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The water environment carrying status (WECS) is the embodiment of the ability of an aquatic ecosystem to maintain healthy and stable development; as such, it is an essential factor in the sustainable social and economic development of a region. To evaluate the water environment carrying status of a region, a new Pressure-State-Response-Support (PSRS) framework is proposed firstly. Secondly, a water carrying status index system containing 21 indicators is constructed based on this new model, and a water environment carrying status index (WECSI) is introduced to describe the water environment carrying status. Then, projection pursuit and entropy methods are used to calculate the water environment carrying status index of eight cities along the Yangtze River in Jiangsu province as examples. The results reveal that although the government has made substantial effort, the pressure subsystem is still dominated the changes of water environment carrying status, the eight cities still face significant pressure. The analysis indicated that government departments should commit to alleviating pressure and monitoring and supervising surface water quality while continuing to maintain a supporting force. The proposed framework and methodology is sound and effective for measuring the carrying status of regional water environment, and the methods can provide guidance for the Ecological Environment Department in ensuring the carrying capabilities of water environment and achieving sustainable development mission at regional level.
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1 INTRODUCTION
1.1 Background
Water resource is one of the most important nature resources to support human survival, socioeconomic development and the sustainability of the ecosystem. Water ecological environment system is a social-ecological systems where humans and other organisms interact with each other. With recent increases in population, urbanization, and the size of the economy, water resources have become over exploited, and the destruction of aquatic environments is causing serious water pollution crises in many regions and countries. A healthy aquatic ecological environment is a key restriction factor in sustainable social and economic development. Measuring water environment status accurately can help environmental management departments make effective decisions for environmental protection and management.
In order to measure water environment status of the water environment capacity, researchers have proposed a number of concepts such as water carrying capacity (WCC) (Magri and Berezowska-Azzag, 2019), water environmental carrying capacity (WECC) (Wang et al., 2018; Wei et al., 2019; Zhang et al., 2019), water resource carrying capacity (WRCC) (Naimi Ait-Aoudia and Berezowska-Azzag, 2016; Ren et al., 2016; Wang et al., 2021), water resource environmental carrying capacity (WRECC) (Zhou et al., 2019), water ecological carrying capacity (WECCC) (Wang et al., 2014; Bu et al., 2020), and water eco-environmental carrying capacity (WEECC) (Zhu et al., 2010). However, these concepts are given based on different research perspective, to ensure the accuracy of study, we need to define the research focus of these concepts firstly. Water environment is a status determined by a number of influencing factors, different with other concepts, water environment carrying capacity is the largest number of people and the largest economic scale that can be accommodated under the premise of meeting the requirement of water quality and quantity without destroying the ecological environment. It emphasizes more on the function of water environment system (Hu and Xie, 2022).
According to the literature, the aforementioned concepts have been used to measure the support capacity for the development of water resources and environments, defined as the maximum population size and economic scale that a water resource and an aquatic environment can sustain in a region without destroying the water ecological balance (Zhu et al., 2010; Wang and Xu, 2015; Zhou et al., 2017; Wei et al., 2019). However, evaluations using WECC, WRCC, WRECC or WECC in most research have not been consistent with these concepts. For example, Wang (Wang and Xu, 2015) classified WECC in China into different categories based on the values of WEPCC, WESCC and WERCC contributions, but assessment results were not associated with maximum population and economic scales. Such situations abound; for example Wei (Wei et al., 2019) calculated Z values to measure WECC of Wuhan in China and Bu (Bu et al., 2020) used the mean of Z value to describe WECCC of Changzhou in China.
To describe the research issues more accurately, we propose the concept water environmental carrying status (WECS) as a key index of whether socioeconomic development is coordinated with the water environment system, and whether the economics and society are sustainable for the watershed. In contrast to previous concepts, the WECS is affected by socioeconomic factors, water resource attributions, water environment natural conditions, and human activities. In order to maintain the water ecological environment balance, it would be more suitable to use such a framework to present the carrying capacity status. Most research concepts in the literature can be classified within the WECS.
1.2 Literature review
Numerous methods have been proposed to assess resource and environmental carrying capacities. These methods can be summarized as the following types: Comprehensive index evaluation (Wang et al., 2018; Bu et al., 2020; Wei et al., 2020; Wu and Hu, 2020; Peng et al., 2021), system dynamics (Feng et al., 2008; Wang et al., 2014; Yang et al., 2015; Zhou et al., 2017), multiple objective programming method (Zhu et al., 2010), principal component analysis method (Zhang et al., 2019), projection pursuit model (Zhang and Dong, 2009; Guo et al., 2018; Wei et al., 2019), variable fuzzy pattern recognition (Wang and Xu, 2015), hybrid model (Wang et al., 2021), grey clustering method (Hu et al., 2019). These evaluation methods can be classified into two types. One type is used to calculate the actual water carrying capacity, maximum population size, and the relevant economic scale; these include system dynamics (Hu et al., 2021) and multiple objective programming methods (Zhu et al., 2010). The other type is used to calculate an index that expresses the carrying status; for example, comprehensive index evaluation (Wu et al., 2021a; Peng et al., 2021), analytic hierarchy process (Wang and Xu, 2015; Wang et al., 2018), fuzzy comprehensive evaluation methods (Wu et al., 2021b), the projection pursuit model (Guo et al., 2018; Wei et al., 2019), and entropy weight methods (Ding et al., 2015). Among them, the second type—focusing on calculating an index of WECS—is more suitable for the research objective of this paper, it can integrate all of indicators into one comprehensive index, which reflect the natural resources, social, economic, technical, environmental, meteorological and other indicators’ influences to the water environment carrying status.
