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Abstract

:

The evaluation of water resources management performance (WRMP) can provide guidance for water resources management. This paper constructs a scientific WRMP evaluation index system based on “water resources–water environment–water ecology”. Secondly, the game variable weight matter–element extension model is appropriately introduced to dynamically evaluate the WRMP level of the provinces (cities) in the YREB from 2012 to 2021, and Arcgis is used to analyze the spatial and temporal variations in the performance level of each sub-system. Lastly, a geographical detector model is used to explore the main factors influencing the WRMP in the Yangtze River Economic Balt (YREB). The main findings are as follows: (1) The overall provincial WRMP level in the YREB has been improving from 2012 to 2021, and the performance of water resource utilization (WRU) and water environment treatment (WET) are high in the east and low in the west, while the performance of water ecological protection (WEP) shows a trend of continuous improvement. (2) Compared with the model without variable weight modification, the game variable weight matter–element extension model can reflect the influence of the measured value of the index on the evaluation result as much as possible. (3) The top eight factors that have a greater impact on the WRMP level are the industrial water conservation rate, water resource development and utilization rate, water resource sustainability index, sewage diameter ratio, urban water penetration rate, industrial wastewater treatment completion rate, ecological construction and protection of the year to complete the investment in GDP, and the water ecological carrying capacity growth rate. The interaction types of each influence factor are nonlinear enhancement and two-factor enhancement.
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1. Introduction


Water resources are essential for human survival and development [1], and they play a supportive role in socio-economic and ecological sustainable development [2]. The insufficient reserves of freshwater resources in the world and the improper handling of water resources have caused a severe scarcity of freshwater resources that are accessible to humanity given the current circumstances [3]. The most recent edition of the United Nations World Water Development Report reveals that approximately 26% of the global population lacks access to safe drinking water, 3.6 billion individuals lack properly managed sanitation facilities, and 2 to 3 billion people are facing a water scarcity predicament. In an effort to address this predicament, numerous nations have started to focus on water resource management, set up a contemporary water resources management system to fulfill the demands of sustainable development, and persist in investigating the assessment and oversight mechanism of WRMP tailored to their respective national circumstances to tackle the water resource crisis.



China is a large developing country with a serious shortage of water resources, with per capita water resources accounting for only one-quarter of the world average [4]. Water resources are not being used efficiently, the effective utilization coefficient of farmland irrigation water is low, industrial water consumption is 2–3 times greater than the global level, and the leakage rate of the urban water supply network is as high as 20% [5]. Furthermore, the rapid socio-economic development, the increased demand for clean water resources among residents, the gradual increase in industrial and domestic sewage discharge, and the persistent destruction of the water ecological environment have led to the aggravation of China’s water scarcity crisis [6,7]. In order to ameliorate this circumstance, China has released a range of policy documents, including the Action Plan for the Prevention and Control of Water Pollution, the 14th Five-Year Plan for Ecological Environmental Protection and Supervision, and the Implementation Plan for Industrial Wastewater Recycling, and they have carried out the fine management of water resources to reduce the consumption of water resources, improve the water environment, and repair the water ecology. Despite the fact that these policies protect the water ecology by controlling the total amount of water consumption and improving the quality of water resources, the specific situation of their management level and the influencing factors are difficult to clarify in time. Consequently, in order to effectively monitor the level of water resources management, it is particularly important to examine the WRMP from various aspects and seek its main influencing factors.



The YREB is one of the regions with the origin, development, and prosperity of Chinese civilization. Its high-quality development is related to the major strategy of China’s national development [8,9]. In recent years, the problems of water resource shortage and water ecology damage in the YREB have become increasingly prominent [10]. In 2017, the state issued the YREB Ecological Environmental Protection Plan, which, for the first time, put forward the goal of protecting the YREB on a large scale. In 2019, the Ministry of Ecology and Environment and the Development and Reform Commission jointly issued the Yangtze River Protection and Restoration Battle Action Plan, which explicitly proposed to solve the outstanding ecological and environmental problems in the Yangtze River, and it clearly put forward the requirements for the “three waters” coordination of the WRU, WET, and WEP in the Yangtze River. The overall planning of “three waters” is a new type of water resources management system in the new era. The WRU is the foundation, the WET is the breakthrough, and the WEP is the goal. The realization of any “one water” requires the coordinated promotion of the other “two waters” [11]. In addition, in order to accurately grasp the WRMP and timely adjust water resources management measures and strategies, the Ministry of Water Resources of China also conducted a thorough review of water resources management and established a complete WRMP evaluation system. Accordingly, in order to improve the current situation of water resources management, it is of great significance to reasonably construct a WRMP evaluation system, evaluate its management level, and explore its main influencing factors.



Water resources management involves administration authorities managing the development, utilization, scheduling, and protection of water resources through economic, technical, and legal methods. The socioeconomic and ecological growth of the area are greatly impacted by these governmental measures. To the best of our knowledge, the current research on water resources management primarily concentrates on the following areas: the development and preservation of water resources, the optimal allocation of water resources, and the carrying capacity of water resources [12,13,14] Most of these studies were focused on the behavior of water resources management. There were also some studies that started from the results of water resources management [15], and they used different methods to evaluate different areas from different perspectives. Specifically, first of all, in terms of evaluation methods, most of the studies chose a principal component analysis [16], the method of approximating the ideal solution ranking (TOPSIS) [17], multiple regression [18],particle swarm optimization algorithms [19], object meta-analysis [20], and other methods for the evaluation of the WRMP, but these methods ignored the complexity of the water resources management evaluation system and the impact of the fluctuation in the actual value of each specific evaluation index on the evaluation results. In contrast, the game variable weight material–element topological model introduces variable weight modification on the basis of the traditional material element topological model, which can dynamically reflect the actual change in the data according to their actual value, and then make the evaluation results closer to the actual situation [21]. Secondly, in terms of evaluation perspectives, some scholars evaluated the WRMP from the three perspectives of society, economy, and the environment [22,23], and some scholars explored the WRMP from the perspective of the “three red lines” or other perspectives [20,24]. Finally, as far as research areas are concerned, some scholars have used arid zones [22], watersheds [23], irrigated areas [25,26] and lakes [27] as research areas, and have also used the national water sector [28] as a research object for WRMP assessment. In summary, it can be seen that the research on WRMP still needs to be further improved.



Although the WRMP has been extensively studied, the following deficiencies remain: (1) The WRMP is different at different scales, but the existing literature mostly focused on small scales such as irrigation areas and lake water, and pays insufficient attention to the WRMP in large-scale regional units such as economic belts. (2) The existing research is biased in the selection of evaluation methods, and it failed to modify the comprehensive weight according to the actual value of the data, which affected the accuracy of the evaluation results. Therefore, based on the analysis framework of the WRMP of “water resources–water environment–water ecology”, this paper uses 11 provinces (cities) in the YREB as the research object to study the WRMP of large-scale regional units. Meanwhile, the improved game variable weight matter–element extension model is innovatively introduced into the WRMP evaluation level, and it is combined with the geographical detector model to analyze the spatial and temporal states of the WRMP and explore the main factors affecting the WRMP level.



The rest of the paper is organized as follows: The second part introduces the research field, methods, index system, and data sources. The third part expounds the main research results, the fourth part discusses the above results, and the fifth part puts forward the main conclusions and suggestions of this paper.




