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The contradiction between economic growth, social development, and water environment deterioration represent significant challenges for river basin sustainable development. By constructing an indicator system of river basin sustainable development, the entropy method is adopted to conduct a quantitative evaluation of the cities sustainable development level for the Weihe River Basin in Shaanxi Province from 2009 to 2018, and the standard deviational ellipse is used to analyze the evolution of spatial distribution pattern of sustainable development in the study area. Furthermore, the obstacle degree model is applied to analyze the main obstacle factors restricting the improvement of river basin sustainable development. The results show that the sustainable development level of the Weihe River basin in Shaanxi Province improved slowly during the study period and significant regional differences among cities. This study provides a novel approach for future evaluation on sustainable development of the Weihe River basin and even the arid region in Northwest China, to achieve a win-win situation between economic and social development and ecological environment protection.
Keywords: sustainable development, the Weihe River basin, entropy method, standard deviational ellipse, obstacle model
INTRODUCTION
With 1% yearly growth of global water consumption (Wada et al. 2016), it is speculated that by 2050, more than 50% of the world’s population will be chronically short of water (Roshan and Kumar, 2020). Water shortage will not only restrict social and economic development but also cause immeasurable damage to the ecological environment (Silva et al., 2019). Global water crisis is a barrier to sustainable development (Roshan and Kumar 2020); importance should be given to exploring the river basin sustainable development (RBSD).
Amid the unceasing appearance of global environment deterioration, resource depletion, population explosion, and other realistic problems, the concepts of sustainable development and the sustainable utilization of river basin have been recognized by many scholars. At present, the research on RBSD mainly focuses on the assessment of ecological health in the river basin Wu et al. (2020), Jamal et al. (2021); land use/cover changes and its environmental response in the river basin Shen and Ma (2020); optimization and management of water resources Chen et al. (2019), Ferreira et al. (2020); and ecological function zoning and ecological compensation of river basin (Melanie and John, 2018; Gao et al., 2019).
Much work has been done to RBSD during the past decades. A framework for quantitatively evaluating development sustainability was established with water-related eco-environmental carrying capacity as the core measure by Wang et al. (2014). Wang et al. (2019) used a pressure–state–response (PSR) model to quantify the sustainability of water resources in Beijing, China. D'Ambrosio et al. (2020) assessed the sustainability in water use at the basin scale through the water footprint. In recent years, evaluation methods such as system dynamics (Kotir et al. (2016), Pluchinotta et al. (2021), Song et al. (2018)) and sustainability index (Bui et al. (2019), Roobavannan et al. (2020)) have been widely used in the study of RBSD. However, with research concentrating on a single perspective, less attention was paid to the connection between the integrated socioeconomic development of the river basin and its water resources (Zhong et al., 2018). Besides, there is no unified and authoritative theoretical system for RBSD nor does it truly reflect the concept of sustainable development (Silva et al., 2020). Consideration is lacking in the coordinated development of society–economy–ecology to maximize the comprehensive benefits.
Some rivers in China suffer from problems such as the decline of sustainability and the deterioration of the natural environment caused by human activities (Fu et al., 2020). Among them, the problem of water shortage poses a threat to the sustainable development in arid and semiarid areas (Li J. et al., 2019). The Yellow River basin is a miniature of Asia and Africa’s water resource deficit (Chen Y.-p. et al., 2020). As the largest tributary of the Yellow River basin, the Weihe River basin (WRB) is crucial to the sustainable development of the Yellow River basin. The ecological environment of WRB is seriously degraded Wang et al. (2019) and water resources have an obvious restrictive effect on regional development. The mechanism and difference in the midstream of the Yellow River basin can be clarified through the study of WRB, and it also offered a reference for the development of the upstream and downstream in the Yellow River basin.