The most popular assessment method in water environment carrying status is comprehensive index evaluation (Liu and Borthwick, 2011; Yang et al., 2015) in which an appropriate indicator system is used as a basis for accurate assessment (Wei et al., 2019). In order to construct the indicator system, some frameworks have been used: PSR (Pressure-State-Response) (Huang et al., 2011; Zhou et al., 2013; Lai et al., 2022), DPSIR (Driving force-Pressure-State-Impact-Response) (Pirrone et al., 2005; Pandey and Shrestha S, 2016; Mosaffaie et al., 2021), DPSIRM (Driving force-Pressure-State-Impact-Response-Management) (Guo et al., 2018), eDPSIR (enhanced-Driving force-Pressure-State-Impact-Response) (Niemeijer and de Groot, 2008a), and VPOSRM (Vigor-Pressure-Organization-State-Resilience-Management) (Wei et al., 2019), which are widely used in research on environmental impacts, sustainable development, and environment management strategies. All these frameworks emphasize causality among relevant factors in environmental systems and reveal causal chains or networks that affect the environmental status (Niemeijer and de Groot, 2008b). Among these frameworks, PSR and DPSIR are the most widely used for integrated environmental reporting and assessment (Carr et al., 2007; Niemeijer and de Groot, 2008a; Gari et al., 2015), which are evolved from Stress-Response (S-R) framework. The PSR framework focus on anthropocentric pressures and responses in its evaluation of environmental problems, it tended to push natural variability aside (Carr et al., 2007). The DPSIR was created based on PSR model, which separated the driving forces from pressure subsystem, the impact subsystem form the state system. In the DPSIR framework, the causal links start with driving forces, pass through pressure to state and impact on society, eventually leading to human’s response, with the main purpose to identify the key indicators affecting the state of environment and the impact results. While these two popular frameworks contributed to water environment carrying issues, both of them have different focus. In this study, our focus is the carrying status of water environment, which is different with the frameworks aforementioned, these make the previous framework unsuitable for our study.
Socioeconomic development increases water environment pressure and degrade water aquatic environmental state. In turn, the degradation of the water environment status restricts socioeconomic development. To maintain socioeconomic development, human implementation of response measures is needed. All of these factors form a circular chain of causal relationships. In addition, technological progress and improvement of social services enhances the carrying capacity of water environment systems (Wu et al., 2021a); this can be thought of as a support system for the water environment. There are some reports in the literature that have discussed the above views; for example, Yang (Yang et al., 2015) used pressure-support ratio to measure WECC. Shen (Shen et al., 2020) introduced the ratio of urban loads to urban carrying capacity to evaluate the urban resources environment carrying capacity; they divided the forces affecting the ecosystem into “supporting” and “pressure” types. Wu (Wu and Hu, 2020) established a comprehensive system of evaluation to assess ecological carrying capacity. Different with the research object of PSR and DPSIR, the focus of this study is the evaluation of water environment carrying status, which is determined by pressure, response and support. To make the characterization of the causal chain more complete, systematic, and reasonable, a novel framework, “pressure-state-response-support” (PSRS), is proposed herein.
Among methods using the comprehensive evaluation index to evaluate carrying capacity, the entropy weight (EW) method calculates a comprehensive index based on the amount of information provide by each index, which is widely used. This method can guarantee the objectivity of the evaluation, and is an ideal scale in multi-objective decision-making and evaluation (Wu et al., 2021a). However, the comprehensive index value calculated by this method is more easy influence by the discreteness of sample data, which brings about the instability of the indicator weight. The projection pursuit (PP) method is widely used in the evaluation of resources, environments and sustainable development problems; this method projects the high-dimensional data into low-dimensional space by searching for the best projection vector to reflect the information contained in the high-dimensional data (Wei et al., 2019). This method is more suitable for multi-index evaluation problems, but it has a difficulty in finding the global optimal value. To make the evaluation result more reliable and stable, we firstly use the two methods separately to evaluate the WECS. If there is no significant difference between the results, we integrated the results of the two methods as the final evaluation results.
1.3 Research purpose and innovations
To standardize the research perspective of WECC, the WECS concept was used to deconstruct WECC from the perspective of carrying capacity status; this was done in order to consider the anthropogenic and natural influences on water environment status more appropriately. By coupling human activities with water resource and environment in the analysis of the WECS, a novel conceptual framework containing four subsystems of Pressure, State, Response, and Support was proposed on the basis of the PSR model. This framework, called PSRS, was used to accurately describe causal relationships of subsystems and major influencing factors of environmental status. Based on the PSRS framework, we established the WECS evaluation index system. The proposed evaluation index system based on novel PSRS model was used to evaluate eight cities’ WECS along the Yangtze River in Jiangsu Province of China. This paper adds to existing research in the following aspects:
• To deconstruct the WECC from the perspective of carrying status, the concept of “water environment carrying status” was proposed to normalize the research on water environment carrying capacity. This is determined by the pressure, response, support force, and their interactions with the social economy subsystem, natural water resource and environment condition, and habitat needs pressure.
• A novel PSRS concept framework model was proposed to describe the causality chain between different subsystems, and it is more suitable than other frameworks proposed by previous researchers.
• Based on the novel framework, an evaluation index system reflecting the causal relationship between human social development and water environment was constructed, which is more in line with the evaluation of water environment carrying status.