2. Materials and Methods


2.1. Study Area


The YREB is an inland economic belt with global influence; a coordinated development belt for interaction and cooperation in the eastern, central, and western regions of China; an inward and outward opening belt with comprehensive advancement along the coast and along the river and the border; as well as a pioneering demonstration belt for ecological civilization construction. It covers nine provinces and two cities, spanning three regions including Eastern China (Shanghai, Zhejiang, and Jiangsu), Central China (Anhui, Jiangxi, Hubei, and Hunan), and Western China (Sichuan, Chongqing, Yunnan, and Guizhou). The area is about 2052.3 square kilometers, accounting for 21.4% of the total area of the country, and the population and GDP comprise more than 40% of the country. The YREB has a good water resource endowment, and its total water resources account for about 44% of the total water resources in the country. However, due to its large population, its per capita water resources comprise lower than 25% of the world’s average. According to the 2012–2021 China Water Resources Bulletin and the Water Resources Statistics Bulletin of each province, the total water resources of the Sichuan, Hunan, Yunnan, and Jiangxi provinces account for a higher proportion of the whole country’s total water resources in the past ten years. Simultaneously, in terms of per capita water resources, the province’s per capita water resources in most years are in a state of mild and above (moderate, severe, and extreme) water shortage, while Shanghai has been in extreme water shortage (less than 500 m3) during the past decade (as shown in Figure 1). In addition, the rapid development of industrial and agricultural production and urban construction has led to frequent water environment pollution in the basin and prominent water ecological risks. However, under the guidance of policies such as the Action Plan for the Protection and Restoration of the Yangtze River, the Action Plan for the Prevention and Control of Water Pollution, and the Strictest Water Resources Management System, the YREB has preliminarily improved in water resources control and water ecological environment. It is still facing challenges in the conservation and intensive use of water resources and in the management and protection of the water ecological environment.




2.2. Research Methods


The matter–element extension evaluation model of this paper is based on the traditional matter–element extension evaluation model. Firstly, the game theory model is used to minimize the deviation between the subjective and objective weights. Secondly, combined with the variable weight theory, according to the actual value of each index, the determined comprehensive weight is dynamically modified to obtain the dynamic weight of each index. The flow chart of the comprehensive evaluation model is shown in Figure 2.



2.2.1. Determination of Index Weight


	(1)

	
Determination of subjective weights







The Analytic Hierarchy Process (AHP) is used as a quantitative treatment of qualitative problems, and it has the characteristics of being systematic and organized. This method is now widely used in subjective evaluation, and the specific calculation steps are referenced in the literature [29,30,31,32].



	(2)

	
Determination of objective weight based on CRITIC method







Compared to the entropy weighting method, the Criteria Importance Through Intercriteria Correlation (CRITIC) method takes into account both the variability and correlation between indicators, making the objective weighting more reasonable [33]. The specific calculation steps are as follows:



Step one: Suppose there are m evaluation indexes and n evaluation objects. The original matrix of WRMP evaluation is established as   X =   (   x   i j   )   m × n    . Due to the differences in dimension and the order of magnitude between indicators, the indicator data should be standardized before using the CRITIC method to eliminate the problems of different quantitative indicators. The specific formulas are as follows:



If the evaluation index is a positive index, that is, the larger the value, the better, then positive normalization processing is used:


    x   i j   ′   =     x   i j   −   x   i m i n       x   i m a x   −   x   i m i n      



(1)







If the evaluation index is a negative index, that is, the smaller the value, the better, then negative normalization is used:


    x   i j   ′   =       x   i m a x   − x   i j       x   i m a x   −   x   i m i n      



(2)




where     x   i j   ′     is the standardized data;     x   i j     represents the original data of the ith evaluation index in the jth evaluation object;     x   i m a x     and     x   i m i n     represent the ith the maximum and minimum values of the evaluation indexes in the j evaluation objects;   i = 1,2 , 3 ⋯ m ; a n d   j = 1,2 , 3 ⋯ n  .



Step two: The standard deviation     δ   i     is used to represent the contrast of the ith index.


    δ   i   =      ∑  j = 1   n      (   x   i j   ′   −     x   i   ′    ¯  )   2       n − 1     



(3)






      x   i   ′    ¯  =   1   n     ∑  j = 1   n      x   i j   ′      



(4)







      x   i   ′    ¯    is the average value of the ith index [34].



Step three:     f   i     represents the conflict between the index   i   and the other indexes.


    f   i   =   ∑  g = 1   m    ( 1 −   r   g i   )    



(5)




where     r   g i     is the correlation coefficient between index g and index i [35].



Step four:     Z   i     represents the information carrying capacity of the calculated index   i  .


    Z   i   =   δ   i   ·   f   i    



(6)







Step five: The objective weight of index   i   is determined to be     W   i    .


    W   i   =     Z   i       ∑  i = 1   m      Z   i        



(7)







	(3)

	
Game theory determines the comprehensive weight







The combination weighting method of game theory is based on the Nash equilibrium as the goal, coordinating the conflict between subjective and objective weights, and finding the consistency and compromise between weights. The process is an integration of mutual comparison and coordination, and it can realize the optimization of weights [21,36]. It includes the following five steps:



Step one: Assuming that there are k methods for weighting, there are k basic weight sets,     W   k   =  {    W   k 1   ,   W   k 2   , …   W   k m    }  ( k = 1,2 , … L )  , where   m   is the number of WRMP evaluation indicators,   k   is the number of weight determination methods, and   k    is 2 in this paper. Let   λ   = {    λ   1   ,   λ   2 ,   …   λ   L    } be a linear combination coefficient; then, the combination weight is


   W =   ∑  k = 1   L      λ   k     W   k   T   (     λ   k     > 0 ,   ∑  k = 1   L      λ   k   = 1 ,   k = 1,2 , … L )   



(8)







Step two: According to the idea of game theory, the optimal     W   *     is found in the possible vector set, and the linear combination coefficient is optimized to minimize the deviation of   W   and     W   k    .


   min       ∑  k = 1   L      λ   k       W   k   T   −   W   k       2     ,   ( k = 1,2 , … L )     



(9)







    W   k   T     is the transformation of the basic weight vector set;       f ( x )     2   =    ∫  a   b      f   2   ( x ) d x      represents the 2-norm numerical analysis [37].



Step three: According to the differential properties of the matrix, the linear differential equations of the first derivative condition of the above optimization are determined as follows:


         W   1     W   1   T       W   1     W   2   T     ⋯     W   1     W   L   T         W   2     W   1   T       W   2     W   2   T     ⋯     W   2     W   L   T       ⋮   ⋮   ⋮   ⋮       W   L     W   1   T       W   L     W   2   T     ⋯     W   L     W   L   T               λ   1         λ   2          ⋮       λ   L           =        W   1     W   1   T         W   2     W   2   T          ⋮       W   L     W   L   T            



(10)







Step four: The combination coefficient     λ   k     obtained above is normalized to obtain     λ   k   *    .


     λ   k   *     =     λ   k       ∑  k = 1   L      λ   k         



(11)







Step five: The combined weight     W   *     is obtained.


