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Abstract

:

The protection of a water resource’s ecological environment is one of the most important tasks in the watershed in China. The evaluation of water resources carrying capacity (WRCC) is the foundation for the suitability of territorial space development. It is necessary to further analyze the weaknesses of the coordinated development of various dimensions of WRCC and explore the basis of territorial space development and optimization. This paper considers Chinese unique policy tasks, namely, “three water management together”, the types of main function areas, “red lines” control, and national spatial suitability evaluation, to construct the evaluation index system of WRCC. Monomial evaluation, integrated evaluation, and coupling coordination analysis methods are used separately to evaluate the carrying index, comprehensive carrying index, and coupling coordination degree of WRCC in the Qingjiang River Basin. The results show that: (1) As far as monomial evaluation is concerned, water resource supplies are often overloaded on the overall economy, industrial, and agricultural development; (2) The comprehensive indices of WRCC of the counties in the southwest are obviously better than that of the counties in the northeast; (3) The degree of coupling coordination of WRCC in the Qingjiang River Basin is not high, and is essentially in the primary or barely coordinated level; (4) the short board of WRCC in the Qingjiang River Basin presents obvious spatial characteristics, which from west to east are water environment, water resources and water ecology lagging, respectively. This paper measures WRCC for industry, agriculture, life, and ecology, which is helpful in promoting the suitability evaluation of land space development. Meanwhile, the case study of the Qingjiang River Basin provides reference for other regions to implement the “double evaluation”.
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1. Introduction


Water resource restriction has become an important factor to be considered in the economic development of human society in the 21st century [1]—the demand for water has increased nearly eightfold in the past 100 years [2] and its exploitation and utilization have also caused great damage to the ecological environment [3]. China has taken a number of measures towards the sustainable development and utilization of water resources and the construction of water ecological civilizations, and has raised the protection of the water ecological environment to an unprecedented level.



As an effective tool for solving the problems of resources and environment, the carrying capacity has been favored by domestic and foreign governments and scholars. Through manual screening and sorting of literature on water resources carrying capacity (WRCC) in China National Knowledge Infrastructure (CNKI) and Web of Science (WOS) databases, it has been found that the quantity of literature on WRCC has been increasing since 2001 (Figure 1). There is no unified view on the concept of resource carrying capacity, which can be divided into three categories: First, the maximum development and utilization capacity of regional resources [4]; Second, the maximum population supported by regional resources [5]; Third, the sustainable development of economic, social, and ecological systems supported by regional resources [6,7]. Similarly, the concept of WRCC is roughly divided into the above three categories, the third of which is favored by the Chinese government and scholars. The concept of dynamic WRCC is proposed based on The Technical Guide for Assessment of Carrying Capacity of Resources and Environment and Suitability of Land and Space Development issued by the Ministry of Natural Resources of China in 2020. It means that water resources within a certain region can support the largest scale of agricultural production, urban construction, and other human activities. It should be noted that the largest scale here needs to take into account not only background conditions and surpluses, but also quota targets under national strategies and future potential.



Since the report of the 18th National Congress of the Communist Party of China put forward the construction of ecological civilization, the water ecology of the river basin has been paid more attention to [8,9,10] and has entered the stage of paying attention to the “three water management together” of water environment, water ecology, and water resources. With the development of the content of water resources management, the index system of WRCC is becoming more and more abundant, and many scholars are gradually taking water environment and water ecology into consideration [11,12,13]. Mingbo Chi et al.’s construction includes geological factors, a mining system, ecosystem, and water-resources systems to measure the WRCC of mining areas [14]. Xi-Yin Zhou et al. established the water-environment carrying-capacity research system based on multiagent systems to study and present the water environment carrying capacity of Changzhou City from four dimensions, including scale, structure, pattern, and space [15]. Jian Zhang et al. constructed a 16-index WR-WECC evaluation index system, including the three subsystems of water resource system, socioeconomic system, and ecological environment system, to analyze the changing trend of water environment carrying capacity in Yuetang District [16]. However, few scholars consider the carrying capacity of water resources in industrial production, agricultural production, urban construction, and ecological protection based on “three water management together”.



Coupling-coordination degree can be used to reflect the coordination quality and relationship of interaction between different systems [17,18]. Therefore, the coupling coordination model has been applied by many scholars to study the relationship between systems in various fields and their change rules. For example, the coupling relationship between urbanization and natural disasters [19], between China’s new urbanization and ecological environmental pressure [20], and between production, living, and ecological functions are studied [21]. Similarly, on the basis of the construction of the evaluation index system of WRCC, many scholars use the coupling-coordination degree model to study the coordinated development state of different systems and distinguish the types of backward development [22,23]. Li et al. (2021) estimated the coupling-coordination degree of production, living, and ecological spaces in the Yellow River Basin [24]. Li et al. (2021) evaluated coupling coordination and spatiotemporal heterogeneity between urbanization and natural disasters in the Pearl River Delta, China [19].