• Taking eight cities along the Yangtze River in Jiangsu province as example, the proposed PSRS framework, evaluation index system, and evaluation methods are used to assess the WECS to verify the effectiveness of the proposed framework, index system and methods. We can expand the research scope to other regional WECS evaluation.
The remainder of this paper is organized as follows: a novel PSRS framework and WECS evaluation index system are presented in Section 2; the evaluation methods of WECS are presented in Section 3; the application of proposed framework and methods is given in Section 4; and in Section 5 conclusions and future work are discussed.
2 THE PSRS FRAMEWORK AND WECS EVALUATION INDEX SYSTEM
The water environment carrying status is determined according to two aspects. The first consists of the nature attribute determined by the self-organization and self-regulation of the water environment; the second consists of social attributes defined as factors that are disturbed by economic and social activities. In this paper, we mainly consider the interference of economic and social actives on the water environment.
2.1 A novel pressure-state-response-support (PSRS) model framework for assessing WECS
Along with the development of society and economy, humans inevitably consume water resources and discharge pollutants into water; this exerts pressure on the water environment. At the same time, habitat requirements also bring pressures to the water environment. On the one hand, pressure from human social and economic activities on the water environment alters the state of the water environment; on the other hand, responses are made to control and address water environmental issues by humans to alleviate the pressures and change the status of the water environment. In addition, there is another force, called support, that affects the regional water environment status. The ideal state of WECS is to maintain a dynamic equilibrium of pressure-response-support forces; in other words, to maintain the coordination between human activities and water resources environment. This logic is consistent with the PSR framework. However, another force, namely support, affects the state of the water environment but has often been neglected. The WECS is not only a reflection of the natural resources’ environment characteristics but is also influenced by human society development, economic and technology development, and the protection status of the aquatic ecological environment. Coordinated development of the four parts is a precondition for the sustainable development of the society, economy, and the water ecological environment system. Based on the causal logic, a novel PSRS framework that consists of Pressure-State-Response-Support and includes causal relationships and the major influencing factors of environmental status is proposed and shown in Figure 1.
[image: Figure 1]FIGURE 1 | Pressure-state-response-support framework.
In contrast to other assessment frameworks, PSRS has four compartments: a pressure subsystem (P), a state subsystem (S), a response subsystem (R), and a support subsystem (S). Water environment status is determined by human and habitat pressures, supporting elements from natural resources and human social-economic conditions, and human response activities to maintain the balances between human socioeconomic growth and environment protection; the key point is to maintain the ecosystem equilibrium. Detailed descriptions of the subsystems and their casual relationships within the novel conceptual framework are discussed below.
In the PSRS framework, the pressure subsystem includes the pressures of human socioeconomic activities and habitat needs; in the state subsystem, the indicators represent the states of water environment system; the response subsystem includes countermeasures taken by human beings to improve the status of the water environment, and the support subsystem represents the support force from urban construction, environmental protection, and natural attributes of the water resources environment. As for the pressure subsystem, the pressures are imposed by human activities and habitat requirements. On the one hand, humans consume water resources to maintain their essential life activities and socioeconomic development; on the other hand, the human activities result in water pollution and deteriorate the water environment. Under the PSRS framework, indicators in the pressure subsystem are all negative; indicators in the response subsystem are mostly positive, and indicators in the support subsystem are all positive too.
2.2 WECS evaluation index system based on PSRS
Developing a proper evaluation index system is a critical step in WECS evaluation. In principle, the evaluation index system should be systematic, science-based, typical, measurable, policy-relevant, and available (Zhou et al., 2013; Bu et al., 2020). Indicators should neither be too numerous, to avoid cluttering the overview, nor too few to provide sufficient information (Mosaffaie et al., 2021). The WECS is influenced by the interactions between human activities and natural processes of aquatic environments. When constructing the evaluation index system of the WESC, we considered factors including human activities, the natural environment, the influences of natural states on human society, and the management policy. Referring to previous research and consulting experts’ opinion, based on classical and high-frequency characteristics, we chose evaluation indicators that could be obtained and were relevant to the water environment carrying capacity under each dimension to construct the evaluation index system. Due to the lack of available related data, the evaluation index system of WECS based on the PSRS framework concentrated on the 21 available but key indicators in Table 1.
TABLE 1 | Evaluation index system of Water environment carrying status based on pressure-state-response-support framework.
[image: Table 1]The pressure from humans can be classified into population, social, and economic pressures caused by human activities that affect the water resources and environment. The pressure that is imposed by the habitat requirements is difficult to measure, as there are no available data. Therefore, we only consider the human pressure in the pressure subsystem. Among the pressures on water environment from humans, pressures caused by industry, agriculture, and residents’ life activities is far greater than from other causes. To express direct and indirect impacts of human activities, this study chose 13 pressure indicators to represent the pressure from different perspectives on the water environment; these included population, urbanization, economic scale, water demand, water resource utilization efficiency, industry, agriculture, and residents’ life activities.
The state of water environmental system also affects the WECS. The Ecological index reflects the ecological environment of research region; the higher the value, the better the basic ecological environment of the region and the stronger the supporting force to the water environment. In addition, the quality of surface water function areas and stream monitoring section are two critical state indicators of the WECS.
To maintain the balance between human activity and the natural environment, human beings must take measures to reduce the damage to the water environment; for example, by improving sewage treatment rate and intensifying efforts to curb industrial pollution and control the extent of construction.