    W   *   =   ∑  k = 1   L      λ   k   *       w   k   T    



(12)







	(4)

	
Dynamic modification based on variable weight theory







The weight of the evaluation index plays a decisive role in the final evaluation results. Most of the weight determination methods adopted in the past were fixed-weight methods, mainly including subjective weighting methods with expert subjectivity, or objective weighting methods with fixed weights. These methods ignored the influence of the actual value of each evaluation index on the weight when determining the index weight, so the variable weight theory was introduced for dynamic correction. The variable weight is based on the constant weight. According to the actual value of a certain evaluation index of a specific province (city) in a specific year, the equilibrium factor is obtained through the equilibrium function, and then the constant weight of the index is dynamically corrected to show the active participation of the actual index in the evaluation process. The specific principle is based on the comprehensive weight obtained, according to the actual value     x   i j     of each evaluation index, and the equilibrium factor     a   j     is obtained from the equilibrium function     S   i       X   j      , which is as follows [38]:


    S   i       X   j     =   e   −   a   j   (   x   i j   −     x  ¯    j   )   ; (   i = 1,2 , 3 … m ; a   j   ≥ 0 ;     x  ¯    j   =   1   m     ∑  i = 1   m      x   i j     )  



(13)






    a   j   =   4     m   2       m   ∑  i = 1   m      x   i j   2   −       ∑  i = 1   m      x   i j         2        



(14)




let   W   X   =     w   1     X   ,   w   2     X   ,   … w   m     X       be a set of (m-dimensional) variable weight vectors, and then for any weight vector   W =     w   1   ,   w   2 ,   …   w   m      , the dynamic most variable weight vector of the jth evaluation object with respect to the ith evaluation index can be obtained as follows:


    w   i       X   j     =     w   i   ×   S   i       X   j         ∑  i = 1   m        w   i   ×   S   i       X   j            



(15)








2.2.2. Matter–Element Extension Evaluation Model


The evaluation of the WRMP involves multiple indexes, multiple levels, and multiple criteria. There is often some information overlap between the indicators, and it has the characteristic of fuzziness. The factors affect each other, so that some commonly used research methods, such as the fuzzy comprehensive evaluation method and approximate ideal solution, fail to fully consider the fuzziness and randomness in the evaluation.



In view of the above problems, the matter–element extension analysis method can provide a feasible solution. The matter–element model [39] was developed from the extension theory proposed in the 1980s. The matter–element analysis focuses on the study of incompatible problems and can be analyzed from both qualitative and quantitative perspectives. It is suitable for multi-factor evaluation [40,41]. Hence, this study attempts to use the matter–element extension model to evaluate the WRMP. The specific steps are as follows:



Step one: Establish the matter–element matrix. According to the multiple indexes and index values of the units to be evaluated, the corresponding matter–element matrix   R   is established.


  R =   N , C , X   =      N           C   1         C   2          ⋮       C   m                X   1         X   2          ⋮       X   m                 =           R   1         R   2          ⋮       R   m         



(16)




where   R   is an n-dimensional matter element,   N   is the unit to be evaluated,     C   i     is the ith eigenvalue of the unit to be evaluated, and     X   i     is the value   i = 1,2 , … … m  .



Step two: Establish a classical domain matter–element and joint domain matter–element.



The classical domain matter element     R   t     can be expressed as


     R   t        ( N   t        ,   C   m     ,     X   t   ) =        N   t             C   1         C   2          ⋮       C   m                X   1 t         X   2 t          ⋮       X   m t                 =        N   t             C   1         C   2          ⋮       C   m              [   a   1 t   ,   b   1 t   ]     [   a   2 t   ,   b   2 t   ]        ⋮     [   a   n t   ,   b   n t   ]                 



(17)




where     R   t     denotes   t ( t = 1,2 , … … s )  , the classical domain matter–element matrix of evaluation grade.        N   t      ( t = 1 , 2 , … … s )   is the evaluation grade corresponding to the t-th evaluation status of the item.        C   i      ( i = 1,2 , … … m )   is the ith evaluation index, and the interval     X   i j   = [   a   i t   ,   b   i t   ]   is the interval range (classical domain) of the feature        C   i        taken by the t-th evaluation level [42].



The nodal domain matter element     R   P     can be expressed as


     R   p   (      N   p        ,     C   m     ,     X   p   )   =        N   p             C   1         C   2          ⋮       C   m                X   1 p         X   2 p          ⋮       X   m p                 =        N   p             C   1         C   2          ⋮       C   m              [   a   1 p   ,   b   1 p   ]     [   a   2 p   ,   b   2 p   ]        ⋮     [   a   m p   ,   b   m p   ]                 



(18)




where        N   p        is the whole of the evaluation grade, and the interval     X   m p      =    [   a   m p   ,   b   m p   ]   is the interval range of the feature     C   m     corresponding to all evaluation grades.



Step three: Calculate the correlation function and correlation degree.



When the matter–element value is taken as a point on the real axis, the degree of the matter–element conforming to the required value range can be expressed by the correlation function:


     K   t   (   x   i   )   =       −   ρ (   x   i   ,   X   i t   )       X   i t       , (   x   i   ∈   X   i t   )         ρ (   x   i   ,   X   i t   )   ρ     x   i   ,   X   i p     − ρ (   x   i   ,   X   i t   )   , (   x   i     ∉ X   i t   )         



(19)






        ρ (   x   i   ,   X   i t   ) = |   x   i   −   1   2   (   a   i t   +   b   i t   ) | −   1   2   (   b   i t   −   a   i t   )       ρ     x   i   ,   X   i p     = |   x   i   −   1   2   (   a   i p   +   b   i p   ) | −   1   2   (   b   i p   −   a   i p   )          



(20)




where     K   t   (   x   i   )   is the t-level correlation function of the evaluation index   i  .     x   i   ( i = 1,2 , … … m )   is the measured value of the index.     X   i t   =     a   i t   ,   b   i t     ,   X   i p   =     a   i p   ,   b   i p       and   ρ (   x   i   ,   X   i t   )  ,   ρ     x   i   ,   X   i p       are the distances between point     x   i     and the classical domain     X   i t     and section domain     X   i p    . Additionally,     x   i    ,     X   i t    , and     X   i p     are the value of the unit to be evaluated, the value range of the classical domain, and the value range of the section domain, respectively.



Step four: Determine the comprehensive correlation degree of the unit to be evaluated for each grade.



The calculation formula of the comprehensive correlation degree of each grade of the unit to be evaluated is


     K   t   ( N )   =   ∑  i = 1   m      ω   i       K   t   (   x   i   )   



(21)




where     ω   i     is the weight value of the ith feature;     K   t   ( N )   is the comprehensive correlation degree that the unit   N   to be evaluated belongs to at the t-th level.



Step five: Grade the units to be evaluated.





    If     K   t     = max   {   K   t   ( N )   } ( t = 1 ,   2 … ,   s ) ,   then   N     is   of   grade   t  .   



(22)







Step six: Determine the characteristic value of performance evaluation.



In order to more accurately distinguish the evaluation of different projects caused by the evaluation grade obtained by the maximum membership degree method in the same evaluation interval, it is necessary to further solve the evaluation grade characteristic value t*, the formula is as follows:


      K   t    ¯  =     K   t   −   m i n K   t   ( N )     m a x K   t     N   −   m i n K   t   ( N )    



(23)






  t * =     ∑  t = 1   s    t ×       K   t    ¯      ∑  t = 1   s        K   t    ¯       



(24)




where     K   t     is the maximum value of the multi-level comprehensive correlation degree; t* is the characteristic value of the rank variable of the evaluation object   N  . According to the value of t*, the degree to which R0 tends to adjacent levels can be judged.




