	
0.4408

	
8

	
0.4736

	
8

	
3.063

	
8

	
3.124

	
5




	
2012

	
0.4892

	
7

	
0.496

	
6

	
3

	
7

	
3.139

	
6




	
2013

	
0.5202

	
6

	
0.4928

	
7

	
2.99

	
6

	
3.211

	
8




	
2014

	
0.5338

	
5

	
0.4984

	
5

	
2.951

	
5

	
3.18

	
7




	
2015

	
0.5966

	
4

	
0.5818

	
4

	
2.807

	
4

	
2.97

	
4




	
2016

	
0.7214

	
2

	
0.791

	
2

	
2.319

	
2

	
2.693

	
3
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Table A4. Evaluation values and ranks of health of the ecological irrigation district.






Table A4. Evaluation values and ranks of health of the ecological irrigation district.





	
Evaluation Object

	
Topsis

	
EWEM

	
FPRM

	
VFM




	
Evaluation Value

	
Rank

	
Evaluation Value

	
Rank

	
Evaluation Value

	
Rank

	
Evaluation Value

	
Rank






	
I-II

	
0.9214

	
1

	
1

	
1

	
1.5

	
1

	
1.5

	
1




	
II-III

	
0.5321

	
2

	
0.709

	
2

	
2.5

	
2

	
2.5

	
2




	
III-IV

	
0.25

	
3

	
0.3594

	
7

	
3.5

	
10

	
3.5

	
9




	
IV-V

	
0.1296

	
9

	
0.0737

	
14

	
4.5

	
14

	
4.5

	
14




	
2007

	
0.0617

	
14

	
0.0787

	
13

	
4.005

	
12

	
3.86

	
13




	
2008

	
0.0673

	
13

	
0.1131

	
11

	
4.018

	
13

	
3.85

	
12




	
2009

	
0.078

	
12

	
0.0937

	
12

	
3.872

	
11

	
3.808

	
11




	
2010

	
0.0943

	
11

	
0.2615

	
10

	
3.347

	
9

	
3.502

	
10




	
2011

	
0.1155

	
10

	
0.2999

	
9

	
3.16

	
8

	
3.451

	
8




	
2012

	
0.1499

	
8

	
0.3366

	
8

	
3.043

	
7

	
3.357

	
7




	
2013

	
0.2007

	
5

	
0.3779

	
6

	
3.002

	
6

	
3.214

	
5




	
2014

	
0.1852

	
6

	
0.4085

	
5

	
2.998

	
5

	
3.263

	
6




	
2015

	
0.1852

	
7

	
0.4344

	
4

	
2.992

	
4

	
3.169

	
4




	
2016

	
0.2266

	
4

	
0.4881

	
3

	
2.982

	
3

	
3.158

	
3
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Table A5. Spearman’s post-consistency test.






Table A5. Spearman’s post-consistency test.





	
Evaluation Object

	
Spearman Rank Correlation Coefficients

	
Average Value

	
t




	
Topsis Method

	
EWEM

	
FPRM

	
VFM






	
Ecological environment

	
0.7231

	
0.9692

	
0.8945

	
0.9780

	
0.8912

	
6.8062




	
Modernization level

	
0.7714

	
0.9824

	
1

	
0.9648

	
0.9297

	
8.7420




	
Agricultural production and benefit

	
0.9956

	
0.9912

	
1

	
0.9385

	
0.9813

	
17.6693




	
Health of ecological irrigation district

	
0.8505

	
0.9912

	
0.9824

	
0.9912

	
0.9538

	
11.0032
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Table A6. Classification threshold values.






Table A6. Classification threshold values.