The entropy weight method, standard deviational ellipse, and obstacle degree model are employed in this article. The entropy method is used to calculate the weight of each indicator, which can provide the basis for the comprehensive evaluation of multiple indicators. It avoids the deviation caused by human factors and makes the evaluation more objective. The method has been used for the evaluation of electric power development (Zhao et al. (2020)), carbon emission (Cui et al. (2021)), the sustainable development capability of agriculture Li Q. et al., (2019), and many other fields. The standard deviational ellipse method analyzes the directivity of spatial distribution well and reflects the concentration degree of each element in the spatial pattern. Standard deviational ellipse was used to examine the effects of land use policy on the spatiotemporal changes in the area of surface water by Xu et al. (2018). Zuo et al. (2021) revealed a dynamic evolution process of ecological civilization construction. Du et al. (2019) investigated the relationship between economic growth and carbon emissions from the construction industry. The obstacle degree model is a mathematical statistical model to calculate the impact factor, and it is widely used in many aspects of comprehensive evaluation of ecological resources and environment such as cultivated land resources security Huang et al. (2021), water resource security (Zhang et al., 2019), etc.
In this article, an indicator system of RBSD is established to analyze the temporal and spatial variation of sustainable development with the case study of WRB in Shaanxi Province. Next, the obstacle degree model is introduced to investigate the main impediments that affect RBSD, with countermeasures put forward accordingly. The project has a theoretical value for implementing scientific development view and enriching sustainable development theory. As for realistic significance, WRB in the northwest arid region of China is selected as a specific case, providing operational and referable suggestions for remodeling the development and evolution process of different rivers.
MATERIAL AND METHODS
Study Area
Weihe River basin (34°–37°N, 104°–110°E; Figure 1), originating from Niaoshu Mountain in Gansu Province, flows into the Yellow River basin in Shaanxi Province. It lies in the north of Qinling Mountain, south of Liupanshan Mountain, the east of Loess hilly and gully region, and the west of Guanzhong Plain. Located in the warm temperate zone, WRB in Shaanxi Province has a subhumid continental climate, with an annual mean temperature of 7.8–13.5°C and an annual precipitation of 500–800 mm (Zhao et al., 2016). The main stream of WRB in Shaanxi Province, a length of 502.40 km, covers a drainage area of 67,108 km2, accounting for 50% of the total drainage area of the Yellow River basin in Shaanxi Province. The average annual runoff of the whole river is 1.04 × 1010 m3, of which the runoff in Shaanxi Province is 6.27 × 109 m3, with the flooding period (July to September) accounting for about 60% (Deng et al., 2020).
[image: Figure 1]FIGURE 1 | The location of study area in China.
The Weihe River is the mother river of Shaanxi, related to the rise and fall of economic and social development in Shaanxi Province. The core of Guanzhong–Tianshui economic region, WRB, plays an important role in the western development strategy of China. By the end of 2018, the population of the study area grew to 2.45×107 people and GDP 9.87×1014 yuan (Shaanxi Provincial Bureau of Statistics, 2019). The total water resources quantity in the study area, 7.25 × 109 m3, only accounted for 1.95% of that in Shaanxi Province. Only covering one-third of the land area of Shaanxi Province, WRB in Shaanxi Province discharged over three-fourths of the wastewater in Shaanxi Province. The water supply and water consumption of WRB in Shaanxi Province compose more than half of Shaanxi Province, 57.50% and 59.37%, respectively (Shaanxi Province Department of Water Resources, 2018). This study involves five cities on the main stream of WRB in Shaanxi Province, including Xi’an, Tongchuan, Baoji, Xianyang, and Weinan.
In recent years, remarkable changes have taken place in WRB with the intensification of human activities and the rapid development of the regional economy and society. However, multiple issues have attracted public concern, such as insufficient water resources, aggravated water pollution, overexploitation of groundwater, and incomplete containment of soil and water loss. Therefore, the study on sustainable development of WRB in Shaanxi Province is of great significance for promoting green development of the economy and society in Shaanxi province.
Construction of Indicator System
The indicator system was based on the United Nations Sustainable Development Goals (SDGs) and China’s National Plan on Implementation of the 2030 Agenda for Sustainable Development. To clarify the status of RBSD, this article regarded water resources as the core, the basin as a research space, and the complex system composed of human and nature in the basin as a research object. According to the construction principle of indicator system and covering the main environmental and socioeconomic issues contained in the concept of sustainable development with Chinese characteristics, the evaluation indicator is divided into a hierarchical system consisting of target layer (A), system layer (B), subsystem layer (C), and indicator layer (D).