2.2.3. Global Spatial Autocorrelation


Global spatial autocorrelation is used to determine whether an attribute has spatial aggregation or dispersion characteristics in space so as to reflect the overall trend or spatial relationship of the observed values in the spatial region [43,44]. The global Moran’s I value is in the range of [−1, 1].   I > 0     indicates that there are agglomeration characteristics in the spatial distribution,   I < 0     indicates that there are discrete characteristics in the spatial distribution, and   I = 0     indicates that the spatial distribution is random. The calculation formula is as follows [45]:


  I =     ∑  u = 1   g      ∑  v = 1   g      w   u v   (   x   u   −   x  ¯  ) (   x   v   −   x  ¯  )         ∑  u = 1   g      ∑  v = 1   g      w   u v         ( u ≠ v )  



(25)






    S   2   =   1   g     ∑  u = 1   n      (   x   u   −   x  ¯  )   2      



(26)




where   I    is the global Moran index;     w   u v     is the spatial weight;     x   u     and     x   v     are the WRMP levels of provinces   u   and   v  ;     x  ¯    is the mean value;     S   2     is the variance of the index sample; and g is the number of observation units.




2.2.4. Geodetector Model


Geodetector is a statistical method used to study spatial heterogeneity and reveal the driving factors behind it. This model includes four sub-detectors: factor detection, risk detection, interaction detection, and ecological detection. The purpose of this paper is to identify the spatial heterogeneity of the factors to reveal the driving factors behind them. Among the four sub-detectors of the geodetector, factor detection and interaction detection are mainly used to detect the explanatory strength of the factors on the dependent variable, and then they are used to identify the main influencing factors. Risk detection is used to detect the potential risky areas by comparing the significance of the differences in the mean values within the subdivided areas. Ecological detection is primarily used to compare differences between factors. Therefore, combined with the research intention of this paper, factor detection and interaction detection are chosen to explore the dominant influencing factors on the WRMP level in the YREB [46].




	(1)

	
Factor detection: The spatial differentiation of attribute Y and the extent to which a factor, X, explains the spatial differentiation of attribute Y are detected. Measured by the q value, the value interval is [0, 1]. The larger the q value, the stronger the explanatory power of X to Y. The calculation formula is











  q = 1 −     ∑  h = 1   L      N   h     σ   h   2       N   σ   2      



(27)




where   n = 1,2 , . . . ,   L   is the stratification or partition of the independent variable X and the dependent variable Y;     N   h     and N are the number of layers, h, and the number of units in the whole region, respectively; and     σ   h   2     and     σ   2     are the variance of the Y value of the layer h and the whole region, respectively. The   q   value measures the explanatory power, and its range is 0 to 1. The larger the   q   value, the stronger the explanatory power of the independent variable X to the dependent variable Y, and vice versa.



	(2)

	
Interactive detection







We identify whether the interaction between the impact factors     X   1     and     X   m     will increase or decrease the explanatory power of the dependent variable Y, or whether the impact of these impact factors on the dependent variable is independent of each other, mainly by comparing the relationship between q(X), q (    X   1   )   + q (    X   2   )   and q (    X   1    ∩    X   2   )   (Table 1).





2.3. Indicator System for Evaluation of WRMP


WRMP’s evaluation framework consists of three components: WRU, WET, and WEP. By taking into account WRMP’s overarching structure, the YREB’s performance goals, and the current state of water resources management, a second-level target layer is created, and the specific indicators are screened by bibliometrics and expert methods. By 28 December 2022, TS = “WRMP”, “WET”, and “WEP” were searched in the core set of Web of Science (WOS) and the CSSCI and CSCD journal databases in China National Knowledge Infrastructure (CNKI). A total of 186 high-quality journal papers were obtained. On this basis, the indicators describing the WRMP, water environment management, and water ecological management were classified and counted. After screening out the repeated indexes in each subsystem, 81 WRU indexes, 58 WET indexes, and 26 WEP indexes were obtained. On the basis of a comprehensive consideration of the representativeness, hierarchy, systematicness of the index system, and the characteristics of water resources in the YREB, the indexes with similar connotations, those with an occurrence frequency of less than five times, and unavailable data are eliminated, and a simplified index system composed of 40 indexes is preliminarily constructed. On this basis, by consulting experts and collecting data, the 40 indexes selected in the primary selection are demonstrated one by one, and the indexes that cannot be observed during the investigation period are eliminated. Finally, the evaluation index system composed of 23 indexes is selected. The specific evaluation index system of WEMP evaluation is as follows Table 2.




2.4. Evaluation Criteria


The classification of index levels refers to the relevant literature [47,48], international standards, and actual values of developed countries. At the same time, it is divided into five levels in combination with the actual situation of the YREB. Among them, grade I represents a high WRMP, grade II represents a relatively high WRMP, grade III represents a moderate WRMP, grade IV represents a relatively low WRMP, and grade V represents a low WRMP. The setting of each level refers to the China Water Resources Bulletin, the River and Lake Health Assessment Guide (Trial), the Ecological Protection Red Line Ecological Function Evaluation Technical Guide, the Ecological County, Ecological City, Ecological Province Construction Index (Revised Draft), the Industrial Water Efficiency Improvement Action Plan, and other documents, as well as the national average.




2.5. Data Source


This paper chose 11 provinces (cities) in the YREB as the research object due to the accessibility and soundness of the data, and it chose the 2012–2021 period as the research period to assess the WRMP in the YREB. The majority of the information for each index is sourced from the China Statistical Yearbook, the China Environmental Statistical Yearbook, the Provincial Statistical Yearbook, the China Urban and Rural Construction Statistical Yearbook, and the Provincial Ecological Environment Bulletin and Water Conservancy Statistical Bulletin of each province during the 2012–2021 period. For the missing data of individual years, this paper uses the linear interpolation method to supplement the data.





3. Results


3.1. The Overall Characteristics of the WRMP Level in the YREB


In this paper, the game variable weight matter–element extension model is used to measure the WRMP level in the large-scale regional unit—YREB. The results are shown in Figure 3 and Table 3 (The variable weight of each evaluation index of 11 provinces (cities) in the Yangtze River Economic Belt (2012–2021) are shown in Table S2; Initial constant weight of indicators are shown in Table S3). From 2012 to 2021, the YREB’s provincial WRMP level generally improved every year. Among them, Zhejiang Province consistently had the highest WRMP level, followed by Jiangsu Province and Anhui Province in second and third place, respectively. The lowest level of WRMP was in Shanghai. According to the pattern of change, the WRMP levels in the Anhui, Jiangxi, Hubei, and Sichuan provinces have significantly increased since 2016. The WRMP level in Zhejiang Province remained unaltered. The WRMP levels in the Shanghai, Jiangsu, Hunan, Chongqing, Yunnan, and Guizhou provinces exhibited an upward fluctuation. (Evaluation results of WRMP level in each province (2012–2021) are shown in Table S1; The correlation degree and correlation level of the provinces (cities) in the YREB (2012–2021) are shown in Table S4).