From the point of view of the study area, WRCC of the basin is common [19,25,26,27]. Ruining Jia et al. evaluated WRCC of Ganzhou, Gaotai, and Linze counties in the middle reaches of Zhangye City in the Heihe River Basin, which are the main agricultural production areas, and put forward suggestions for improvement [28]. LiangJie Yang studied the variation of WRCC in the spatial and temporal dimensions of water resources in Shiyang River Basin based on the influencing factors of detecting WRCC with geographical detectors [29]. Dan Dai et al. evaluated the water use of Yongding River Basin in Beijing under different conditions and assessed and predicted the water resource carrying capacity under different schemes [30]. Jian Kang et al. evaluated the WRCC of Shanxi, Inner Mongolia, Liaoning, Beijing, Tianjin, Hebei, Henan, Shandong, and other areas throughout the Haihe River Basin and proposed an optimization model to optimize the effective irrigation areas and groundwater exploitation [9]. Su Xianbao calculated the comprehensive WRCC in combination with water resources and water environment thresholds by adopting their own water use standards for each basin in Gansu Province [31], this study not only takes the river basin as the research object, but also well reflects the different threshold values used to evaluate the level of carrying capacity. However, there are few studies on the county level of the river basin. Some other studies on WRCC evaluation indicators and research areas are shown in Table 1.



Looking at the existing research, scholars have made great progress in the study of WRCC and have constructed a detailed and comprehensive index system. However, there is still room for further research on the construction of an index system of WRCC, the “short board” of critical or overloaded WRCC, and the research scale. Therefore, this article has the following two advantages: First, this paper adopted a new research method that is from the perspective of “double evaluation”, the regional water resources policy “three lines and one order” and “three water management together” and regional positioning differences. Second, the evaluation of WRCC is mainly based on the large scale of provinces and cities and lacks research on the microscale of specific basins. In this paper, WRCC is studied on the scale of the ten counties through which the Qingjiang River Basin flows.



Qingjiang River, as the first major tributary of the Yangtze River after exiting the Three Gorges, is also the second largest tributary in Hubei Province after Hanjiang River. According to The Regulations on Water Ecological Environment Protection of Qingjiang River Basin in Hubei Province issued in 2019, the Qingjiang River Basin includes the main stream and tributaries of Qingjiang River in Lichuan city (county-level city), Enshi city (county-level city), Jianshi county, Badong county, Xianfeng county, Xuanen county, Hefeng county, Changyang Tujia Autonomous County, Wufeng Tujia Autonomous County, and Yidu city (county-level city) (Figure 2). The total amount of water resources in the basin is abundant and the overall water quality is in good condition. However, the water resources, water environment and water ecology of Qingjiang River should not only consider its own carrying capacity, but also consider WRCC of Qingjiang River Basin in Hubei Province, the Yangtze River Economic Belt and even the whole country.



Therefore, this paper aims to fill the gaps by developing an index system based on Chinese unique policy task to evaluate WRCC of the Qingjiang River Basin from the perspective of counties. It has important reference to various main functional areas of basins, especially for restricted development areas in China. In the Chinese Yangtze River economic belt, 131 counties belong to optimized development areas, 210 counties belong to key development areas and 442 counties belong to restricted development areas which include 293 main agricultural product-producing areas and 149 key ecological-functional areas [44]. No matter what kind of main functional areas WRCC is evaluated in, “three water management together”, main functions and spatial suitability should be taken into account.




2. Theoretical Framework


When constructing the evaluation index system of WRCC in the Qingjiang River Basin, Chinese unique policy tasks, namely, “three water management together”, the types of main function areas, “red lines” control, and national spatial suitability evaluation should be taken into consideration. The general idea is shown in Figure 3.



2.1. The Task of “Three Water Management Together”


At the 19th National Congress of the Communist Party of China, it was put forward that “we should pay attention to great protection instead of great development”. At the same time, it was required that the Yangtze River Basin should vigorously promote ecological environment protection and restoration and continue to promote the “three water management together” of water resources protection, water pollution control, and water ecological restoration. Based on the goal of “three water management together”, this paper constructs the evaluation index system of water resources, water environment, and water ecological carrying capacity from three dimensions: water resources protection, water pollution control, and water ecological restoration.




2.2. Diverse Focus of Different Main Functional Areas


Chinese Main Functional Area Planning divides the land space into four types of main functional areas: optimized, key, restricted, and prohibited development areas. Different development areas have different evaluation emphases, so we can consider adding indicators dynamically to adapt to different main functional areas and establish a more flexible indicator system to meet the differentiated needs of different main functional areas (Figure 4). However, the Qingjiang River Basin studied in this paper belongs to Chinese restricted development areas, among which there are a few key areas, such as Hubei Qingjiang National Forest Park, Hubei Chaibuxi National Forest Park, and Hubei Wufeng Houhe National Nature Reserve, which belong to the national prohibited development areas. From the administrative areas of the Qingjiang River Basin, Enshi, Lichuan, Jianshi, Badong, Xuanen, Xianfeng, Hefeng, Changyang, and Wufeng all belong to the ecological functional areas of restricted development areas, and Yidu belongs to the main agricultural products producing areas of restricted development areas. Therefore, the evaluation index system of WRCC in the Qingjiang River Basin should reflect the evaluation focus of restricted development areas.