	
Evaluation Object

	
Threshold Values




	
I

	
II

	
Ⅲ

	
IV

	
V






	
Ecological environment

	
>1

	
0.6555~1

	
0.3402~0.6555

	
0.0634~0.3402

	
<0.0634




	
Modernization level

	
>0.8804

	
0.5840~0.8804

	
0.2613~0.5840

	
0.0428~0.2613

	
<0.0428




	
Agricultural production and benefit

	
>1

	
0.6967~1

	
0.3255~0.6967

	
0~0.3255

	
<0




	
Health of ecological irrigation district

	
>1

	
0.6495~1

	
0.3062~0.6495

	
0.0145~0.3062

	
<0.0145
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Figure 1. The structure of this article. 
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Figure 2. Geographical location of Helan County. 
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Figure 3. The main secondary indexes’ raw data affecting the evaluation results of the ecological irrigation district in Helan County: (a) Soil salt content; (b) Groundwater depth; (c) Groundwater salinity; (d) Canal lining rate; (e) Ratio of efficient water-saving irrigation area; (f) Information level of irrigation district; (g) Water productivity; (h) Agricultural unilateral aquatic output value; (i) Irrigation water consumption per mu; (j) Coefficient of effective utilization of farmland irrigation water. 
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Table 1. Health evaluation index system of the ecological irrigation district.
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Target Layer

	
Primary Index

	
Secondary Index

	
Unit

	
Meaning

	
Index Property 1






	
Health evaluation of ecological irrigation district

	
Ecological environment A1

	
Forest coverage rate B1

	
%

	
Forest coverage area/Total area

	
+




	
Groundwater depth B2

	
m

	
Distance from surface to ground water

	
Intermediate




	
Water area rate B3

	
%

	
Area of rivers and lakes in the region/Total area of the region

	
+




	
Groundwater salinity B4

	
g/L

	
The content of soluble salt per unit volume of groundwater

	
-




	
Ammonia nitrogen concentration in surface water B5

	
mg/L

	
The content of ammonia nitrogen per unit volume of groundwater

	
-




	
Soil salt content B6

	
g/kg

	
The quality of salt in the soil accounts for the percentage of dry soil

	
-




	
Pesticide application intensity B7

	
kg/hm2

	
The quality of pesticide sprayed per unit area

	
-




	
Fertilizer application intensity B8

	
kg/hm2

	
The quality of fertilizer applied per unit area, calculated by the internationally accepted GLASOD

	
-




	
Water and soil resources matching degree B9

	
-

	
Spatial mismatch index between agricultural irrigation water consumption and effective irrigation area

	
-




	
Modernization level A2

	
Canal lining rate B10

	
%

	
Lining channel length/Total channel length

	
+




	
Effective irrigation area ratio B11

	
%

	
Effective irrigated area/Total arable land

	
+




	
Ratio of efficient water-saving irrigation area B12

	
%

	
Efficient water-saving irrigation area/Irrigation area

	
+




	
Total power of agricultural machinery B13

	
kW·h·104

	
The total power of various power machinery mainly used for agriculture, forestry, animal husbandry and fishery

	
+




	
Information level of irrigation district B14

	
-

	
Informatization level of irrigation district

	
-




	
Agricultural production and benefit A3

	
Agricultural unilateral aquatic output value B15

	
Yuan/m3

	
Agricultural output value/Water consumption

	
+




	
Grain yield B16

	
kg/hm2

	
Food crop yield per unit area of cultivated land

	
+




	
Irrigation water consumption per mu B17

	
m3

	
Farmland irrigation water consumption/Actual irrigated area

	
-




	
Coefficient of effective utilization of farmland irrigation water B18

	
-

	
Net irrigation water consumption/Gross irrigation water consumption

	
+




	
Water productivity B19

	
kg/m3

	
Yield per unit of water resources under certain crop varieties and cultivation conditions

	
+




	
Cropping intensity B20

	
-

	
The average number of crops planted on the same plot of land in a certain period (usually a year), that is, the total sown area of crops on the cultivated land in the year/Cultivated area

	
+








1 The index property “+” means a positive index, that is, the larger the value, the better; “-” means a reverse index, that is, the smaller the value, the better; “Intermediate” means the closer to the median, the better.
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Table 2. The evaluation criteria of each index of the Helan ecological irrigation district.
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Primary Index