This paper analyzes the current WRMP level and changing trend in the YREB using the time nodes of 2012, 2015, 2018, and 2021. Additionally, in order to verify the validity of the evaluation results of the game variable weight matter–element extension model, it is compared with the evaluation results of the game combination weighting matter–element extension model before the variable weight modification. As can be seen from Table 3, firstly, Shanghai (2012), Hunan (2012), Chongqing (2012, 2015, and 2018), Sichuan (2012), and Yunnan (2012) had low levels. Hubei (2012), Guizhou (2012), Shanghai (2015 and 2018), Anhui (2015), Jiangxi (2015), Hunan (2015 and 2018), and Sichuan (2015) had moderate levels. Jiangsu (2012), Anhui (2012), Hubei (2015), Yunnan (2015 and 2018), Guizhou (2015 and 2018), and Jiangxi (2018) had relatively high levels, and the rest had high levels. Secondly, according to the distance between the correlation degree of the WRMP level and its adjacent level, it can be seen that the WRMP levels of Jiangsu (2012), Hubei (2012 and 2015), Guizhou (2012), Shanghai (2015 and 2018), Anhui (2015), Jiangxi (2015 and 2018), Hunan (2015 and 2018), Sichuan (2015 and 2018), and Yunnan (2018) were close to the correlation degree distance of the better grade, indicating that the WRMP level of these provinces had a further improvement trend. The WRMP levels of Anhui (2012), Yunnan (2015), Guizhou (2015 and 2018) had decreasing trends. Thirdly, the evaluation results of the model before and after the variable weight modification were basically the same. There were slight differences in the WRMP level in Shanghai Province (2012) and Sichuan Province (2012). Specifically, the results evaluated by the game variable weight matter–element extension model were low, whereas the results evaluated by the model without a variable weight belong to the relatively low level, but there was a tendency to change to the low state.



In order to better understand whether there was a statistically significant spatial dependence in the WRMP level between provincial regions in the YREB (2012–2021), this paper uses the spatial weight matrix to further analyze the global Moran’s I value. The results are shown in Table 4. From 2012 to 2014, the global Moran’s I index decreased from 0.4549 to −0.2361. Although only the global Moran’s I index (2012) passed the 5% significance test, the global autocorrelation characteristics evolved from spatial positive correlation to spatial negative correlation. From 2014 to 2018, the global Moran’s I index increased from −0.2361 to 0.3028. Among them, Moran’s I (2018) passed the 5% significance test, and Moran’s I (2016, 2017) passed the 10% significance test, indicating that the WRMP level in the YREB changed from discrete characteristics to significant spatial aggregation characteristics. From 2018 to 2021, the global Moran’s I index shows an “N-shaped” pattern of change, which does not pass the significance test and is characterized by a random distribution. From a statistical point of view, the global Moran’s I index (2012, 2016, 2017, and 2018) is significantly positive, indicating that the significant “Matthew effect” of the provincial WRMP level has appeared in these years. Hence, the YREB as a whole had no significant spatial dependence in some years. The main reason for this may be that there are great differences in resource endowment and technical level among provinces. It is very important to improve the WRMP level in each province.




3.2. Characteristics of the Spatial Evolution of the Performance Level of Subsystems in the YREB


After measuring the overall WRMP of the large-scale regional units, to gain a better understanding of the spatial distribution pattern of the management performance level of each subsystem in the YREB, according to the data obtained from the measurement, 2012, 2015, 2018, and 2021 were selected as the observation time points, and Arcgis was then used to visualize the WRMP level of each subsystem in the 11 provinces (cities) of the YREB. Figure 4, Figure 5 and Figure 6 display the outcomes of the evolution.



	(1)

	
Overall, the provincial WRU performance level in the YREB varies significantly between 2012 and 2021, exhibiting a “inverted U” pattern of development that initially increases and then decreases. Spatially, the WRU performance was high in the eastern provinces and low in the western provinces, whereas the WRU performance of Yunnan Province showed a continuous improvement. Locally, the WRU performance of Chongqing was poor and only marginally improved in 2021, whereas the WRU performance in the Yangtze River Delta region was excellent.







	(2)

	
Overall, between 2012 and 2021, the WET performance level became better from the west to the east. Among these, the proportion of provinces with low and relatively low values was decreasing, while the proportion of provinces with moderate values and above was increasing. The provinces with moderate values and above were roughly characterized by “scattered distribution–group distribution–connected distribution”. In 2012, the proportion of provinces with median and above WET performances was 45%, while the proportion of provinces with median and above performances had reached 91% by 2021. Locally, the WET performances of Sichuan, Hubei, Hunan, Jiangxi, and the provinces in the Yangtze River Delta region showed continuous improvements, while the WET performances of Yunnan, Guizhou, and Chongqing showed fluctuating states.







	(3)

	
Overall, the WEP performance level in the YREB from 2012 to 2021 was generally poor, and the difference between provinces was minimal. However, the WEP performance level became better with time. Specifically, the WEP performance levels in Jiangsu and Shanghai were at relatively low levels. Anhui Province was at a moderate performance level. The WEP performance levels in Zhejiang, Jiangxi, and other provinces were gradually decreasing, while the WEP performance levels in Hubei, Sichuan, and Yunnan Province were continuously improved.








3.3. Analysis on the Influencing Factors of WRMP Level in the YREB


Water resources management is an intricate task, and its effectiveness is determined by the collaboration of its several elements. In this paper, the factor detector and interaction detector in the geographic detector model were utilized to identify the influencing factors of the WRMP level in the YREB. The K-means clustering technique was applied to discretize the 23 indexes’ data, and then the data were imported into the geographic detector. Table 5 displays the outcomes of the single factor and interaction detection. Due to space reasons, the table only lists the top eight factors explained by the single factor explanatory power and interaction in 2012, 2015, 2018, and 2021.



From the results of single factor detection, overall, X2, X3, X7, X8, X9, X11, X20, and X21 were found to have the highest q mean values in the four observation years, with the industrial water saving rate, water resources development and utilization rate, water resources sustainability index, sewage diameter ratio, urban water penetration rate, industrial wastewater treatment completion rate, ecological construction and protection of the year to complete the investment in GDP, and the growth rate of water ecological carrying capacity being the most influential indicators of the WRMP level. Apart from the industrial wastewater treatment completion rate, the remaining seven factors belong to the two subsystems of the WRU and WEP. Therefore, when striving to raise the WRMP level, it is necessary to focus on the sequences of the WRU, WEP, and WET subsystems. Locally, between 2012 and 2021, only two factors, the industrial water saving rate and industrial wastewater treatment completion rate, had q values higher than 0.5, and the effect of the other elements varied significantly each year and was lower than 0.5. It is evident that, in order to enhance the WRMP level, various factors must be adjusted over time.



The results of the interaction detection showed that there was a significant interaction between the factors, indicating that the interaction of influencing factors has a promoting effect on the improvement of the WRMP. Overall, the interaction types between each influencing factor were mainly nonlinear enhancement and two-factor enhancement. Specifically, in 2012, among the interaction types between the two influencing factors, there were more nonlinear enhancement relationships than the number of two-factor enhancements. After the interaction, the top eight interaction factors had a higher explanatory power than that of a single factor. Among them, X8∩X2 (0.859) and X20∩X2 (0.806) belonged to the two-factor enhancement type, and the rest belonged to the nonlinear enhancement type. In 2015, after interacting with the other factors, the water resources sustainability index (X7) and the sewage treatment rate (X13) significantly increased in explanatory power, and the top eight interaction factors of explanatory power belonged to the type of nonlinear enhancement after the interaction. This demonstrated that the combination of several influencing elements resulted in the establishment of the spatial differentiation pattern of the WRMP level in the YREB. In 2018, the interaction between the proportions of completed investment in ecological construction and protection in GDP (X20) and the sewage treatment rate (X13) were the strongest. The   q   value after the interaction was 0.982, and the type of action was nonlinearly enhanced. In addition, compared with the single-factor detection results, it can be found that the explanatory power of the top eight factors in the single-factor detection was weak and within 0.4, but after the interaction, the explanatory power of the top eight factors was higher than 0.9. Accordingly, the interaction between various factors had a significant impact on the spatial differentiation of the WRMP. In 2021, the explanatory power of the interaction between the agricultural fertilizer application intensity (X17) and industrial wastewater treatment completion rate (X11) was as high as 0.975. All of the interaction types were nonlinear enhancement. In addition, 50% of the top eight factors of the interaction are related to the per capita water use (X1) factor, indicating the importance of per capita water use capacity for water resources management.