2.3. The Land-Space Suitability Evaluation


The evaluation of WRCC is the basis of water-resource suitability evaluation, which contributes to the spatial planning of “three areas” (town, agriculture, and ecological space) and promotes the optimal allocation of water resources. Conversely, the optimal allocation of water resources improves WRCC and forms a circular process (Figure 5). In the spatial planning of watershed counties, the main functions should be positioned according to the proportion of “three areas”, and the bottom-line control requirements of the main functions should be improved by “three lines” (an ecological protection red line, permanent basic farmland, and an urban development boundary). Therefore, when constructing the three-dimensional index system of water resources, water environment, water ecological carrying capacity, and the carrying capacity of watershed water resources for the development of “three areas” should be specifically refined.





3. Research Method


3.1. Establishment of Evaluation Index System of WRCC


Based on the above ideas, this paper constructs an index system from three dimensions: water resources, water environment and water ecology. In the index system, it focuses on the evaluation of major agricultural production areas and ecological functional areas and sets up more indicators of agricultural development and ecological construction. At the same time, it reflects the connection with “three lines and one order” in the calculation formula detailed in the single evaluation method later and considers the connection with the suitability of land space in agricultural development and urban construction. The index system is shown in Table 2.




3.2. Evaluation Method of WRCC


The single index of WRCC is helpful for objectively calculating the carrying capacity of water resources to agricultural production, urban construction, and ecological spaces. Therefore, when constructing the index system, it is necessary to select irrigation water consumption, irrigation area, arable land scale, urban water consumption and the maximum scale of construction land. In order to evaluate the carrying capacity of water resources in various local areas of the Qingjiang River Basin as a whole, it is necessary to consider the integrated evaluation of individual indicators, so an appropriate method should be adopted to calculate the integrated evaluation index of WRCC. By analyzing the coupling degree, the shortcomings of WRCC can be identified.



3.2.1. Single Evaluation Method of WRCC


The evaluation of WRCC based on “three lines and one order” is helpful in controlling the remaining carrying space of water resources, water environment, and water ecology in the Qingjiang River Basin. In this paper, the calculation formulas of WRCC evaluation are as follows:




	(1)

	
When the indicator is a positive indicator, the “red line”   X t    is usually the bottom line









Calculate the carrying capacity of water resources:


  X =  X i  −  X t   



(1)







Calculate water resources carrying rate:


  Y =  X   X t     



(2)







	(2)

	
When the index is negative, the “red line” is usually the upper limit







Calculate the carrying capacity of water resources:


  X =  X t  −  X i   



(3)







Calculate water resources carrying rate:


  Y =  X   X t     



(4)




where   Y   represents the water resources carrying rate,  X  represents the index of WRCC,    X t    represents the “red line” of each index, and    X i    represents the present value of each index. When  X  is less than 0, it indicates overload. When  X  is greater than 0, it indicates that it is in a loadable state.



Water consumption per 10,000 yuan of GDP, water consumption per 10,000 yuan of industrial added value, effective irrigation area rate, industrial total nitrogen discharge, industrial total phosphorus discharge, industrial wastewater discharge, nitrogen fertilizer application amount, phosphate fertilizer application amount, compound fertilizer application amount, domestic sewage treatment rate, water quality compliance rate of water sources, and ecological water use rate are all referred to in the above calculation process. The calculation processes of other indicators are shown in the calculation formula in Table 1, such as available water for irrigation, scale of cultivated land, irrigation scale, town available water, and area of urban construction land.




3.2.2. Integrated Evaluation Method of WRCC


	(1)

	
Using range method to standardize data







For the positive index, the processing method is:


   y  i j   =    x  i j   − m i n  {   x  i j    }    m a x  {   x  i j    }  − m i n  {   x  i j    }      ( i = 1 ,   2   … ,   m ;   j = 1 ,   2 … ,   n )  



(5)







For negative indicators, the treatment method is:


   y  i j   =   m a x  {   x  i j    }  −  x  i j     m a x  {   x  i j    }  − m i n  {   x  i j    }      ( i = 1 ,   2   … ,   m ;   j = 1 ,   2 … ,   n )  



(6)







	(2)

	
Using coefficient of variation method to calculate the weight







Calculate the standard deviation of each index:


   σ j  =     n  ∑   x 2  −    (   ∑  x  )   2     n 2       



(7)







Calculate the coefficient of variation:


   V i  =    σ i       x i   ¯     (  i = 1 , 2 , 3 ⋯ , n  )   



(8)







Calculate weights:


   W i  =    V i      ∑   i = 1  n   V i     



(9)







	(3)

	
The weighted TOPSIS method is used to calculate the comprehensive evaluation value







Calculate the specification matrix:


   Z  i j   =    y  i j         ∑   i = 1  n   y  i j  2       



(10)







Calculate the weighted gauge matrix:    U  i j   =  w i  ·  z  i j    .



Calculate the distance between each scheme and the ideal solution as the evaluation value:


   C i *  =       ∑   j = 1  n  (  U  i j   −  U j o   ) 2          ∑   j = 1  n  (  U  i j   −  U j o   ) 2    +     ∑   j = 1  n  (  U  i j   −  U j *   ) 2       



(11)







The ideal solution is:


   U j *  = max  (   U 1  ,  U 2  … ,  U j   )   



(12)







The negative ideal solution is:


   U j 0  = min  (   U 1  ,  U 2  … ,  U j   )   



(13)








3.2.3. Evaluation Method of Coupling Coordination Degree of WRCC


Calculate the coupling degree:


   C i  =    {    R  E i *  × E  N i *  × E  C i *       [   (  R  E i *  + E  N i *  + E  C i *   )  / 3  ]   3     }     1 3     



(14)







Among them,   R  E i *  , E  N i *  , E  C i *    is the evaluation value of water resources, water environment and water ecology obtained by weighted TOPSIS method.