The indicators were chosen for systematicness, completeness, representativeness, and accessibility. In terms of the actual situation, the water resource characteristics, and the evaluation content of WRB, 31 indicators were selected to construct the indicator system of RBSD (Table 1).
TABLE 1 | The evaluation indicator system of river basin sustainable development.
[image: Table 1]Calculation of Weight and the Level of Sustainable Development
To eliminate the magnitude difference among the data, the deviation standardization formula is adopted for each indicator, so that the results are all within the range of (0,1).
Positive Indicator
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Negative Indicator
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Here, xij and Yij are the original and normalized values of the ith indicator in the year j, respectively.
In information theory, entropy is a measure of uncertainty. According to the characteristics of entropy, the discrete degree of indicator layer can be measured by calculating the entropy value. The larger the discrete degree of indicator, the greater the influence of indicator on a comprehensive evaluation. The entropy method is used to quantify the information of each indicator with the Shannon entropy (Shannon, 1948). Information entropy is employed to calculate the weight of each indicator layer to achieve an objective quality evaluation.
Assuming that there are m evaluation objects and n evaluation indicators, a matrix A with n rows and m columns can be established:
[image: image]
The proportion Zij of the ith indicator in the year j is given as follows:
[image: image]
The entropy ki of the ith indicator is as follows:
[image: image]
The redundancy gi of the information entropy of the ith indicator is as follows:
[image: image]
The weight wi of each indicator is calculated as follows:
[image: image]
The comprehensive evaluation of RBSD is calculated as follows:
[image: image]
Obstacle Degree Model
In the process of sustainable development evaluation, it is not only necessary to measure the level of RBSD but also to understand the critical factors that affect RBSD. Therefore, the obstacle degree model (Chen Y. et al. (2020), Fan and Fang (2020)) is introduced to analyze the obstacle factors of RBSD so as to carry out the pathological diagnosis in a practical application. The formula is as follows:
[image: image]
[image: image]
where Qij represents the obstacle degree of the ith indicator in the year j, and Pij is the deviation degree of indicator i in year j.
Data
In view of accessible and limited data, this article chose 2009 to 2018 as the research period and five cities of WRB in Shaanxi Province were selected as samples to establish a comprehensive indicator system for the sustainable development of WRB in Shaanxi Province. Data were collected from the China Urban Statistical Yearbooks (2010–2019), Shaanxi Statistical Yearbooks (2010–2019), and Shaanxi Water Resources Bulletins (2009–2018). In addition, missing data were obtained by the interpolation method.
RESULTS
Temporal Analysis
The evaluation levels of sustainable development of WRB in Shaanxi Province rose from 1.29 in 2009 to 1.87 in 2018 with an upward overall trend and a subtle fluctuation (Figure 2 and Table 2). The inflection points were detected between 2013 and 2017, and the values remained around 1.6 from 2014 to 2016.
[image: Figure 2]FIGURE 2 | The comprehensive evaluation value for river basin sustainable development.
TABLE 2 | The assessment results on river basin sustainable development.
[image: Table 2]At the regional scale, the levels of sustainable development in different regions (Table 2 and Figure 3A). The level of sustainable development in Xi’an was much higher than that of the other four cities (Tongchuan, Baoji, Xianyang, and Weinan) from 2009 to 2018. It indicated that the levels of sustainable development of these four cities had different levels of hysteresis, and different regions showed diversified development. The value of Tongchuan was the lowest, hovering between 0.20 and 0.26. The levels of sustainable development in four cities except Tongchuan had seen a yearly increase.
[image: Figure 3]FIGURE 3 | The evaluation value of river basin sustainable development by score-radar maps (A) sustainable development, (B) economic development, (C) social development, and (D) ecological development.