	
Secondary Index

	
I

	
II

	
III

	
IV

	
V






	
A1

	
B1

	
≥50

	
[40, 50)

	
[20, 40)

	
[10, 20)

	
<10




	
B2

	
[2.4, 2.6]

	
[2, 2.4) or (2.6, 2.8]

	
[1.6, 2) or (2.8, 3]

	
[1.2, 1.6) or (3, 3.2]

	
<1.2 or >3.2




	
B3

	
≥30

	
[10, 30)

	
[4, 10)

	
[2, 4)

	
<2




	
B4

	
<0.8

	
[0.8, 1.2)

	
[1.2, 1.6)

	
[1.6, 2)

	
≥2




	
B5

	
<0.15

	
[0.15, 0.5)

	
[0.5, 1.5)

	
[1.5, 2)

	
≥2




	
B6

	
<0.694

	
[0.694, 0.91)

	
[0.91, 1.16)

	
[1.16, 1.937)

	
≥1.937




	
B7

	
<3

	
[3, 5)

	
[5, 10)

	
[10, 15)

	
≥15




	
B8

	
<1500

	
[1500, 2000)

	
[2000, 2500)

	
[2500, 3000)

	
≥3000




	
B9

	
≤0.2

	
(0.2, 0.3]

	
(0.3, 0.4]

	
(0.4, 0.5]

	
>0.5




	
A2

	
B10

	
≥75

	
[70, 75)

	
[60, 70)

	
[55, 60)

	
<55




	
B11

	
≥100

	
[80, 100)

	
[40, 80)

	
[25, 40)

	
<25




	
B12

	
≥20

	
[13, 20)

	
[5, 13)

	
[1, 5)

	
<1




	
B13

	
≥45

	
[42, 45)

	
[40, 42)

	
[38, 40)

	
<38




	
B14

	
≤1

	
(1, 2]

	
(2, 3]

	
(3, 4]

	
>4




	
A3

	
B15

	
≥4.43

	
[3.77, 4.43)

	
[2.93, 3.77)

	
[1.87, 2.93)

	
<1.87




	
B16

	
≥7500

	
[6000, 7500)

	
[3000, 6000)

	
[1500, 3000)

	
<1500




	
B17

	
<800

	
[800, 843)

	
[843, 932)

	
[932, 1035)

	
≥1035




	
B18

	
≥0.7

	
[0.6, 0.7)

	
[0.5, 0.6)

	
[0.45, 0.5)

	
<0.45




	
B19

	
≥3

	
[2.5, 3)

	
[2, 2.5)

	
[1.5, 2)

	
<1.5




	
B20

	
≥1.317

	
[1.272, 1.317)

	
[1.189, 1.272)

	
[1.088, 1.189)

	
<1.088
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Table 3. Weights.






Table 3. Weights.





	
Secondary Index

	
Weights




	
EWM

	
AHP

	
Combined Weighting Method






	
B1

	
0.2428

	
0.0216

	
0.1985




	
B2

	
0.065

	
0.0364

	
0.0593




	
B3

	
0.1039

	
0.0364

	
0.0904




	
B4

	
0.059

	
0.117

	
0.0706




	
B5

	
0.1289

	
0.117

	
0.1265




	
B6

	
0.089

	
0.117

	
0.0946




	
B7

	
0.0441

	
0.245

	
0.0843




	
B8

	
0.0496

	
0.245

	
0.0887




	
B9

	
0.2178

	
0.0646

	
0.1871




	
B10

	
0.2316

	
0.1428

	
0.2139




	
B11

	
0.0908

	
0.0424

	
0.0811




	
B12

	
0.2602

	
0.0784

	
0.2238




	
B13

	
0.1707

	
0.26

	
0.1886




	
B14

	
0.2466

	
0.4764

	
0.2926




	
B15

	
0.172

	
0.1652

	
0.1707




	
B16

	
0.0911

	
0.3856

	
0.15




	
B17

	
0.1924

	
0.1652

	
0.187




	
B18

	
0.2521

	
0.1652

	
0.2347




	
B19

	
0.1653

	
0.0752

	
0.1473




	
B20

	
0.127

	
0.0436

	
0.1103
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Table 4. Combined evaluation values and ranks.
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Evaluation Object