Calculate the coupling coordination degree:


   D i  =    B i  ×  (  α R  E i *  + β E  N i *  + γ E  C i *   )     



(15)







Among them, the expression indicates the importance of water resources, water environment and water ecology, respectively. Under the strategic background of “paying great attention to protection, not developing” and giving priority to ecological environment protection, the importance of water environment and water ecology is stronger than that of water resources, but the contribution between the three is required by coordinated development and cannot be too unbalanced, so this paper will set them as 0.3, 0.35 and 0.35.





3.3. Data Sources


The data on GDP come from Economic and Social Development Bulletins of the ten counties.



The data on total water resources, irrigation water consumption, industrial water consumption, ecological water consumption, and other indicators come from Enshi Tujia and Miao Autonomous Prefecture, Yichang Water Resources Bulletin.



The data on industrial wastewater discharge, agricultural nitrogen fertilizer application, agricultural phosphorus fertilizer application, and agricultural compound fertilizer application are derived from Enshi Tujia and Miao Autonomous Prefecture, Yichang Statistical Yearbook in 2018.



Part of the quota standard data refer to GB50137-2011 for urban land classification and planning and construction land, Hubei Water Resources Bulletin, etc. The reference value and source of “red line” are shown in Table 2.





4. Results and Discussion


4.1. Monomial Evaluation


4.1.1. Water Resources Dimension


	(1)

	
Carrying status of water supply to the overall economy







Only Enshi and Badong belong to the bearable area of water resources for the overall economy, while eight counties, including Lichuan, Jianshi, Xuanen, Xianfeng, Hefeng, Yidu, Changyang, and Wufeng, are overloaded areas, i.e., the intensity of water consumption per unit of GDP is higher than the “red line” standard (Figure 6). Lichuan and Wufeng have the highest overload rates, reaching 43.6% and 123.4%, respectively, while Enshi and Badong do not have much space left, reaching 8.6% and 6.1%, respectively.



	(2)

	
Carrying status of water resources to industrial development







Badong, Yidu, Changyang, and Wufeng belong to the bearable area of water resources for industrial development, while five counties, including Enshi, Lichuan, Jianshi, Xuanen, Xianfeng, and Hefeng, belong to the overloaded area of water resources for industrial development, i.e., the water consumption per unit of industrial added value is higher than the “red line” standard (Figure 7). Hefeng has the highest overload rate of water resources for industrial development, reaching 60.56%, while Wufeng has the largest remaining carrying space, about 23.8%.



	(3)

	
Carrying status of water resources to agriculture







Yidu belongs to the bearable area of water resources for agricultural development, while Enshi, Lichuan, Jianshi, Badong, Xuanen, Xianfeng, Hefeng, Changyang, and Wufeng belong to the overloaded area of water resources for agricultural development, i.e., the effective irrigated area rate is lower than the “red line” standard (Figure 8). Among them, Changyang has the highest overload rate of water resources for agricultural development, reaching 89.52%.



	(4)

	
Carrying status of water resources to industrial and agricultural development space







Lichuan has the highest water resources development and utilization carrying capacity of more than 200 million cubic meters, followed by Enshi (Table 3). The lowest water resources development and utilization carrying capacity is Yidu, because its industrial water consumption far exceeds that of other areas, with the total water consumption reaching more than 25% of the water resources, therefore its water resources development and utilization carrying capacity is −0.56 million cubic meters. As its water consumption has exceeded the “red line” its irrigation water availability is −0.11 million cubic meters. Furthermore, because of the high proportion of urban domestic and industrial water consumption, the available water consumption in urban areas is much higher than that in other areas, reaching 128 million cubic meters. In other counties such as Lichuan, where industry is less developed and industrial water consumption is low, the amount of water available for urban use is relatively small. From the indicators of the scale of bearable irrigation, the scale of arable land, and the maximum scale of construction land, Lichuan, as the area with the highest total water resources, has the highest three indicators, while Yidu has the smallest scale of bearable construction land, at 230,800 acres, due to the high proportion of industrial water consumption. The remaining two indicators in Yidu are also at the lowest level in Qingjiang River Basin.




4.1.2. Water Environment Dimension


	(1)

	
The carrying status of water environment to industry







Enshi, Lichuan, Badong, Xuanen, Hefeng, Yidu, Changyang, and Wufeng within Qingjiang River Basin are in the carrying area for industrial total nitrogen discharge, while Jianshi and Xianfeng are in the overloaded area (Figure 9). For total industrial phosphorus and wastewater discharges, all counties in the Qingjiang River Basin are within the bearable range, with Enshi, Hefeng, and Yidu at the bearable critical value. All counties in the Qingjiang River Basin have industrial wastewater discharges within the carrying range.



