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Water, energy, and food are important factors affecting people’s lives and socio-economic development, and their production and consumption processes are closely related, so it is necessary to do research on input–output efficiency as a whole. The research is conducive to promoting the effective utilization and rational allocation of relevant resources in the Yangtze River Economic Belt, thereby promoting sustainable development. This study calculates the input–output efficiency of the water–energy–food (WEF) nexus of 11 provincial administrative regions in the Yangtze River Economic Belt utilizing the DEA-BCC model. Then, new indicators called area expansion degree and the subsystem’s influence degree are proposed with the aid of the standard deviation ellipse model to analyze the characteristics and trends of spatial–temporal distribution of input–output efficiency. The standard deviation ellipse model starts from the basic spatial elements, including point, line, and surface, and is used to study the spatial distribution and trend change of efficiency according to the center of gravity and area. The shift of the center of gravity shows the direction of significant improvement in the effect of resource allocation, and the change of area shows the differences in the speed of efficiency improvement between regions and the future development trend. The results mainly indicate that the resource allocation in the middle and lower reaches of the Yangtze River Economic Belt is more reasonable than that in the upper reaches, and the efficiency distribution is obviously concentrated in the northeast direction. It is suggested that the provincial administrative regions in the upper reaches should optimize the industrial structure, the regions in the middle and lower reaches should improve the resource structure, and the flow of talents and technology of regions should be promoted.
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Introduction

Water resources, energy, and food are important factors affecting people’s life and socioeconomic development. There are mutual influence and interdependence among the three. In 2011, the WEF (water–energy–food) nexus concept was summarized for the first time at the 2011 Nexus Conference, held in Bonn, Germany (Hoff, 2011; Endo et al., 2017). At this point, the research on the WEF nexus has entered a new stage. The Yangtze River Economic Belt covers 11 provincial administrative regions. The total area accounts for about 20% of China, and the GDP accounts for more than 45% of China. However, the ecological problems, including the degradation of the ecological function of the river basin, are still serious. Moreover, the contradiction between resources is becoming more and more severe due to the expanding population and the rapid development of industrialization (Liu et al., 2022), and the shortage of resources causes the bottleneck of regional sustainable development (The Central People’s Government of the People’s Republic of China, 2020). After the Bonn conference, the relevant strategies of a single resource have proved difficult to solve the existing problems and even to lead to serious consequences. Therefore, it is necessary to take WEF nexus as an object of research to study the input–output efficiency (White et al., 2018). The calculation of the input–output efficiency of the WEF nexus can analyze the overall impact of water resources, energy, and food consumption on the environment and economy from multiple perspectives. Under the condition of limited resources, improving the input–output efficiency of the WEF nexus of the Yangtze River Economic Belt plays an essential role in promoting regional sustainable development.

Currently, the research on the WEF nexus is emerging at home and abroad, and the scope and depth of research are increasing. More and more theoretical frameworks have been put forward, including the symbiosis framework of the WEF nexus based on symbiosis theory (Zhi et al., 2020; Chen and Chen, 2021), the comprehensive evaluation framework based on life cycle theory (LCA) (Lin et al., 2021), the coupled modeling approach based on agent (Magliocca, 2020), etc. In terms of spatial scale, the research mainly involves international (Belinskij, 2015), inter-provincial (Wang et al., 2021), county-level (Kulat et al., 2019), etc. As far as the research content is concerned, it mainly focuses on collaborative security, scenario simulation, efficiency evaluation, etc. In terms of collaborative security (Chen and Xu, 2021; Li et al., 2021), combined with the pressure-state-response (PSR) model and environment-economy-society (EES) collaborative model, the collaborative security evaluation system is constructed and the evaluation indexes are assigned with the use of the entropy weight method and critical method. Then the regional collaborative security index and grade division standard are calculated and evaluated by using fuzzy comprehensive evaluation method and random forest model. Regarding scenario simulation (Ravar et al., 2020; Susnik et al., 2021; Wen et al., 2022), through the construction of a complex relational network dominated by WEF and supplemented by social, economic, and eco-environment subsystems, the simulation research on different scenarios and policies is carried out with the use of system dynamics (SD) model. Efficiency evaluation is mainly about the coupling efficiency of the system and the production and utilization efficiency of resources. In terms of coupling efficiency (Sun et al., 2021), by optimizing and improving the data envelopment analysis (DEA) model and calculating the input–output efficiency of the three subsystems, respectively, the coupling efficiency of the WEF nexus is obtained. In terms of the production and utilization efficiency of resources (Zhang and Xu, 2019; Zheng et al., 2022), combined with the direct and indirect input between resources, the consumption of water resources, energy, and food or any two of them are, respectively, used as input variables and output variables to construct an efficiency index system and evaluate it.