4. Discussions


4.1. Comparative Analysis of WRMP Evaluation


	(1)

	
From 2012 to 2021, the WRMP level in each province of the YREB showed a continuously improved trend. The conclusion of this result is consistent with the proposal and background of some policies, such as the Opinions on the Implementation of the Strictest Water Resources Management System, which was issued by the State Council in 2012; the Opinions of the Central Committee of the Communist Party of China and the State Council on Comprehensively Strengthening the Protection of Ecological Environment and Resolutely Fighting the Battle of Pollution Prevention and Control, which were issued in 2018; and the Fourteenth Five-Year Plan for the Supervision and Management of Ecological Environment Protection, which was issued in 2021. The implementation of these policies had a huge impact and significantly enhanced the WRMP level in the YREB. A comparison reveals that Zhejiang Province’s WRMP level has consistently been among the highest. This is due to Zhejiang Province’s strong natural resources foundation and its impressive accomplishments in water conservation, emission reduction, and pollution control, which have successfully eased the conflict between the availability and demand for water resources. However, Shanghai has the worst WRMP level, and its high population density, high degree of urbanization, high demand for urban and industrialized water, and ineffective pollution control are the causes of this. Furthermore, the implementation of the Water Pollution Prevention Action Plan in 2015 allowed certain provinces to enhance the effectiveness of water resources utilization and fortify the oversight of water environment administration. This explains why, since 2016, the WRMP levels in the Anhui, Jiangxi, Hubei, and Sichuan provinces have significantly improved. In contrast, some scholars [49] by combining a data envelopment analysis (DEA) and the Malmquist index model, discovered that the national WRMP level showed an upward trend from 2013 to 2019. This finding was somewhat similar with the conclusions of this paper.




	(2)

	
The evaluation results of the matter–element extension model before and after the variable weight modification are generally consistent, but there will be subtle differences. The model after variable weight modification is closer to reality. This is mostly due to the fact that the variable weight theory adjusts the comprehensive weight based on the index’s actual value, increasing the accuracy of the evaluation results by bringing the weight closer to the index’s actual situation. As shown in Figure 7, the comprehensive weight is compared with the average value of the ten-year variable weight. It is discovered that the value of more indicators after weight modification is reduced, while the weights of indicators with more outliers will become larger, making the importance of the indicators more apparent. For this reason, through the two methods, we can find that the evaluation grades of Shanghai as well as Sichuan Province in 2012, after variable weight modification, are low, while the evaluation grade before the modification is relatively low, but there is a tendency for it to change to a low level. This phenomenon is due to the fact that the industrial wastewater treatment completion rate (C11), ecological construction and protection of this year to complete the investment accounted for the proportion of GDP (C20) in Shanghai (2012), and the utilization rate of water resources development (X3) in Sichuan (2012) had minimum values. The emergence of the minimum value makes the variable weight of these indicators increase, eventually leading to the WRMP evaluation level being reduced to a low level. Accordingly, the variable-weighted corrected evaluation results better reflect the actual situations.







	(3)

	
In the management performance evaluation of each subsystem, first of all, the WRU performance is high in the east and low in the west. This is a result of the eastern region being economically developed and having high technical support in the economical and intensive use of water resources. On the other hand, Liu and Liu (2023) [50] applied the super-efficiency data envelopment analysis model (SE-DEA), combined with the total factor productivity index (DEA-Malmquist), and discovered that the WRU center of gravity in the YREB (2011—2020) shifted from northeast to southwest and was situated east of the geographical center of gravity. This demonstrates that the east’s WRU performance is superior to that of the west. Nonetheless, the gap between the WRU performance in the east and the west is progressively narrowing, which is basically consistent with the content of this paper. Furthermore, in recent years, the state has strengthened the WET policy of the YREB, enhanced the WET in the upper reaches of the Yangtze River, and addressed the issue of wastewater discharge treatment in the upper reaches of the Yangtze River. As a result, the WET performance level has improved recently and showed an improved trend from the Western Region to the Eastern Region. Finally, Shanghai and Jiangsu Province performed relatively poorly in terms of the WEP, which may be closely related to the population density, industrial water intensity, and ecological environment water consumption in these two places.







The national ecological protection strategy in the upper reaches of the YREB has been improving, which is why the WEP performances of Yunnan and Sichuan have been becoming consistently better.



The capacity for water ecological restoration was enhanced. After 2018, the WEP performances in Chongqing, Hubei, and other locations has been progressively elevated to high values. This might be the case, since Hubei and Chongqing consistently enhance the ecosystem’s recreational value while preserving its authenticity under the strategic direction of China’s ecological preservation. In contrast, some scholars [51] considered that the water ecological performances of Hubei and Chongqing are at moderate levels, which is slightly different from the results of this paper.




4.2. Identification of Main Influencing Factors of WRMP Level


The WRMP evaluation can assess the efficacy of water resources management from various perspectives and efficiently oversee and consistently enhance its management means [52]. Hence, it is essential to explore its main influencing factors. Currently, numerous studies have been conducted to investigate the factors that impact the WRU efficiency, yet few studies have been conducted on the influencing factors of the WRMP. Consequently, this paper employs the geographical detector model to detect the factors that have a greater impact on the WRMP level. First of all, based on the findings of the single-factor detection, the top eight factors with larger   q   mean values were the industrial water saving rate (0.497), water resources development and utilization rate (0.342), water resources sustainability index (0.371), sewage diameter ratio (0.362), urban water penetration rate (0.362), industrial wastewater treatment completion rate (0.502), ecological construction and protection investment accounted for the proportion of the GDP this year (0.349), and the water ecological carrying capacity growth rate (0.320). Among them, the industrial wastewater treatment completion rate and the industrial water saving rate have a greater explanatory power. The mean value of q is approximately 0.5, indicating that these factors have a substantial impact on water resources management in the YREB. This is mainly because the YREB has attracted many industrial and mining enterprises due to its own resources and geographical advantages [53]. Industrial and mining enterprises will discharge a large amount of sewage while consuming a lot of water resources, which aggravates the difficulty of implementing water resources management in the YREB. Therefore, in order to effectively improve the WRMP in the YREB, it is necessary to implement the dual control of water resources utilization and treatment. That is to say, on the basis of improving the efficiency of industrial water use, the intensity of wastewater treatment should be continuously improved to achieve the efficient management of water resources. Secondly, from the perspective of the number of the top eight factors with greater influences, the influence of each subsystem, from high to low, are the WRU subsystem, the WEP subsystem, and the WET subsystem. This demonstrates that the sequence of the WRU, WEP, and WET subsystems should be taken into consideration when enhancing the WRMP. Ultimately, from the results of the interaction factor detection, it can be found that most of the single factors show nonlinear enhancement after the interaction. This outcome demonstrates that several variables must cooperate in order for the WRMP to be changed in the YREB.