WECS is affected by Water resources and water environment endowment, both of which are support forces. In addition to these, urban infrastructure construction is another support force in the water environmental system. In the support subsystem, total water resources, forest coverage, and greenery coverage rate of build-up areas are used to represent the support force.
3 EVALUATION METHODS OF WATER ENVIRONMENT CARRYING STATUS
3.1 Assessment of WECS based on projection pursuit
Projection Pursuit is a statistical method. The steps of the Projection Pursuit comprehensive evaluation method are as follows.
Step 1: Standardizing evaluation indexes.
Suppose there are n evaluation objects, and each object has m indexes. To make the indexes directly comparable, we use the mini-max normalization method to normalize sample index values.
We use Eq. 1 to normalize positive indicators:
[image: image]
To normalize negative indicators, we use Eq. 2:
[image: image]
where, [image: image] is the normalized value of the jth index of ith object; [image: image] is the original value; and [image: image] and [image: image] are the minimum and maximum value of the index j of all objects, respectively.
Step 2: Calculating projection eigenvalues.
The projection pursuit model synthesizes m-dimensional data { [image: image]} into one-dimensional projection values Zi with [image: image] as the projection direction. The projected eigenvalues zi are defined as:
[image: image]
where, [image: image] is the projection direction and is a unit length vector, [image: image].
Step 3: Constructing projection objective function.
The projection pursuit method requires that the local projection points of projection value zi should be as dense as possible; as a whole, the projection points should be scattered as far as possible. The projection objective function consists of three parts: the maximum of the inter class distance, the minimum of the inner class density, and the maximum entropy value in the projection direction.
The inter class distance. To extract effective information from samples to the maximum extent, projection points should be scattered as much as possible. This is represented by the maximum standard deviation of the projection eigenvalues, S(a), which is called inter class distance.
[image: image]
where, [image: image] is the mean value of the sequence zi; n is the number of samples.
The inner class density. Locally, the projection points should be clustered as much as possible. Generally, the inner class density is also called the local density and is denoted by D(a).
[image: image]
where, rij is the distance between samples i and j, [image: image]; R is the window of local density, and the recommended value of its range is max  rij/5 ≤ R ≤ max  rij/3 (Lou et al., 2014). Here we set R as 0.1S(a); [image: image] is the Unit Step Function.
[image: image]
The projection objective function is constructed as follows:
[image: image]
The key of the projection pursuit method is to find the best projection direction that is most likely to represent the characteristic structure of the high-dimensional data. When evaluation objections are given, the projection objective function [image: image] changes only with the projection direction [image: image]. The best projection direction can be estimated by the projection objective function maximization problem, as shown in Eq. 8.
[image: image]
This is a complicated non-linear optimization problem taking {a(j)|j = 1, 2, …, m} as optimization variables. The particle swarm optimization algorithm is used to solve the high dimensional global optimization problem in this study.
Step 4: Solving the optimal projection objective function via Particle Swarm Optimization Algorithm.
Let the population size of particles be N; the position, velocity, and fitness value of the lth [image: image] particle are expressed as sl, vl, and fl, respectively. In each iteration after random generation of the initial position s1 and initial velocity v1, the particle updates itself by tracking the individual extreme values [image: image] and the global extreme value [image: image] of the best position experienced by the swarm during the flying process. When the two optimal values are found at time t+1, the particle updates its position and velocity according to the following equation.
[image: image]
where, w is inertia weight; c1 and c2 are learning factors of the particle and population, respectively; and [image: image] and [image: image] are uniform random numbers located in the interval [image: image] that describe the randomness of particles and populations, respectively, in the velocity updating process.
The individual extremum of each particle and the global extremum of all particles are updated as follows.
[image: image]
[image: image]
where, fl(t+1) is the fitness value of particle l at time t+1; fl(pbestl(t)) is the best fitness value that particle l has experienced; and Max (pbestl(t+1)) is the particle position corresponding to the maximum f(pbestl(t)) of all particles at time t+1.
When the difference between the optimal particle fitness value at times t+1 and t is less than a set threshold value or reaches the predetermined iteration number, the algorithm is finished. The projection direction is the optimal projection direction a*.
Step 5: Calculating evaluation values.
Substituting the optimal projection direction a* obtained in step 4 into Eq. 12, the value of Ei can be obtained, representing the WECS evaluation value of the sample. We name this value be water environment carrying status index (WECSI). The greater the WECSI, the better the water environment carrying status of the region. As a relative index, WECSI can only represent the relative level and cannot be used to represent the absolute value of the carrying status of water environment.
[image: image]
3.2 Calculation process of the BP method based on the particle swarm optimization (PSO) algorithm
The calculation process for the BP-PSO method is shown in Figure 2. The calculation was implemented based on the MATLAB programming platform.
[image: Figure 2]FIGURE 2 | The calculation process of the BP-PSO method.
3.3 Assessment of WECS based on the entropy weight method
The entropy weight method is a mathematical method used to calculate the weight of an indicator that only depends on the discreteness of the sample data. The greater the dispersion of the index, the greater weight of this index in the evaluation of the sample. The steps of the entropy weight method for assessing the WECS are as follows.
Step 1: Standardizing evaluation indexes.
The same as in the projection pursuit method, we use Eqs 1, 2 to normalize positive and negative indicators, respectively.
Step 2: Determining the entropy of an index.
The entropy is calculated as:
[image: image]
where, ej(j = 1, 2, …, m) is the entropy of the jth index; and [image: image], when pij = 0, pij × ln pij = 0.