	(2)

	
Carrying status of water environment to agriculture







The carrying status of the water environment to agricultural development is reflected by the carrying capacity of agricultural surface source pollution, specifically by the increase in the application of phosphate fertilizer, nitrogen fertilizer, potassium fertilizer and compound fertilizer (Figure 10). The carrying capacity of water environment for phosphorus fertilizer in Enshi, Lichuan, Badong, Xuanen, Yidu, Changyang, and Wufeng counties is within the carrying capacity, among which Badong, Xuanen, Yidu, and Changyang counties are at the critical value of carrying capacity, while Jianshi, Xianfeng, and Hefeng counties are the overloaded areas. The carrying capacity of water environment for nitrogen fertilizer in Enshi, Lichuan, Jianshi, Badong, Xianfeng, Yidu, Changyang, and Wufeng counties is within the carrying capacity, while Hefeng is the overloaded area. The discharge of nitrogen fertilizer in Hefeng and Xuanen is in the overloaded condition. For potassium fertilizer, all counties in the Qingjiang River Basin are within the carrying range, with Yidu nearing the carrying threshold. Enshi, Lichuan, Jianshi, Xianfeng, Hefeng, Changyang, and Wufeng are within the carrying range for compound fertilizer in the water environment, while Xuanen, Badong, and Yidu are in the overload condition.



	(3)

	
Carrying status of the water environment to life







The domestic wastewater treatment rate and the drinking water source water quality compliance rate can reflect the carrying status of water resources for living. Enshi, Badong, Xuanen, Xianfeng, and Hefeng are loadable for living, while Lichuan and Jianshi belong to the overloaded areas (Figure 11), that is, the domestic sewage treatment rate is lower than the “red line” standard. The overloaded rate of water resources for living development in Lichuan is 30.14%.



The drinking water quality standards of water sources in the Qingjiang River Basin, such as the water source of Dalongtan Reservoir, the water source of Lichuan First Water Plant, Qunfeng Reservoir, and the water source of Wanfu River, are all 100%, and they have all met the standards. According to The Hubei Province Three Lines and One Order Report, in Enshi Tujia and Miao Autonomous Prefecture, Yichang City, the drinking water sources in 2020 met the standard rate of 100% and 95%, so drinking water sources have a surplus of carrying capacity potential in Yidu, Changyang, and Wufeng.




4.1.3. Water Ecological Dimension


The ecological water-use rates of Enshi, Jianshi, Badong, Xuanen, Xianfeng, and Hefeng is loadable, while the ecological water use carrying capacity of Yidu, Changyang, and Wufeng is all overloaded (Figure 12).



The ecological red line in the Qingjiang River Basin covers an area of 13,959 km2, and the city and county with the largest ecological protection red-line area is Hefeng, accounting for 1837.8 km2, 64.08% of the administrative area of Hefeng, and 13.16% of the ecological red-line area of the entire Qingjiang River Basin. The ecological red-line area is the smallest in Yidu, accounting for 128.7 km2, 9.48% of the administrative area of Yidu, and 0.92% of the ecological red-line area of the entire Qingjiang River Basin. The ecological red-line area of Jianshi, Yidu, and Changyang counties showed a deficit in the carrying capacity potential of the administrative area (Figure 13), with Yidu having the largest deficit of 67.30%.





4.2. Integrated Evaluation


Overall, the comprehensive carrying capacity of water resources in Enshi is the strongest, followed by Lichuan, and Yidu is the weakest (Table 4). Water resources, water environment, and water ecology have different performance characteristics in each dimension of carrying capacity.



In terms of the carrying capacity of the water resources dimension, Lichuan has the strongest carrying capacity and is much higher than other counties, while Wufeng and Hefeng have the weakest carrying capacity. Although the efficiency of water resources development and utilization in Lichuan is not high, the amount of water resources still available is large, so its water resources have a strong carrying capacity for agricultural irrigation scale and urban construction land scale. The lowest carrying capacity of the water resources dimension in Wufeng is mainly due to the low efficiency of agricultural water use and the weak carrying capacity for agricultural development, while the main reason in Hefeng comes from industrial development.



In terms of the carrying capacity of the water environment dimension, the three counties of Changyang, Wufeng, and Yidu in Yichang, have the strongest carrying capacity, while Jianshi and Enshi have the weakest carrying capacity. The three counties of Yichang are within the carrying capacity of all indicators in the water environment dimension, among which the Yidu water environment shows a stronger carrying capacity for life, and Changyang and Wufeng show stronger carrying capacities for industry and agriculture. The water environment carrying capacity of Jianshi and Xianfeng is overloaded for industrial development, mainly for industrial total nitrogen discharge. The water environment carrying capacities of Badong, Hefeng, and Xuanen are overloaded for agricultural development for compound fertilizer, phosphate fertilizer, and nitrogen fertilizer, respectively. The water environment carrying capacities of Lichuan and Jianshi are overloaded for life.



From the carrying capacity of the water ecological dimension, Enshi far exceeds other counties, while Yidu has the weakest water ecological capacity. As the main functional area of agricultural products, Yidu will be in serious disorder if it is included in the key protection category of ecological functions of the Qingjiang River Basin, which also reflects that the evaluation of the carrying capacity of resources must be combined with the characteristics of the main functional positioning. However, combined with the current developments of the modern service industry, ecological agriculture, and ecological tourism, it is indeed necessary for Yidu to improve its water ecological carrying capacity and promote the organic combination of agriculture and water ecological tourism. The other nine counties all belong to the key ecological function areas, and the water ecology and water use rates in Changyang and Wufeng of Yichang City both need to be improved.