4.3. Limitations and Future Research


This paper introduces the game variable weight matter–element extension model to quantitatively evaluate the WRMP level. Secondly, Arcgis and the geographical detector model are combined to analyze the spatial and temporal status of the WRMP and explore the important influencing factors affecting the WRMP level. Nevertheless, there are still certain shortcomings that merit more research. Firstly, in terms of index selection, the three aspects of water resources, water environment, and water ecology are considered. However, the phenomenon of “looking at the sea in the city” has become more frequent recently. While strengthening the construction of the drainage system, urban flood treatment should be included in the overall framework of basin water environment treatment. Secondly, while choosing indicators, this paper takes into account the availability of data, so indicators related to water resources biodiversity have not yet been selected. Therefore, future research should include pertinent indicators in this domain in the indicator evaluation system. Finally, due to the strong regional uniqueness and heterogeneity of WRMP evaluation, it is necessary to further judge whether it is universal in other research areas. Hence, in the future, WRMP evaluation should be carried out, and comparatively, classifications for regions with different characteristics should be studied.





5. Conclusions


In this paper, the game variable weight matter–element extension evaluation model was innovatively introduced into the field of large-scale basin WRMP evaluation, and the YREB was used as an example. Firstly, the overall WRMP from 2012 to 2021 was measured, and the results of the model before and after the variable weight modification were compared to verify the fit of the model used in this paper. Secondly, the spatial and temporal differentiation of each subsystem’s management performance in the YREB was analyzed. Finally, the geographical detector was used to explore the main factors affecting the WRMP in the YREB. Hence, this paper introduced a new evaluation model, which can also be used in other similar evaluation studies, such as water environmental carrying capacity and water ecological health. The main conclusions are as follows:




	(1)

	
From 2012 to 2021, the overall WRMP level of each province in the YREB showed a continuously improved state. Among them, the WRU performance was high in the east and low in the west. The WET performance showed a trend of gradual improvement from the Western Region to the Eastern Region, while the WEP performance showed a gradual improvement trend.




	(2)

	
The evaluation results of the game variable weight matter–element extension model were basically consistent with the evaluation results before the variable weight modification. There were only nuances in the WRMP level in Shanghai (2012) and Sichuan (2012), but the evaluation results of the variable weight-modified model were more fit to the actual situation.




	(3)

	
According to the results of the geographical detector, the main factors affecting the WRMP level were different in different years. Consequently, to improve the WRMP level, it is necessary to target and adjust different factors in different years. Simultaneously, the interaction of impact factors had a nonlinear enhancement and a two-factor enhancement effect on the improvement of the WRMP.
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Figure 1. Status of water resources in the YREB, China. Note: The higher the height of the histogram, the more extreme the water shortage state. According to the internationally recognized water shortage standard, this study is divided into five levels. In the first level, the per capita water resources are higher than 3000 m3, which represents a normal state without water shortage. In the second level, the per capita water resources are less than 3000 m3, which represents mild water shortage. The third grade is lower than 2000 m3, which represents a moderate water shortage state. The fourth grade is less than 1000 m3, which represents a serious water shortage state. The fifth level is less than 500 m3, which represents an extreme water shortage state. 






Figure 1. Status of water resources in the YREB, China. Note: The higher the height of the histogram, the more extreme the water shortage state. According to the internationally recognized water shortage standard, this study is divided into five levels. In the first level, the per capita water resources are higher than 3000 m3, which represents a normal state without water shortage. In the second level, the per capita water resources are less than 3000 m3, which represents mild water shortage. The third grade is lower than 2000 m3, which represents a moderate water shortage state. The fourth grade is less than 1000 m3, which represents a serious water shortage state. The fifth level is less than 500 m3, which represents an extreme water shortage state.



[image: Sustainability 16 00649 g001]







[image: Sustainability 16 00649 g002] 





Figure 2. Weight determination flow chart. 
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Figure 3. The level of provincial WRMP in the YREB (2012–2021). 
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Figure 4. Spatial distribution of WRU in the YREB in the 2012–2021 period. 
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Figure 5. Spatial distribution of WET performance levels in the YREB in the 2012–2021 period. 
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Figure 6. Spatial distribution of WEP performance levels in the YREB in the 2012–2021 period. 
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Figure 7. Evaluation index weight change comparison chart.(Note: The green arrow to the left represents that the average variable weight of the index in ten years is less than its comprehensive constant weight part; the red arrow to the right represents the part of the average variable weight of the indicator in the ten years that is greater than its comprehensive constant weight.) 
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Table 1. Basis for judging two factor interaction patterns.
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	Basis of Judgement
	Interaction





	q(    X   1    ∩    X   2   )   < Min(q(    X   1   )  ,q(    X   2   ) )  
	Nonlinear weakening



	Min(q(    X   1   )  ,q(    X   2   ) )   < q(    X   1    ∩    X   2   )   < Max(q(    X   1   )  , q(    X   2   ) )  
	Single nonlinear weakening



	q(    X   1    ∩    X   2   )   > Max(q(    X   1   )  , q(    X   2   ) )  
	Double enhancement



	q(    X   1    ∩    X   2   )   = q(    X   1   )   + q(    X   2   )  
	Independence



	q(    X   1    ∩    X   2   )   > q(    X   1   )   + q(    X   2   )  
	Nonlinear enhancement










 





Table 2. The evaluation index system of WRMP.
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Target Layer

	
Primary Indicators

	
Secondary Indicators

	
Tertiary Indicators

	
Unit

	
Attribute






	
WRMP

	
WRU

	
Economical Utilization

	
Per capita water use (X1)

	
m3/person

	
—




	
Industrial water conservation rate (X2)

	
%

	
+




	
Development and utilization of water resources (X3)

	
%

	
—




	
Intensive Utilization

	
Water consumption of CNY 10,000 industrial added value (X4)

	
m3/CNY

	
—




	
Effective utilization coefficient of farmland irrigation water (X5)

	
/

	
+




	
Industrial water recycling rate (X6)

	
%

	
+




	
Safe Utilization

	
Water resources sustainability index (X7)

	
/

	
+




	
Stain diameter ratio (X8)

	
%

	
—




	
Urban water penetration rate (X9)

	
%

	
+




	
Drinking water source water quality compliance rate (X10)

	
%

	
+




	
WET

	
Pollution Reduction

	
Completion rate of industrial wastewater treatment (X11)

	
%

	
+




	
Investment in environmental pollution as a proportion of GDP (X12)

	
%

	
+




	
Sewage treatment rate (X13)

	
%

	
+




	
Harmless treatment rate of domestic waste (X14)

	
%

	
+




	
COD emissions of 10,000 Yuan GDP (X15)

	
ton/CNY

	
—




	
Carbon Reduction

	
The proportion of unconventional water sources (X16)

	
%

	
+




	
Application intensity of agricultural chemical fertilizer (X17)

	
kg/hm2

	
—




	
WEP

	
Green Expansion

	
Forest coverage rate (X18)

	
%

	
+




	
The area of parkland per capita (X19)

	
m2/person

	
+




	
The investment completed in ecological construction and protection this year (X20)

	
%

	
+




	
Growth

	
Growth rate of water ecological carrying capacity (X21)

	
%

	
+




	
Ecological environment water consumption rate (X22)

	
%

	
+




	
The water quality (Class III or above) at the provincial boundary section of surface water (X23)

	
%

	
+








Note: “+” represents positive, and “—” represents negative. For the calculation steps of water resources sustainability index and water ecological carrying capacity growth rate, refer to Deng et al. (2023) [47].