Step 3: Calculating the entropy weight of index
[image: image]
Step 4: Calculating evaluation values.
Substituting the entropy weight wj obtained in step 3 into Eq. 15, the value Ei denoting the WECSI is obtained.
[image: image]
4 CASE STUDY: EIGHT CITIES ALONG THE YANGTZE RIVER IN JIANGSU PROVINCE
4.1 Studied background
The Yangtze Basin stretches across eastern, central and western China, covering nine provinces and two municipalities. With its unique advantages, the regional development of the Yangtze River Basin plays an extremely important role in the construction of a new development pattern in China. Jiangsu province (30°45′–35°08′N, 116°21′–121°56′E), located in the eastern part of the Yangtze River Basin and containing numerous lakes, has 13 prefecture-level administrative regions. By the end of 2019, Jiangsu had 107200 square kilometers of total area and 80.7 million permanent residents, making it the most densely populated province in China. Its per capita GDP, regional development, and livelihood index all rank first in China, and it has reached the level of a “middle and upper class” developed country. It is the only province in China where all its prefecture-level administrative regions are among the top of all cities. In the process of promoting Yangtze River Belt development, the status of the water environment and water ecology of the Yangtze River Basin has become increasingly prominent. In this context, we considered eight cities along the Yangtze River as typical research objects of the Yangtze River Basin to evaluate their WECS, and we expect the analysis to provide reference experience for watershed water environmental management and sustainable development. The location of the eight surveyed cities are displayed in Figure 3.
[image: Figure 3]FIGURE 3 | The geographic location of the research area.
4.2 Data sources
In 2012, to promote balanced economic, political, cultural, social and ecological progress, the Chinese government unveiled strategic plans named the “Five-sphere Integrated Plan” for the new era at the 18th National Congress of the Communist Party of China, in which the strategic position of ecological civilization construction has been defined. In this context, this study used data from eight cities in Jiangsu Province along the Yangtze River from 2012 to 2019. We collected the statistics for eight cities concerning the WECS indexes from the Jiangsu Province Statistical Yearbook (2012–2019), the City Statistical Yearbook (2012–2019) of each city, the Jiangsu Province Water Resources Bulletin (2012–2019), the Water Resources bulletin (2012–2019) of each city, the Jiangsu Province Environmental Statistics Yearbook (2012–2019), and the Environmental Statistics Yearbook (2012–2019) of each city.
4.3 Evaluation results analysis of WECS by the PP and EW method separately
4.3.1 WECS evaluation of eight cities along the Yangtze River in Jiangsu Province
The WECS of eight cities along the Yangtze River in Jiangsu province was evaluated from two perspectives. One was an evaluation of the WECS of each city from 2012 to 2019 from a single city view; the other was an evaluation of the WECS of eight cities in each year from a horizontal year view. The WECSI was calculated by applying the methods of projection pursuit and entropy weight as detailed in Section 3.
From the single city perspective, the original data [image: image] denote the value of jth index of ith year. From the horizontal year view, the original data [image: image] denote the value of the jth index of the ith city. The results of WECSI obtained by the PP method from different perspective are shown in Table 2 and Table 3. The results of WECSI obtained by the EW method from different perspective are shown in Table 4 and Table 5.
TABLE 2 | Water environment carrying status index of eight cities along the Yangtze River in Jiangsu province from the city view by the projection pursuit method.
[image: Table 2]TABLE 3 | Water environment carrying status index of eight cities along the Yangtze River in Jiangsu province from the horizontal year view by the projection pursuit method.
[image: Table 3]TABLE 4 | Water environment carrying status index of eight cities along the Yangtze River in Jiangsu province from the city view by the EW method.
[image: Table 4]TABLE 5 | Water environment carrying status index of eight cities along the Yangtze River in Jiangsu province from the horizontal year view by the EW method.
[image: Table 5]4.3.2 Trend analysis of WECS from city view
WECSI represents the level of water environment carrying status of a region. In order to compare the evaluation results of WECS more intuitively, the WECSI of eight cities obtained by the PP and EW methods from a single city view are shown in Figure 4.
[image: Figure 4]FIGURE 4 | The variation of city water environment carrying status from city view based on projection pursuit method (A) and Entropy Weight method (B) respectively.
Figure 4A shows the evaluation results using the PP method, and Figure 4B shows the evaluation results by the EW method. In general, the water environment carrying status obtained from two different methods had the same yearly upward trend from 2012 to 2019. The WECS of Yangzhou was the lowest in the eight cities; Changzhou, Nantong, and Taizhou are in the middle class; Nanjing, Suzhou, and Wuxi had better carrying status, and the WECSIs calculated by the two methods for Zhenjiang are quite different.
As shown in Figure 4A, the WECSI values of these eight cities maintained a clear upward trend with the exception of Suzhou, whose WECSI fluctuated. Over the research period, the growth rate of WECSI was fairly similar in different cities. In 2012 and 2013, the WECS of Nanjing city had the lowest value among the eight cities, followed by Wuxi, Nantong, Taizhou, Changzhou, Suzhou and Yangzhou. Zhenjiang’s WECS improved the most; this city was the lowest among the eight cities in 2012, but had become the best by 2019.
Figure 4B shows that the WECS of Nanjing and Wuxi steadily improved year by year; in general, the WECS of Nantong, Suzhou, Taizhou and Zhenjiang showed the same trend as Nanjing and Wuxi, but there was a downward trend in some individual years such as 2013 and 2014; the WECS of Changhzou and Yangzhou fluctuated but hand an overall upward trend. Among the eight cities, the WECS in Nanjing, Wuxi, Suzhou and Taizhou had the greatest improvement.