4.3. Evaluation of the Coordinated Development


All nine counties in the Qingjiang River Basin are at a high level of coupling and above, and only Yidu is at a low level of coupling. In order to better reflect the degree of synergy among the elements of water resources, water environment, and water ecology in the development process, the degree of coupling coordination is used for further analysis. The overall level of coupling coordination in the Qingjiang River Basin is low, and all of the counties are at the level of primary coordination or below (Table 5). Among them, 40% of the counties are in primary coordination level 50% of the counties are in the barely coordinated level, and 10% of the counties are in the serious dissonance level. From the spatial scale, the counties with high coupling coordination are located in the western part of the Qingjiang River Basin, and the coordination of counties in the central part toward the east and the north toward the south shows a decreasing trend (Figure 14).



The shortage of water resources in the process of socioeconomic development of the Qingjiang River Basin also shows obvious spatial characteristics, from west to east, they are water environment lagging type, water resources lagging type, and water ecology lagging type. The western counties in the Qingjiang River Basin, such as Enshi, Lichuan, Jianshi, and Xianfeng, show water environment lagging type. Badong, Xuanen, and Hefeng show water resources lagging type. The eastern counties, such as Yidu, Changyang and Wufeng, show water ecology lagging type (Figure 15).





5. Conclusions and Recommendations


This paper takes into account factors such as the types of main functional areas, the multidimensional refinement index of “three water management together”, the “red line” control and the convergence of the spatial suitability evaluation of the national land, etc., and constructs an index system for evaluating WRCC of the Qingjiang River Basin from monomial evaluation, integrated evaluation, and coupled coordination analysis. This system provides reference for the evaluation of WRCC of other river basins, as well as the evaluation of the carrying capacity to industrial development, agricultural development, ecology, and life, etc. It also provides reference for the evaluation of the spatial suitability of the country and the optimal allocation of water resources. The main conclusions are as follows:




	(1)

	
In terms of the individual indicators of each dimension, in the water resources dimension more than half of the areas in the Qingjiang River Basin are in a state of overload, among which Yidu has the lowest WRCC potential and is in an overdraft state, while Lichuan has the highest water resources carrying potential. In the water environment dimension, all areas in the Qingjiang River Basin have a good carrying capacity for industry, agriculture, and life, and the discharge of wastewater and its pollutants are within the carrying capacity except for some counties. The carrying capacity of agricultural surface pollution is within the carrying range except for in some counties, and the drinking water quality has reached the standard. It can be seen that although the Qingjiang River Basin is rich in water resources, it is still insufficient in terms of the development of the Yangtze River economic belt and even the whole country. The water environment and water ecology of the Qingjiang River Basin are generally good, which is consistent with the fact that the water quality has always maintained class two.




	(2)

	
The comprehensive water resources carrying index has obvious spatial characteristics, that is, the comprehensive water resources carrying indices of the five counties in the southwest are significantly better than those of the five counties in the northeast. The lowest comprehensive water resources carrying index among the five counties in the southwest is 1.193 in Hefeng, which is higher than that of Wufeng (1.180), the highest comprehensive water resources carrying index among the five counties in the northeast, and the counties with better comprehensive WRCC are concentrated in the southwest area of the Qingjiang River Basin. The Qingjiang River Basin originates from Lichuan and flows through Enshi, Xuanen, and other regions. In terms of flow direction, the carrying capacity of water resources in the upstream region is better than that in the downstream region, which also reflects the importance of China’s implementation of cross-border pollution control policies to avoid unclear responsibilities.




	(3)

	
The coordination degree of water resources carrying coupling of the ten counties in the Qingjiang River Basin is not high, essentially in the primary coordination or barely coordinated levels. Among them, Yidu, as the main functional area of agricultural products, will be in a state of disorder if it is included in the key protection of ecological functions in the Qingjiang River Basin. This also reflects that the evaluation of resource carrying capacity must be combined with the characteristics of the main functional positioning. In terms of spatial layout, areas with high coupling degree are distributed in the northwest, while areas with high coupling-coordination degree are located in the southwest. The distribution of coupling and coordination development types is more even, showing a 3:4:3 distribution among the three types of water resources lagging, water environment lagging, and water ecology lagging.









According to the results of monomial evaluation, integrated evaluation, and coupled coordination analysis of WRCC of the ten counties in the Qingjiang River Basin, the following recommendations are made in terms of “three water management together” and spatial layout.



	(1)

	
Water resources lagging counties. Determine the upper limit of resource utilization and improve the level of resource utilization. Strengthen the management of total water consumption and utilization efficiency. Strengthen water resources planning management and demonstration, strictly manage water quotas, control the total amount of water used in agriculture and industry, reasonably adjust water resources fee-collection standards, and gradually market the paid use of water resources.




	(2)

	
Water environment lagging counties. Adhere to the bottom line of water environment quality and promote the integrated prevention and control of water pollution. Establish a bottom-line management system for water environment quality, adhere to the integrated prevention and control strategy for point sources, surface sources, and mobile sources. Comprehensively rectify heavy-pollution industries; centrally manage industrial park water pollution; prevent and control livestock breeding. For aquaculture pollution, control agricultural surface pollution; accelerate the construction and renovation of urban sewage treatment facilities, comprehensively improve the rural environment, and strengthen the construction of supporting pipeline networks.