 





Table 3. Evaluation results of WRMP level in each province (2012, 2015, 2018, and 2021).
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Year

	
Province

	
Game Variable Weight

	
Game Combination




	
Current Level

	
Trend

	
Current Level

	
Trend






	
2012

	
Shanghai

	
Low

	
—

	
Relatively low

	
Low




	
Jiangsu

	
Relatively high

	
High

	
Relatively high

	
High




	
Zhejiang

	
High

	
—

	
High

	
—




	
Anhui

	
Relatively high

	
Moderately

	
Relatively high

	
Moderately




	
Jiangxi

	
High

	
—

	
High

	
—




	
Hubei

	
Moderately

	
Relatively high

	
Moderately

	
Relatively high




	
Hunan

	
Low

	
—

	
Low

	
—




	
Chongqing

	
Low

	
—

	
Low

	
—




	
Sichuan

	
Low

	
—

	
Relatively low

	
Low




	
Yunnan

	
Low

	
—

	
Low

	
—




	
Guizhou

	
Moderately

	
Relatively high

	
Moderately

	
Relatively high




	
2015

	
Shanghai

	
Moderately

	
Relatively high

	
Moderately

	
Relatively high




	
Jiangsu

	
High

	
—

	
High

	
—




	
Zhejiang

	
High

	
—

	
High

	
—




	
Anhui

	
Moderately

	
Relatively high

	
Moderately

	
Relatively high




	
Jiangxi

	
Moderately

	
Relatively high

	
Moderately

	
Relatively high




	
Hubei

	
Relatively high

	
High

	
Relatively high

	
High




	
Hunan

	
Moderately

	
Relatively high

	
Moderately

	
Relatively high




	
Chongqing

	
Low

	
—

	
Low

	
—




	
Sichuan

	
Moderately

	
Relatively high

	
Moderately

	
Relatively high




	
Yunnan

	
Relatively high

	
Moderately

	
Relatively high

	
Moderately




	
Guizhou

	
Relatively high

	
Moderately

	
Relatively high

	
Moderately




	
2018

	
Shanghai

	
Moderately

	
Relatively high

	
Moderately

	
Relatively high




	
Jiangsu

	
High

	
—

	
High

	
—




	
Zhejiang

	
High

	
—

	
High

	
—




	
Anhui

	
High

	
—

	
High

	
—




	
Jiangxi

	
Relatively high

	
High

	
Relatively high

	
High




	
Hubei

	
High

	
—

	
High

	
—




	
Hunan

	
Moderately

	
Relatively high

	
Moderately

	
Relatively high




	
Chongqing

	
Low

	
—

	
Low

	
—




	
Sichuan

	
Moderately

	
Relatively high

	
Moderately

	
Relatively high




	
Yunnan

	
Relatively high

	
High

	
Relatively high

	
High




	
Guizhou

	
Relatively high

	
Moderately

	
Relatively high

	
Moderately




	
2021

	
Shanghai

	
High

	
—

	
High

	
—




	
Jiangsu

	
High

	
—

	
High

	
—




	
Zhejiang

	
High

	
—

	
High

	
—




	
Anhui

	
High

	
—

	
High

	
—




	
Jiangxi

	
High

	
—

	
High

	
—




	
Hubei

	
High

	
—

	
High

	
—




	
Hunan

	
High

	
—

	
High

	
—




	
Chongqing

	
High

	
—

	
High

	
—




	
Sichuan

	
High

	
—

	
High

	
—




	
Yunnan

	
High

	
—

	
High

	
—




	
Guizhou

	
High

	
—

	
High

	
—











 





Table 4. Global Moran’s I of WRMP level in the YREB from 2012 to 2021.
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	Year
	2012
	2013
	2014
	2015
	2016
	2017
	2018
	2019
	2020
	2021





	Moran’s I
	0.455
	0.022
	−0.236
	0.025
	0.237
	0.299
	0.303
	−0.114
	0.015
	0.000



	P
	0.024
	0.283
	0.278
	0.294
	0.071
	0.056
	0.038
	0.469
	0.231
	0.001



	Z
	2.312
	0.554
	−0.587
	0.577
	1.645
	1.663
	1.836
	−0.122
	0.626
	0.000










 





Table 5. Geographical detection results of influencing factors of WRMP level evolution.
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Sort

	
2012

	
2015

	
2018

	
2021




	
Single Factor

	
Interaction

	
Single Factor

	
Interaction

	
Single Factor

	
Interaction

	
Single Factor

	
Interaction






	
1

	
X2 (0.526 *)

	
X8∩X2 (0.859)

	
X2 (0.468 *)

	
X23∩X7 (0.859)

	
X20 (0.394 *)

	
X20∩X13 (0.982)

	
X11 (0.502 *)

	
X17∩X11 (0.975)




	
2

	
X7 (0.413 **)

	
X12∩X7 (0.834)

	
X18 (0.420 **)

	
X15∩X3 (0.855)

	
X7 (0.328 *)

	
X21∩X17 (0.982)

	
X3 (0.371 *)

	
X20∩X19 (0.975)




	
3

	
X20 (0.398 **)

	
X13∩X2 (0.827)

	
X9 (0.408 **)

	
X13∩X9 (0.834)

	
X21 (0.320 *)

	
X15∩X11 (0.964)

	
X4 (0.361 *)

	
X8∩X1 (0.967)




	
4

	
X17 (0.390 **)

	
X17∩X7 (0.824)

	
X20 (0.378 *)

	
X15∩X7 (0.825)

	
X19 (0.320 *)

	
X21∩X20 (0.964)

	
X22 (0.284 *)

	
X20∩X12 (0.967)




	
5

	
X1 (0.383 **)

	
X19∩X7 (0.819)

	
X3 (0.356 **)

	
X13∩X7 (0.793)

	
X1 (0.319 *)

	
X13∩X8 (0.955)

	
X20 (0.227 *)

	
X2∩X1 (0.942)




	
6

	
X8 (0.362 **)

	
X17∩X3 (0.808)

	
X5 (0.345 *)

	
X6∩X3 (0.781)

	
X9 (0.317 *)

	
X21∩X13 (0.943)

	
X16 (0.204 *)

	
X11∩X1 (0.942)




	
7

	
X23 (0.309 *)

	
X20∩X2 (0.806)

	
X4 (0.279 *)

	
X20∩X17 (0.774)

	
X17 (0.304 *)

	
X9∩X1 (0.935)

	
X18 (0.184 *)

	
X21∩X1 (0.942)




	
8

	
X5 (0.262 *)

	
X9∩X7 (0.805)

	
X1 (0.193 *)

	
X20∩X13 (0.769)

	
X3 (0.298 *)

	
X11∩X6 (0.920)

	
X17 (0.160 *)

	
X3∩X2 (0.900)








Note:     X   i   ( i = 1 ,   2 , ⋯   23 )     represents each evaluation index; the numbers in parentheses represent the   q   value corresponding to the impact factor; *   p < 0.1  , **   p < 0.05  .
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