The projection direction [image: image] obtained by the PP method and the entropy weight of indicators in the EW method reflected the influence of the corresponding indicators on the WECS. The projection direction [image: image] obtained by the PP method is shown in Table 6; the weights of each indicator in the ith city obtained by the EW method are shown in Table 7.
TABLE 6 | Optimal projection direction in different cities.
[image: Table 6]TABLE 7 | Entroy weights of indicators in different cities.
[image: Table 7]Indicators whose projection direction value exceed 0.3 in Table 6 include water consumption per unit GDP (WCG), amount of fertilizer used in agriculture (AFA), inland waters aquaculture area (IWA), industrial sewage discharged (ISD), COD discharge in industrial sewage (CIS), ammonia nitrogen discharge in industrial sewage (AIS), domestic sewage discharge (DSD), COD discharge in domestic sewage (CDS), ammonia nitrogen discharge in domestic sewage (ADS), water quality success rate of surface water function areas (QWF), proportion of water quality above III in stream monitoring sections (PSW), greenery coverage rate of built up areas (GCB), and urban sewage treatment rate (STR). These 13 indicators had the greatest impact on the water environment carrying status in the eight cities.
The entropy weights of indicators exceeding 0.06 in Table 7 include water consumption per unit GDP (WCG), amount of fertilizer used in agriculture (AFA), inland waters aquaculture area (IWA), COD discharge in industrial sewage (CIS), ammonia nitrogen discharge in industrial sewage (AIS), domestic sewage discharge (DSD), ammonia nitrogen discharge in domestic sewage (ADS), water quality success rate of surface water function areas (QWF), proportion of water quality above III in stream monitoring sections (PSW), total water resources (TWR), forest coverage (FC), greenery coverage rate of built up area (GCB), urban sewage treatment rate (STR) and completed investment of industrial pollution prevention and control construction projects (CII).
In comparing the major influence indicators obtained by the two methods, 11 indicators are the same, while ISD and CDS indicators in the PP method, and the TWR, FC and CII indicators in the EW method do not appear simultaneously. The comparative analysis shows that the evaluation results of the two methods were generally the same, and suggesting that both of them can be used to evaluate the WECS.
4.3.3 Trend analysis of WECS from the horizontal year view
Figure 5 presents WECSI values calculated by the PP and EW methods from the horizontal year view. The WESCI scale obtained by the EW method was concentrated between 0.4209 and 0.6829, while the WECSI calculated by the PP method fluctuated. Except for Taizhou and Wuxi, the WECS rankings of each city obtained by the two methods were the same.
[image: Figure 5]FIGURE 5 | The variation of water environment carrying status from horizontal year view based on the projection pursuit (A) and EW method (B) respectively.
Figure 5A shows the variation of WECS calculated by the PP method. The WECSI values of the eight cities were ranked every year during the evaluation period. The WECS of Changzhou ranked second twice, third four times, and fifth and sixth once each. Nanjing ranked first twice, fourth, sixth and eighth once each, and seventh three times. Nantong ranked second and fourth once each, and sixth, seventh, and eighth twice each. Suzhou ranked sixth once, seventh twice, and eighth five times. Taizhou ranked first four times and fourth and fifth twice each. Wuxi ranked first, fourth, and sixth once each, third twice, and fifth three times. Yangzhou first and seventh once each, and second, fourth, and sixth twice each. Zhenjiang ranked second three times, third and fifth twice each, and fourth once. Overall, Suzhou city had the lowest WECS, followed by Nantong, Nanjing, Wuxi, Yangzhou, Changzhou, Zhenjiang, and Taizhou.
Figure 5B shows the variation of WECS obtained by the EW method. The WECSI values of the eight cities calculated by the EW method were ranked each year. Overall, Suzhou city had the lowest WECS, followed by Taizhou, Nantong, Nanjing, Yangzhou, Changzhou, Zhenjiang, and Wuxi. The WECS of Changzhou ranked third twice, fourth and seventh once each, and fifth twice. Nanjing ranked second once, fourth three times, sixth and seventh once each. Nantong ranked first, third, and fourth once each, fifth three times, and eighth twice. Suzhou ranked fifth once, seventh three times, and eighth four times. Taizhou ranked fifth and seventh once each and sixth six times. Wuxi ranked first two times, second five times and third once. Yangzhou ranked second and seventh once each, first, fourth, and eighth twice each, with clear downward trend and then an upward trend during the research period, similar to the results for the PP method. Zhenjiang ranked first three times, third twice, and second, fourth, and fifth once each.
The projection direction [image: image], obtained by the PP method from the horizontal year view is shown in Table 8. The weight of each indicator in the ith year obtained by the EW method is shown in Table 9. The major influence factors of annual WECS obtained by the PP method and EW method were quite different.
TABLE 8 | Optimal projection direction in different years.
[image: Table 8]TABLE 9 | Entropy weights of indicators in different years.
[image: Table 9]Indicators whose projection direction value exceed 0.3 in Table 8 are urbanization rate (UR), GDP, daily domestic water consumption per capita (DDW), amount of fertilizer used in agriculture (AFA), industrial sewage discharged (ISD), COD discharge in industrial sewage (CIS), ammonia nitrogen discharge in industrial sewage (AIS), domestic sewage discharge (DSD), ammonia nitrogen discharge in domestic sewage (ADS), ecological index (EI), proportion of water quality above III in stream monitoring sections (PSW), forest coverage (FC), and urban sewage treatment rate (STR).