The research methods involved in the efficiency evaluation of WEF nexus mainly focus on input–output analysis, spatial econometric models, and exploratory spatial data analysis (ESDA). The input–output model is a mathematical model of the economy that is often used to analyze the quantitative dependence between inputs and outputs in economic activities (Wiedmann, 2009). Zheng et al. (2019) used the model to comprehensively assess agricultural production efficiency and quantified the optimal inputs of agricultural resources. Maia and Pereira (2021) quantitatively evaluated WEF nexus in Brazil’s food and beverage industry using a multiregional input–output table, DEA, and the Malmquist index. Spatial econometric models are often used to analyze interactions between regions (Yuan et al., 2022). Qin and Tong (2021) measured the WEF coupling efficiency and analyzed its spatial and temporal changes and driving factors with kernel density estimation and spatial econometric models. ESDA is often used to reveal spatially variable relationships between study subjects (Tu, 2011). By analyzing the spatial correlation of the coupling coordination degree of the WEF nexus, Zhao and Liu (2022) concluded that the spatial self-correlation of the coupling coordination degree of the prefecture-level cities in the Yellow River Basin was weakened in 2015. Sun et al. (2021) measured the global Moran’s I index value of coupling efficiency and found a positive correlation between efficiency and spatial distribution of provinces and cities in China.

The research on the efficiency evaluation of the Yangtze River Economic Belt mainly focuses on ecological efficiency, green innovation efficiency, resource utilization efficiency, etc. In terms of ecological efficiency (Xu et al., 2021), an optimal weighted cross-evaluation efficiency (OWCE) model based on data standardization is proposed to analyze the causes of differences in ecological efficiency in different regions. Regarding green innovation efficiency (Xu et al., 2020; Hou et al., 2021), research further elaborates the coordination relationship between green innovation and high-tech and environmental protection. Regarding resource utilization efficiency, research mainly focuses on the utilization efficiency of water resources (Ding et al., 2019; Xu and Liang, 2020) and energy (Chen, 2020; Yu and Ling, 2020) and uses the Tobit model to identify key influencing factors.

It is found that the existing research on the WEF nexus has achieved rich results, and the relevant theoretical framework and model are relatively mature. The research on the utilization of resources of the Yangtze River Economic Belt also has gradually transferred from qualitative to quantitative. There are mainly two aspects to be further studied in relevant fields: (1) The research method for the spatial distribution and trend of WEF nexus efficiency is relatively simple, and the research from the point, line, and surface of basic spatial elements is lacking. (2) The research on the input–output efficiency of the WEF nexus of the Yangtze River Economic Belt needs to be enriched.

On the one hand, the distribution of water resources, energy, and food in the Yangtze River Economic Belt is uneven. On the other hand, there are great differences in the level of economic and social development among regions. Therefore, this study takes the WEF nexus of the Yangtze River Economic Belt as the research object and calculates and analyzes the input–output efficiency of the WEF nexus of 11 provincial administrative regions in the Yangtze River Economic Belt using the DEA-BCC model. Then, the study analyzes the transfer of the center of gravity of efficiency with the standard deviational ellipse model from the perspective of basic spatial elements including point, line, and surface. At the same time, from the time and space dimensions with two new indicators, the study evaluates and analyzes the change characteristics and trend of input–output efficiency of the WEF nexus of the Yangtze River Economic Belt and the influence degree of subsystems on the transfer of the center of gravity of nexus from 2011 to 2019. The innovation of this study mainly lies in (1) This study combines the standard deviation ellipse model to judge the development and change trend of resource allocation efficiency with the help of center of gravity migration and area change trend from the perspective of basic spatial elements. (2) Two new indicators called area expansion degree and subsystem’s influence degree are proposed, which further enrich the research content from the spatial perspective and provide new ideas for the related research of efficiency evaluation. The study aims to make up for the deficiencies in the spatial distribution analysis of the WEF nexus and the input–output efficiency of resources of the Yangtze River Economic Belt and provide policy suggestions that can effectively improve the input–output efficiency of the WEF nexus of the Yangtze River Economic Belt, to promote the sustainable development of the region.