	(3)

	
Water ecology lagging counties. Increase ecological protection and restoration and construct an ecological barrier in the Qingjiang River Basin. Promote ecological restoration in the watershed to ensure that biodiversity is not reduced, mitigate the ecological impact of hydroelectric power stations and other water conservancy projects, and take engineering and project-based measures to promote the river connectivity system. Increase ecological compensation for ecological function areas in the watershed, accelerate the reform of the ecological and environmental damage compensation system, and establish an industrial transfer payment system for nature reserves.




	(4)

	
Optimize the spatial layout of the basin and reduce layout risks. Delineate the ecological protection red-line area, strengthen the graded and classified control of the red-line area, strengthen the management of general ecological space in the basin, and implement the negative list system for ecological and environmental access, establish Qingjiang River Basin National Park, and strengthen the protection of the originality and integrity of the natural ecosystem, optimize the industrial layout of the basin, and strengthen the prevention and control of environmental pollution at the source.







There are limitations to this analysis. For example, the data of some red-line indicators of counties are referred to in the Three Lines and One Order Report of Hubei Province, such as 10,000 yuan per GDP water consumption, which may not be particularly accurate to 10 counties. In addition, we used data from 2018 and did not consider the changes over a timeline. In the future, the dynamic simulation of WRCC under different scenarios of “three lines and one order” needs to be further studied.
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Figure 1. Research on WRCC of CNKI and WOS databases from 2001 to 2021. 
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Figure 2. Location of the Qingjiang River Basin. 
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Figure 3. General idea of building an evaluation index system of WRCC in the Qingjiang River Basin. 
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Figure 4. Construction of differentiated index systems based on the evaluation focus of main functional areas. 
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Figure 5. Circular process of WRCC improvement. 
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Figure 6. Carrying capacity of the water resources dimension for the overall economy. 
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Figure 7. Carrying capacity of the water resources dimension for industrial development. 
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Figure 8. Carrying capacity of the water resources dimension for agricultural development. 
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Figure 9. Carrying capacity of the water environment dimensions for industrial development. 
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Figure 10. Carrying capacity of the water environment dimensions for agricultural development. 
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Figure 11. Carrying capacity of the water environment dimensions for domestic wastewater treatment. 
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Figure 12. Ecological water use-rate carrying status. 
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Figure 13. Ecological protection red-line area share carrying status. 
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Figure 14. Distribution of coupled coordination states of WRCC in the Qingjiang River Basin. 
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Figure 15. Distribution of lagging types of coupled coordinated development of WRCC in the Qingjiang River Basin. 
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Table 1. Some literatures on WRCC evaluation indicators and research areas.
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	Literatures
	Indicator Selection
	Study Area





	[32]
	Volume of sewage discharge, total required volume of usable water, water supply volume, et al.
	Yiwu City, China



	[33]
	Per capita water resources available volume, Per capita water volume, Farmland irrigation rate, et al.
	Lanzhou city in China



	[34]
	Demention of water resources, water environment, water ecology, human society
	The Siping area of Jilin Province in China



	[35]
	water consumption, water efficiency, sewage discharge, et al.
	Tieling City in China



	[36]
	Demention of water environment pressure carrying capacity, water environment state carrying capacityand water environment response carrying capacity
	China



	[37]
	Demention of water resources, socio-economic and ecological
	The Wuwei city of Gansu Province in China



	[38]
	Water consumption per unit of industrial added value, water resources per capita
	mining economic zones in China



	[39]
	Total water supply, tertiary industrial water consumption of ten thousand yuan output Value, Industrial water consumption of ten thousand yuan output value, et al.
	Beijing, China



	[40]
	Water quality compliance rate of drinking water source, per capita water resources, rate of ecological water consumption, Rate of reclaimed water to total water supply, et al.
	Tianjin in China



	[41]
	Demention of water resources carrying support, water resources carrying pressure, water resources carrying regulation
	Anhui Province in China



	[42]
	Demention of water resources, water environment, society, economy
	Xi’an city, China



	[43]
	Total wastewater discharge, Per capita daily domestic water consumption, et al.
	The Haihe River basin in China
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Table 2. Circulation process of WRCC improvement.
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Table

	
Criterion Layer

	
Index Layer

	
Red-Line Reference Value

	
Source






	
Water Resources

	
Overall economic development

	
10,000 yuan GDP water consumption

	
Decreasing 30%

	
“the 13th five-year plan of Water Resources Development in Hubei province”




	
Industry

	
Water consumption of 10,000 yuan industrial added value

	
31; 42.98

	
“plan for the Enshi Tujia and Miao Autonomous Prefecture of building a national ecological civilization demonstration zone”; “Yichang fifteen plan for ecological construction and environmental protection”




	
Agriculture

	
Effective irrigation area rate

	
50%

	
Yichang fifteen plan for ecological construction and environmental protection




	
Available water for irrigation

	
[irrigation water consumption control index] − [irrigation water consumption]




	
Scale of cultivated land

	
[irrigation scale that can be carried] + [agricultural area that only uses natural precipitation as water source]