The entropy weights of indicators that exceed 0.06 in Table 9 are daily domestic water consumption per capita (DDW), amount of fertilizer used in agriculture (AFA), COD discharge in domestic sewage (CDS), water quality success rate of surface water function areas (QWF), proportion of water quality above III in stream monitoring sections (PSW), total water resources (TWR), forest coverage (FC), greenery coverage rate of built up area (GCB), urban sewage treatment rate (STR), and completed investment of industrial pollution prevention and control construction projects (CII).
4.4 Evaluation results analysis of WECS by the integrated method
4.4.1 Evaluation results of WECS by the integrated method
PP and EW are sample driven evaluation methods that are intended to reveal the classification and ranking structure of evaluation objects through the exploration of sample data.
From the analysis of part Section 4.3.2 and Section 4.3.3, the evaluation results obtained by PP and EW methods tended to be consistent; both methods can be used to evaluate the WECS of a region. The PP method is used to solve the high-dimensional non-linear problems; the method employs the projection value to reveal the structural characteristics of high-dimensional data, but it does have a certain difficulty in finding the global optimal value. The evaluation results of the EW method are determined by the discreteness of the sample data, so they are stable, but they are also very dependent. In order overcome the weaknesses of the two methods, the evaluation results of these two methods were integrated to obtain the final evaluation results for the WECS of the eight cities in Jiangsu Province. The final evaluation results of the WECSI from the single city view and horizontal year view are shown in Table 11 and Table 12; the indicator weights of different cities by the integrated method are shown in Table 10. These indicator weights are equal to the average of the square of the optimal projection direction a* and the entropy weight.
TABLE 10 | Indicator weights of different cities by the integrated method.
[image: Table 10]4.4.2 Analysis of the evaluation results of city WECS
In order to intuitively analyze the variation trend of WECS of eight cities from 2012 to 2019, the final results of WECSI using the integrated PP and EW method from single city and horizontal year views are shown in Figures 6A, B, respectively.
[image: Figure 6]FIGURE 6 | The variation of water environment carrying status index from city view (A) and horizontal year view (B) based on integrated method.
Table 11 and Figure 6A show the variation of WECS from the city view based on the integrated method. As shown, the WECSI of Nanjing and Zhenjiang city show a trend of continuous increase from 2012 to 2019. During the period from 2012 to 2019, the WECSI of Nantong, Wuxi, Yangzhou, and Taizhou all show a trend of decreasing first and then increasing. The WECSI of Nantong and Wuxi decreased slightly in 2013 and then showed annual increases. The WECSI of Yangzhou decreased annually from 2012 to 2015, then increased annually from 2015 to 2019, while the WECSI of Taizhou decreased from 2012 to 2014 annually, and then increased from 2014 to 2019 year by year. The WECSI of Changzhou and Suzhou displayed the greatest fluctuation; the values of 2013 were higher than in 2012, then decreased in 2014, and increased annually thereafter.
TABLE 11 | Water environment carrying status index of eight cities along the Yangtze River in Jiangsu Province from the city view by the integrated method.
[image: Table 11]Table 12 and Figure 6B show the variation of WECSI in different years of the eight cities based on the integrated method. During the period 2012 to 2019, Suzhou city had the worst WECS, followed by Nantong, Nanjing, Taizhou, Changzhou, Wuxi, Yangzhou, and Zhenjiang. Combined with the analysis of temporal variation, although the WECS of Nanjing was least among the eight cities as a whole, there was significant improvement from 2012 to 2019; the WECS of Zhenjiang had been improving continuously; compared to the other seven cities, the WECS of Yangzhou changed from a relatively better status at the beginning to a relatively poor status. During the evaluation period, the WECS of Changzhou and Wuxi were always in the upper to middle ranking of the eight cities; Taizhou was in the lower-middle position, and Suzhou and Nantong ranked relatively low, although their WECS improved to some extent.
TABLE 12 | Water environment carrying status index of eight cities along the Yangtze River in Jiangsu Province from the horizontal year view by integrated method.
[image: Table 12]4.4.3 Analysis of the major influencing factors of city WECS
The major influence indicators of each city are listed in Table 10. The major influence indicators of WECS in Changzhou are water consumption per unit GDP (WCG), amount of fertilizer used in agriculture (AFA), inland waters aquaculture area (IWA), domestic sewage discharge (DSD), water quality success rate of surface water function areas (QWF) and proportion of water quality above III in stream monitoring section (PSW). In Nanjing the major influence indicators are inland waters aquaculture area (IWA), COD discharge in industrial sewage (CIS), ammonia nitrogen discharge in industrial sewage (AIS), ammonia nitrogen discharge in domestic sewage (ADS), greenery coverage rate of built up area (GCB), and urban sewage treatment rate (STR). In Nantong, they are population density (PD), water consumption per unit GDP (WCG), amount of fertilizer used in agriculture (AFA), inland waters aquaculture area (IWA), COD discharge in domestic sewage (CDS) and greenery coverage rate of built up area (GCB). The amount of fertilizer used in agriculture (AFA), COD discharge in industrial sewage (CIS), domestic sewage discharge (DSD), ammonia nitrogen discharge in domestic sewage (ADS), water quality success rate of surface water function areas (QWF) and proportion of water quality above III in stream monitoring section (PSW) are the major influence indicators of WECS of Suzhou. They are inland waters aquaculture area (IWA), COD discharge in industrial sewage (CIS), ammonia nitrogen discharge in industrial sewage (AIS), domestic sewage discharge (DSD), ammonia nitrogen discharge in domestic sewage (ADS) and proportion of water quality above III in stream monitoring section (PSW) in Taizhou. In Wuxi they are inland water aquaculture area (IWA), industrial sewage discharged (ISD), COD discharge in industrial sewage (CIS), domestic sewage discharge (DSD), ammonia nitrogen discharge in domestic sewage (ADS) and water quality success rate of surface water function areas (QWF). In Yangzhou they are amount of fertilizer used in agriculture (AFA), COD discharge in industrial sewage (CIS), ammonia nitrogen discharge in industrial sewage (AIS), domestic sewage discharge (DSD), and greenery coverage rate of built up area (GCB). In Zhengjiang these are inland waters aquaculture area (IWA), industrial sewage discharged (ISD), water quality success rate of surface water function areas (QWF), proportion of water quality above III in stream monitoring section (PSW), greenery coverage rate of built up area (GCB), urban sewage treatment rate (STR), completed investment of industrial pollution prevention and control construction projects (CII).