Materials and methods


Study area

The Yangtze River Economic Belt covers 11 provincial administrative regions (nine provinces and two directly administered municipalities), including Shanghai, Jiangsu, Zhejiang, and Anhui in the upper reaches of the Yangtze River, Jiangxi, Hubei, and Hunan in the middle reaches of the Yangtze River, and Chongqing, Sichuan, Guizhou, and Yunnan in the lower reaches of the Yangtze River (Figure 1). Since the review and adoption of the Outline of Yangtze River Economic Belt Development Plan in 2016, the regional economy has maintained steady growth, and people’s living standards have significantly improved. However, in recent years, the problems of ecological environment, industrial structure optimization, and regional development balance (Yuan et al., 2022) have become increasingly serious. In terms of water resources, compared with other regions in China, that of the Yangtze River Economic Belt is much richer, and the per capita water occupancy volume is about 2144 m3 (Kong et al., 2021). While, issues of uneven distribution of water resources, increasingly serious water pollution, and low water efficiency have become acute. In terms of energy, the Yangtze River economy is rich in mineral and hydropower resources. Regarding food, the Yangtze River Economic Belt has superior agricultural natural conditions and fertile soil. It carries over 30% of the total grain output with one-fifth of the land area (Qin and Tong, 2021). With the continuous advancement of urbanization, the pressure on water resources, energy, and food is increasing. The Yangtze River Economic Belt connects the eastern, middle, and western areas of China. Since the reform and opening up, with its unique geographical advantages, the Yangtze River Economic Belt has become one of the regions with a great strategic role in China (The Central People’s Government of the People’s Republic of China, 2014). Analyzing the input–output efficiency of the WEF nexus of the Yangtze River Economic Belt is of great significance in improving the efficiency of regional resource utilization and promoting regional sustainable development.
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FIGURE 1
Study area.




Data envelopment analysis-BCC model

Data envelopment analysis was first proposed by American operational researchers A. Charnes and W. W. Cooper (Charnes et al., 1978). It is a non-parametric method that can evaluate efficiency. The basic principle of the DEA method is to control the input or output of the decision-making unit (DMU) unchanged, construct the effective frontier utilizing the linear programming method, and determine the relative effectiveness by observing the distance between the projection of DMU and the frontier (Ma et al., 2021). Compared with linear programming and other methods that can only deal with a single output, the DEA method can deal with multi-output situations. Meanwhile, the method has significant advantages in calculating input–output efficiency because it does not need dimensional data or the assignment of indexes.

The DEA model is mainly divided into the CCR and BCC models according to the two assumptions of constant and variable return to scale. Both models are input propensity. The CCR model assumes that input and output need to change in a uniform proportion. For complex reality, the condition of constant return to scale is too limited. The BCC model is expanded based on the CCR model. The assumption condition is reset to variable return to scale, making the model more in line with the actual situation. The WEF nexus is more suitable for the DEA-BCC model as a variable scale return system. Therefore, this study adopts this model, takes the WEF nexus of the Yangtze River Economic Belt as the research object, sets 11 provincial administrative regions as DMUj (j = 1, 2,…, 11), and calculates the input–output efficiency of the WEF nexus of each provincial administrative region from 2011 to 2019. The DEA-BCC model follows formula (1) (Li et al., 2016).
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where θ is the effective value of each provincial administrative region, and the input-inclined model seeks to minimize the input when the output is constant (Li et al., 2016), so the objective function is the minimum value of θ, xj (j = 1, 2…, n) represents the input amount of a certain factor in the jth region, λj is the weight coefficient, s− is the output slack variable, s+ is the input slack variable.