	
Irrigation scale

	
irrigation water carrying capacity/farmland comprehensive irrigation quota




	
Life

	
Town available water

	
[urban construction water consumption control index] − [urban construction water consumption]




	
Area of urban construction land

	
urban water carrying capacity/urban per capita water demand ∗ per capita urban construction land quota




	
Water environment

	
Industry

	
Total nitrogen emissions from industry

	
Down 30%

	
“plan for the Enshi Tujia and Miao Autonomous Prefecture of building a national ecological civilization demonstration zone”; “Yichang fifteen plan for ecological construction and environmental protection”




	
Total industrial phosphorus emissions




	
Discharge of industrial wastewater




	
Agriculture

	
Nitrogen rate

	
Fertilizer use is down

	
“water ecological environment can only optimize, can not deteriorate”, Zhejiang provincial agriculture and Rural Department, Zhejiang provincial finance department, “on the trial implementation of agricultural input fertilizer quota system




	
Phosphate rate




	
Application rate of compound fertilizer




	
Life

	
Domestic sewage treatment rate

	
80%

	
“opinions of the People’s Government of Hubei Province on comprehensively advancing the work of domestic sewage treatment in townships”; “Implementation Plan of comprehensively advancing the work of domestic sewage treatment in townships” in Enshi Tujia and Miao Autonomous Prefecture




	
Water quality standard rate in water source area

	
100%; 95%

	
Report on “three lines and one order” in Hubei Province




	
Water ecology

	
Ecosystem

	
Rate of ecological water use

	
0.60%

	
Mean value of ecological water use rate in arid and semi-arid regions




	
Proportion of ecological protection red-line area

	
40.00%

	
“Hubei Province Main Function Division”, county ecological protection red-line average proportion of more than 40%
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Table 3. Assessment values of water resources for industry and agriculture in the Qingjiang River Basin.
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	City and County
	Water Resources Development and Utilization Carrying Capacity (Billion Square Meters)
	Water Carrying Capacity Available for Irrigation (Billion Cubic Meters)
	Irrigation Scale That Can Be Carried (10,000 mu)
	Size of Arable Land That Can Be Carried (Million mu)
	Carrying Capacity of Water Available in Cities and Towns (Billion Square Meters)
	Maximum Size of Construction Land That Can Be Carried (Square Kilometers)





	
	1.33
	0.34
	14.89
	17.70
	1.11
	131.16



	Lichuan
	2.04
	0.64
	27.87
	32.56
	0.84
	234.36



	Jianshi
	1.08
	0.22
	9.77
	11.99
	0.57
	117.31



	Badong
	0.97
	0.23
	10.29
	12.67
	0.46
	100.06



	Xuanen
	0.66
	0.28
	12.10
	14.14
	0.24
	66.86



	Xianfeng
	0.67
	0.28
	12.31
	14.39
	0.32
	66.09



	Hefeng
	0.28
	0.08
	3.56
	4.27
	0.25
	29.00



	Yidu
	−0.56
	−0.11
	−0.34
	−0.41
	1.28
	23.08



	Changyang
	0.99
	0.27
	0.80
	0.95
	1.17
	82.37



	Wufeng
	0.40
	0.19
	0.57
	0.68
	0.42
	31.44
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Table 4. Integrated Evaluation of WRCC of the Qingjiang River Basin.






Table 4. Integrated Evaluation of WRCC of the Qingjiang River Basin.





	Counties
	Water Resources
	Water Environment
	Water Ecology
	Combined Value





	Enshi
	0.391
	0.231
	0.917
	1.539



	Lichuan
	0.722
	0.284
	0.457
	1.463



	Jianshi
	0.423
	0.224
	0.385
	1.032



	Badong
	0.241
	0.340
	0.413
	0.994



	Xuanen
	0.329
	0.370
	0.671
	1.370



	Xianfeng
	0.365
	0.294
	0.563
	1.222



	Hefeng
	0.339
	0.370
	0.483
	1.192



	Yidu
	0.350
	0.514
	0.001
	0.865



	Changyang
	0.205
	0.715
	0.175
	1.095



	Wufeng
	0.332
	0.619
	0.230
	1.181
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Table 5. List of coupling degree and coupling-coordination degree levels of the Qingjiang River Basin.
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	City and County
	Coupling Degree
	Coupling Degree Grade
	Coherence
	Coordination Level





	Enshi
	0.86
	High-level coupling
	0.69
	Primary Coordination



	Lichuan
	0.91
	High-level coupling
	0.68
	Primary Coordination



	Jianshi
	0.96
	High-level coupling
	0.57
	Barely coordinated



	Badong
	1.00
	Benign-resonance coupling
	0.60
	Barely coordinated



	Xuanen
	0.96
	High-level coupling
	0.67
	Primary Coordination



	Xianfeng
	0.96
	High-level coupling
	0.62
	Primary Coordination



	Hefeng
	0.90
	High-level coupling
	0.56
	Barely coordinated



	Yidu
	0.32
	Low-level coupling
	0.31
	Severe disorders



	Changyang
	0.82
	High-level coupling
	0.56
	Barely coordinated



	Wufeng
	0.84
	High-level coupling
	0.54
	Barely coordinated
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