The economic development system (B1) and the social development system (B2) were on a similar development track compared with the sustainable development system (A) (Figures 3B,C). In comparison, the value of the ecological development system (B3) was far lower than that of the economic development system (B1) and social development system (B2) (Figure 3D), indicating the lag of ecological development behind local economic and social development. In the economic development system (B1) and the social development system (B2), the values of the four cities (Tongchuan, Baoji, Xianyang, and Weinan) were relatively centralized, with only the value of Xi’an being far ahead than that of the rest (Figure 3A). In the ecological development system (B3), the increased values of Weinan in 2017 and Baoji in 2018 were 0.19 and 0.17, respectively, while the values of the other three cities (Xi’an, Tongchuan, and Xianyang) were relatively stable over the past decade. The level of sustainable development in the ecological system was the lowest, illustrating that the ecological development lagged behind economic and social development in WRB in Shaanxi Province and sustainable development was unbalanced.
Spatial Analysis
Through the change of the spatial distribution for the sustainable development of WRB in Shaanxi Province (Figure 4) and calculation of the relative parameters of standard deviational ellipse (Table 3) from 2009 to 2018, the evolution of spatial pattern was analyzed from four aspects of spatial distribution (center, shape, range, and direction) to account for the dynamic changes of spatial difference.
[image: Figure 4]FIGURE 4 | The evolution of a spatial distribution pattern on the river basin sustainable development. D1–D31 represent the obstacle degree of the corresponding indicator.
TABLE 3 | The parameters of standard deviational ellipse of the river basin sustainable development.
[image: Table 3]The spatial distribution centers of sustainable development of WRB in Shaanxi Province were adjacent to Xi’an and Xianyang in 2009–2018. Overall, the spatial distribution center shifted to the north, showing that the accelerated growth speed of cities in the northern part of the axis, and the enhanced influence on the overall distribution pattern of the study area. The rotation angle of the standard deviational ellipse of spatial distribution dropped with a small counterclockwise rotation, suggesting that the study area in the northeastern cities were growing faster than the southwestern cities.
From the perspective of a spatial distribution shape, the long axis of the ellipse increased first and then shortened. Such a trend indicated that the spatial distribution shape changed from dispersion to polarization and then to dispersion. The changes in the short axis were the opposite. On the whole, the spatial distribution ellipse showed an obvious flattening trend; that is, the long axis grew and the short axis shrank. Afterward, the flattening trend gradually weakened and the directivity abated.
Obstacle Factor
The obstacle degree of 31 indicators ranked by the obstacle degree model (Table 4 and Figure 5). The biggest obstacle degree was the number of college students per 10,000 (D12). Prior to 2013, the financial revenue (D2) and the amount of water resource per capita (D21) were ranked second and third, respectively. The rankings were reversed from 2013 to 2017, indicating that the influence of economic obstacles on sustainable development of WRB in Shaanxi Province was gradually weakened with the increase of financial revenue. The fourth obstacle indicator was the investment in water conservancy as a percentage of GDP (D30), while the fifth obstacle factors alternated between the gross domestic product (D1) and urban living area per capita (D16).
TABLE 4 | Dominant obstacle indicators and the order of obstacle degree on the river basin sustainable development.
[image: Table 4][image: Figure 5]FIGURE 5 | The obstacle degree of 31 indicators.
DISCUSSION
Extended Implication
The ecological development of WRB in Shaanxi Province fell so far behind economic and social development on the whole during 2009–2018, despite the striking advancement of ecological development that had been made at the later stage of the study. The improvement of ecological development cannot be separated from the management behavior of the government. China attaches great importance to RBSD in the face of environmental degradation and water shortage. In 2014, President Xi Jinping called for a water control policy of “giving priority to saving water, balancing space, systematic treatment, and exerting force all-sided.” From 2016 to 2017, the Shaanxi provincial government issued a series of policies such as the Overall Plan for the Construction of Weihe Ecological Zone in Shaanxi Province and the Implement Plan Comprehensively of River Administrator in Shaanxi Province. Subsequently, a major national strategy of “Ecological conservation and high-quality development of the Yellow River basin” was proposed in 2019. WRB is a typical region with water shortage and underdeveloped economy, and water resources pose an obvious constraint on the sustainable development of WRB in Shaanxi Province. The water resources shortage and ecological environment pollution hamper the sustainable development of the economy and society. Conversely, the long-term development model has only focused on the aspects of economy and society, exerting great pressure on the ecological environment. Thus, solving the contradiction between economic and social development and environmental protection should be considered pivotal to the sustainable development of WRB in Shaanxi Province. The government departments must attach importance to the basin ecological management and water resources conservation for the sake of ensuring sustainable development of WRB in Shaanxi Province.