Standard deviational ellipse model

The standard deviational ellipse model is used to analyze the spatial distribution characteristics of the input–output efficiency of the WEF nexus of the Yangtze River Economic Belt. By describing the deviational of point distribution, it can effectively display the spatial dispersion of point sets (Wong and Jay, 2008). In this model, the center of gravity, major and minor axes, are taken as the basic elements to define and describe the spatial characteristics of the research object. The semi-major axis is used to represent the direction of data distribution, and the semi-minor axis represents the range of data distribution. The economic meaning of the model is that it can judge the development and change trend of resource allocation efficiency with the aid of the transfer of the center of gravity and area variation. Through the transfer track of the standard deviation ellipse center, that is, the center of gravity of efficiency, we can find out the direction in which the effect of resource allocation gets improvement significantly. The area of the ellipse and its changes show the difference in the growth rate of regional efficiency and future development trend. The increase in the area of the ellipse means that the provincial administrative regions outside the ellipse have a noticeable pulling effect on the input–output efficiency than the regions inside the ellipse, and the efficiency shows an expanding trend. On the contrary, it indicates a centralized trend. By calculating the spatial characteristics of the standard deviational ellipse, the transfer and change of the center of gravity of efficiency and distribution range are obtained, and the input–output efficiency distribution of the WEF nexus of the Yangtze River Economic Belt is quantitatively analyzed from the multiple perspectives. The basic elements of the standard deviational ellipse are calculated as follows formula (2), (3), and (4) (Wong and Jay, 2008).
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where ([image: image]) is the coordinates of the center of gravity of efficiency, (xi, yi) is the spatial location of the study area; wi is the weight which represents the input–output efficiency of each provincial administrative region in the study; i is each decision-making unit which represents each provincial administrative region; x and y represent the relative coordinates of each point from the center of the input–output efficiency; tan⁡θ can get the Angle of distribution pattern; σx and σy are standard deviations along the X-axis and Y-axis, respectively (Lefever, 1926). The above calculation can be implemented with the use of ArcGIS10.7 software.

Based on the standard deviation ellipse model, the spatial characteristics of the input–output efficiency of the nexus are further analyzed through two indicators: WEF nexus’s efficiency area expansion degree and the subsystem’s influence degree on the transfer of nexus’s center of gravity. The former index is applied to calculate the ratio of the change of the standard deviation ellipse area to the area of the previous year or the base year (2011) so as to analyze the differences in the input–output efficiency of provincial administrative regions inside and outside the ellipse. With the use of Stata software, the latter index is applied to calculate the Spearman correlation coefficient of the transfer distance of the center of gravity between the nexus and the water resources, energy, and food subsystems to analyze the impact of the subsystem on the center of gravity migration of the WEF nexus.



Construction of index system

In the traditional model, the analysis of resources and environment efficiency tends to ignore the expected output, which makes the generated results deviation. One of the ways to deal with unexpected output in academia is to treat the unexpected output as input and then use the traditional DEA method for efficiency evaluation, which can effectively follow the principle that the smaller the input value is, the better the output value is.

As shown in Table 1, in terms of input variables, the research focus of this study is to explore the impact of consumption of the WEF nexus on social and economic development, so the consumption of water resources, energy, and food are taken as input variables. Output variables are divided into expected output and unexpected output variables. Sustainable development emphasizes and shoots for minimizing the impact on the ecological environment while developing vigorously. From the perspective of economic development, we choose GDP that promotes regional sustainable development as the expected output variable. From the perspective of environmental impact, we select waste gas, waste water, and general industrial solid waste that do harm to sustainable development as unexpected output variables. As the main body of regional development, the total population always directly or indirectly affects the consumption of resources and the generation of economic and environmental benefits. Therefore, in this study, the input and output variables are divided by the population of each provincial administrative region each year to reduce the randomness caused by population variables as much as possible.


TABLE 1    Index system of input–output.
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Data resource

The above data are mainly from Water Resources Bulletin, China Energy Statistical Yearbook, and China Statistical Yearbook from 2011 to 2019. For some missing data, the study refers to the statistical yearbook of each provincial administrative region and the interpolation method to complete. In order to eliminate the impact of inflation on the economy, the original data of GDP are processed to remove the impact of inflation and are converted into the 2011 constant price according to the price index.