	
Ecological Environment

	
Modernization Level

	
Agricultural Production and Benefit

	
Health of Ecological Irrigation District




	
Evaluation Value

	
Rank

	
Evaluation Value

	
Rank

	
Evaluation Value

	
Rank

	
Evaluation Value

	
Rank






	
I-II

	
1

	
-

	
0.8804

	
-

	
1

	
-

	
1

	
-




	
II-III

	
0.6555

	
-

	
0.584

	
-

	
0.6967

	
-

	
0.6495

	
-




	
III-IV

	
0.3402

	
-

	
0.2613

	
-

	
0.3255

	
-

	
0.3062

	
-




	
IV-V

	
0.0634

	
-

	
0.0428

	
-

	
0

	
-

	
0.0145

	
-




	
2007

	
0.1665

	
9

	
0.0991

	
10

	
0.2479

	
9

	
0.1082

	
10




	
2008

	
0.1748

	
8

	
0.1258

	
9

	
0.2437

	
10

	
0.1184

	
9




	
2009

	
0.1403

	
10

	
0.1591

	
8

	
0.298

	
8

	
0.1336

	
8




	
2010

	
0.2116

	
7

	
0.2615

	
7

	
0.4049

	
7

	
0.2614

	
7




	
2011

	
0.217

	
6

	
0.386

	
6

	
0.4582

	
6

	
0.2992

	
6




	
2012

	
0.2305

	
5

	
0.5298

	
5

	
0.4882

	
5

	
0.3365

	
5




	
2013

	
0.257

	
3

	
0.7303

	
2

	
0.4943

	
4

	
0.3755

	
4




	
2014

	
0.2372

	
4

	
0.7492

	
1

	
0.5071

	
3

	
0.3763

	
3




	
2015

	
0.2687

	
2

	
0.6193

	
3

	
0.5873

	
2

	
0.3924

	
2




	
2016

	
0.2761

	
1

	
0.5742

	
4

	
0.7669

	
1

	
0.4178

	
1
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Table 5. Health grade of the ecological irrigation district.
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	Evaluation Object
	2007
	2008
	2009
	2010
	2011
	2012
	2013
	2014
	2015
	2016





	Ecological environment
	IV
	IV
	IV
	IV
	IV
	IV
	IV
	IV
	IV
	IV



	Modernization level
	IV
	IV
	IV
	III
	III
	III
	II
	II
	II
	III



	Agricultural production and benefit
	IV
	IV
	IV
	III
	III
	III
	III
	III
	III
	II



	Health of ecological irrigation district
	IV
	IV
	IV
	IV
	IV
	III
	III
	III
	III
	III
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Table 6. The grey correlation degrees of secondary indexes.
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Primary Index

	
Secondary Index

	
Grey Correlation Degree






	
Ecological environment

	
B1

	
0.72132




	
B2

	
0.86468




	
B3

	
0.55501




	
B4

	
0.81474




	
B5

	
0.71067




	
B6

	
0.91602




	
B7

	
0.71869




	
B8

	
0.74255




	
B9

	
0.71521




	
Modernization level

	
B10

	
0.93391




	
B11

	
0.61284




	
B12

	
0.91287




	
B13

	
0.79987




	
B14

	
0.84384




	
Agricultural production and benefit

	
B15

	
0.89509




	
B16

	
0.78039




	
B17

	
0.85748




	
B18

	
0.83586




	
B19

	
0.89756




	
B20

	
0.47682
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