Among the five cities, Xi’an was identified as the region with the highest level of sustainable development during the study period, while Tongchuan was the lowest. Xi’an has developed into the only megacity in northwest China by virtue of its sound economic-social development foundation and the status as the central city of Shaanxi Province. Xi’an is in a high-speed state of sustainable development; its core leading role constantly enhanced, exerting a siphon effect. Meanwhile, Tongchuan, as a resource–based city in its early development stage, is facing the pressure of resource exhaustion, limited natural conditions, and prominent environmental problems, impeding its sustainable development. The results revealed evident polarization among regions as well as unsynchronized sustainable development. The study area belongs to an important exploitation area of Guanzhong Plain urban agglomeration, having formed a superior economic base in the long-term development. The western development provided favorable conditions for resource-rich regions, which is the main reason for the internal differences in sustainable development among regions. Besides, the implementation of the Belt and Road Initiative has greatly promoted regional coordination and sustainable development.
The results of obstacle degree unexpectedly discovered that the amount of water resource per capita (D21) and the investment in water conservancy as a percentage to GDP (D30) in the ecological development system (B3) were vital factors hindering sustainable development of WRB in Shaanxi Province. The ecological environment, especially water resources, acts as a primary in the river basin sustainable development. Water conservancy construction is regarded as the basic support and important guarantee for promoting economic growth, social progress, and ecological control. In recent years, investment in water conservancy construction and water conservancy projects have seen a continuous increase, especially the construction of the Water Diversion from Hanjiang River to Weihe River basin project (172 major national water conservancy projects of China in 2015 and 10 major water ecological projects of Shaanxi Province in 2017), bringing obvious ecological–economic benefits.
Limitation and Improvement
Indicator Optimization
Including environmental, social, and economic factors, sustainability indicators have been considered as a potential assessment method (Rama et al., 2020). GDP (D1), an important comprehensive statistical indicator in the economic accounting system, is often used to measure the economic status of a country. Its limitation is that it does not involve the ecological environment. Under a rapid social and economic development, GDP cannot fully represent the relationship between human activities and ecological environment, nor can it uncover resource consumption and environmental loss incurred by the economic development. To overcome the above shortcomings, the current system of national economic accounting was reformed based on the sustainable development, with the indicator green GDP (sustainable income) introduced. Green GDP is the calculation of environmental resource elements in a comprehensive environmental–economic accounting system, namely, environmental resource cost and protection services fees are deducted from GDP. Green GDP implicates a harmonious sustainable development model between economic growth and ecological environment, which is conducive to evaluating the effect of economic growth. However, the existing literature is insufficient to answer the question of what is the difference between GDP and green GDP in China (Wu and Han, 2020). Although a traditional indicator (GDP) was used in this article, it does not mean that green GDP is meaningless. In the follow-up work, it can be considered to reasonably adopt the indicator of green GDP in the indicator system of sustainable development and explore the change for RBSD.
Ammonia nitrogen discharge (D27) and chemical oxygen demand discharge (D28) are the indicators of water environmental quality (C8) in the ecological development system (B3); they represent an eutrophication degree and an organic pollutant content in river basin, respectively. According to the Shaanxi Water Resources Bulletin in 2018, the major pollutants exceeding the standard in WRB in Shaanxi Province were ammonia nitrogen, chemical oxygen demand, and total phosphorus. However, the indicator of total phosphorus is not involved in our indicator system due to the lack of data; therefore, it is unclear whether this indicator will lead to the variation on sustainable development of WRB in Shaanxi Province. In addition, the publicly obtained data by the government may need further adjustment according to the actual measured values in the field.