4.5 Policy suggestions
Among the four subsystems, the pressure and response subsystems had the greatest influence on the WECS. The pressure subsystem dominates the changes in WECS; the second most important component is the response subsystem, followed by the state subsystem and the support subsystem. This indicates that the WECS of the eight cities still faces significant environmental pressure, even though the government has made substantial effort.
To improve the WECS of the eight cities based on our comprehensive analysis, we propose the following suggestions:
• The top five indicators affecting the WECS of the eight cities in Jiangsu Province are as follows: inland waters aquaculture area (Pressure), COD discharge in industrial sewage (Pressure), proportion of water quality above III in stream monitoring section (State), greenery coverage rate of built up areas (Support) and ammonia nitrogen discharge in domestic sewage (Pressure). Therefore, the department of Ecology and Environment of Jiangsu province should pay more attention to these indicators in the process of environmental control and governance. In order to improve the WECS of Jiangsu Province, the inland waters aquaculture area, COD discharge in industrial sewage and ammonia nitrogen discharge in domestic sewage should be reduced over entire range; the monitoring and supervision of water quality in stream monitoring section should be strengthened.
• For Changzhou, the government should focus on improving the water use efficiency, reducing the amount of fertilizer used in agriculture, and domestic sewage discharge; for Nanjing, COD and ammonia nitrogen discharge in industrial sewage should be reduced, and the urban sewage treatment rate should be improved; for Nantong, the government should focus on improving the water use efficiency, reducing the amount of fertilizer used in agriculture, and reducing COD discharge in domestic sewage; for Suzhou, the amount of fertilizer used in agriculture and domestic sewage discharge should be reduced, and the monitoring and supervision of water quality of surface water function areas should be strengthened; for Taizhou, the reducing of ammonia nitrogen discharge in industrial sewage and domestic sewage discharge is the governance a key point; for Wuxi, reduction of the industrial sewage discharged and domestic sewage discharge should be reduced, and strengthening the monitoring and supervision of water quality of surface water function areas are key points of government; for Yangzhou, the WECS is under great pressure, and the government should reduce the amount of fertilizer used in agriculture, ammonia nitrogen discharge in industrial sewage and domestic sewage discharge; for Zhenjiang, the government should focus on reducing industrial sewage discharged, strengthening the monitoring and supervision of water quality of surface water function areas, improving the urban sewage treatment rate, and investing in environmental protection.
5 DISCUSSION
5.1 Main contributions
The main novel contributions of this paper are as follows.
• In this paper we proposed “water environment carrying status” concept to normalize the research on water environment carrying capacity. According to the literature, the WECC was defined as the maximum population size and economic scale that can be accommodated under the premise of meeting the requirement of water quality and quantity without destroying the ecological environment (Guo et al., 2018). However, the evaluation of WECC in most previous studies have not been consistent with WECC concept. To describe the research issues more accurately, we proposed the “water environment carrying status” concept. This status is determined by the pressure, response, support force, and their interactions with the social economy subsystem, natural water resource and environment condition, and habitat needs pressure.
• To consider the anthropogenic and natural influences on water environment status more appropriately, a novel conceptual framework, called PSRS, was proposed on the basis of the PSR model. As shown in Figure 1, the WECS of a region is influenced by the pressure, support force, response and the current state. So the PSRS framework can describe causal relationships of subsystems and major influencing factors of environmental status accurately, and it is more suitable than other frameworks proposed by previous researchers for the evaluation of WECS.
• Based on the novel framework, an evaluation index system reflecting the causal relationship between human social development and water environment was constructed. Taking eight cities along the Yangtze River in Jiangsu Province of China from 2012 to 2019 as a case study, the results of WECS evaluation were consistence with the characteristics reflected by the original data, suggesting the method is practical and feasible in theory and practice. We can expand the research scope to other regional WECS evaluation.
5.2 Limitation and future works
Due to the unavailability of data, some important indicators may have been overlooked in the construction of the evaluation index system; the WECSI introduced to describe the WECS is a relative value, and thus it cannot be compared with each other in different perspective. For these reasons, construction of scientific index system remains difficult, and this will be a focus of future research.
In order to conduct further research, we will try to use other statistical methods for evaluation of WECS and conduct multi-angle comparative analysis to find more effective evaluation method in the future research.
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