WRB is characterized by severe soil erosion owing to overexploitation, especially in the mining area, highway, railway, and other engineering construction sections. Severe soil and water loss not only threatens the downstream of WRB, but also aggravates the deterioration of the ecological environment. Therefore, given the actual development situation of WRB, the suitable indicators were selected when constructing the indicator system for the sustainable development of WRB in Shaanxi Province. Particularly, the growth rate of soil erosion control (D31) was added to the indicator system. Such an indicator has not been extensively used in sustainable development research but is conducive to the planning and decision-making of basin management. Because the factors affecting RBSD are diversified, whether the indicators in the established indicator system for our study are applicable to other regions remains to be further explored.
Basin Management
Studies in China focusing on water resource management have emphasized the effective utilization of water resources while neglecting the protection of water quality (Cai et al., 2017; Zhou et al., 2015). Few studies have focused on the sustainable development of basin management, especially in arid areas of northwest China.
According to China’s current water law, basin management is combined with the administrative division management. The inevitable consequence is a segmented state, a kind of transition from water resources management to administrative management. Division management hinders overall planning, unified supervision, and rational allocation. Under the restriction of market economy and traditional thoughts, the local government is driven by their respective economic interests, which conflicts with the unified basin management, especially in the exploitation, utilization, and protection of natural resources.
In the practice of RBSD, developed countries such as Australia, the United States, and Germany give importance to the sustainable development, and the coordination of population, resource, and environment, highlighting the long-term management and basin integrity, while taking into account the comprehensive utilization of water resources and engineering measures. Social, ecological, and environmental factors should be reflected in the planning, with the river basin managed as a unit, not as an administrative division. Kotir et al. (2016) investigated the interaction between the population, the water resource, and the agricultural development of the Volta River basin in West Africa, and it could enhance sustainable management within the basin. Wei et al. (2017) describe the evolution of the societal value of water resources in Australia over a period of 169 years and then provide management practices focused on the sustainable water resource use. The theory of RBSD had benefited the development and management practices of river basin ecosystems, such as the Amazon River (Ioris, 2020), the Mississippi River Piazza and La Peyre (2011), the Tennessee River Secchi and Mcdonald (2019), and the Rhine River Jeannot et al. (2018), offering a reference for RBSD in China.
A New Perspective on Sustainability Assessment
The framework of the planetary boundary in 2009 was considered as one of the most symbolic achievements in the field of quantification of international resource and environmental carrying capacity in recent years (Rockström et al., 2009; Running, 2012). The concept first defined the maximum safety threshold of the earth’s ecosystem in a series of environmental problems, such as climate change, water resources consumption, land use, nitrogen and phosphorus cycle, and loss of biodiversity. It is used to judge environmental sustainability as a whole (Steffen et al., 2015). Environmental sustainability can comprehensively reflect the complex effects of human activities on the earth’s ecosystem and provide a policy basis for key fields of environmental governance.
Studies of planetary boundaries have concentrated on global, national, and regional scales (Dao et al., 2018; Huang et al., 2020). Water resource consumption is a compound environmental problem; its influence scope is mainly a river basin. Combining with the planetary boundary framework, the safe interval of water resources utilization and RBSD can be discussed, providing the development space and early warning threshold for regional sustainable development.
CONCLUSION
This article constructed an indicator system of sustainable development. The entropy method and standard deviational ellipse were used to evaluate temporal and spatial variations for sustainable development of WRB in Shaanxi Province. The obstacle degree model was used to calculate and rank the factors that hindered its sustainable development. First, from the perspective of temporal analysis, the overall rise of sustainable development of WRB in Shaanxi Province is accompanied by regional differences. Economic development is synchronous with the social development, while the ecological development is relatively backward. Second, from the perspective of a spatial pattern evolution, the center of distribution moves north and rotates counterclockwise, the shape variation being dispersion-polarization-dispersion. Lastly, the main obstacle factors affecting the sustainable development of WRB in Shaanxi Province during 2009–2018 include the number of college students per 10,000 (D12), local government revenue (D2), amount of water resource per capita (D21), investment in water conservancy as a percentage to GDP (D30), gross domestic product (D1), and urban living area per capita (D16).
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