Results and discussion

Using the DEA-BCC model and standard deviational ellipse model, the study concludes and analyzes the characteristics and changing trend of the temporal evolution and spatial distribution of input–output efficiency of the WEF nexus of the Yangtze River Economic Belt from 2011 to 2019.


Results of time evolution of input–output efficiency

Combined with formula (1), the input–output index is substituted into the DEA-BCC model, and DEAP2.1 software is used to calculate and evaluate the input–output efficiency of the WEF nexus of the Yangtze River Economic Belt. The results are shown in Table 2.


TABLE 2    Input–output efficiency of the WEF nexus of the Yangtze River Economic Belt.
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It can be seen from Table 2 that Shanghai has always been in DEA valid state, Jiangsu and Zhejiang have basically reached the DEA valid state, and other provincial administrative regions have not reached DEA effective state. Averaging all the indexes, the mean efficiency of Jiangxi is between 0.9 and 1. The mean efficiency of Anhui, Hubei, Hunan, and Chongqing is between 0.8 and 0.9; the mean efficiency of Sichuan and Guizhou is between 0.7 and 0.8; the mean efficiency of Yunnan is less than 0.7.

Since the efficiency values generated by the DEA-BCC model are all relative efficiency values, it is not scientific to directly compare the efficiency of different years. Therefore, the input–output efficiency of the WEF nexus of all provincial administrative regions each year is ranked, and the 11 provincial administrative regions in the Yangtze River Economic Belt are classified according to the variation range of the ranking. The ranking changes in the input–output efficiency of the WEF nexus of each provincial administrative region over the past 9 years are analyzed, and the results are shown in Table 3.


TABLE 3    Changes in the ranking of comprehensive efficiency of the Yangtze River Economic Belt from 2011 to 2019.
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It can be seen from the Table 3, the number of provincial administrative regions whose ranking keeps unchanged is 1; the number of provincial administrative regions whose ranking keeps basically unchanged, which refers to the change of ranking in 2011 and 2019 within two places is 5; the number of provincial administrative regions whose ranking keeps rising is 2; the number of provincial administrative regions whose ranking keeps declining is 3.

The above results show that the utilization rate of relevant resources in Shanghai, Jiangsu, and Zhejiang has always maintained a high level which means that the resource allocation is relatively reasonable. The utilization rate of resources in Sichuan, Guizhou, and Yunnan is low, especially the resource allocation in Sichuan and Guizhou needs to be improved.



Results of spatial distribution of input–output efficiency

Using the standard deviational ellipse model, relevant data are put into formulas (2), (3), and (4). With the help of ArcGIS10.7 software, the spatial distribution characteristics of the input–output efficiency of the WEF nexus and each subsystem of the Yangtze River Economic Belt are calculated and analyzed.


Results of nexus’s center of gravity and transfer of efficiency

The distribution of input–output efficiency of the WEF nexus of the Yangtze River Economic Belt is shown in Figures 2, 3 and Table 4. The input–output efficiency will be further analyzed from the perspectives of distribution of standard deviational ellipse and the transfer of the center of gravity.
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FIGURE 2
Distribution of standard deviational ellipse of input–output efficiency of WEF nexus. (A) Standard deviation ellipse distribution of 2011, 2013, and 2018. (B) Variation of semi-major and semi-minor axes of standard deviational ellipse from 2011 to 2019.
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FIGURE 3
Transfer of the center of gravity of input–output efficiency of WEF nexus. (A) Transfer track of the center of gravity from 2011 to 2019. (B) Transfer distance of the center of gravity from 2011 to 2019.



TABLE 4    WEF nexus’s efficiency area expansion degree of standard deviational ellipse of input–output efficiency from 2011 to 2019.
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From the distribution of standard deviational ellipse (Figures 2A,B), the spatial evolution characteristics of input–output efficiency of the WEF nexus of the Yangtze River Economic Belt from 2011 to 2019 are apparent. The area of the standard deviational ellipse first increases and then decreases, which means that the efficiency distribution first enlarges and then shrinks and shows a general trend of shrinking. Specifically, the semi-major axis of the standard deviational ellipse of input–output efficiency increased gradually from 2011 to 2013 and from 2018 to 2019 and decreased gradually from 2013 to 2018, with an overall decrease of 7.27 km. The semi-minor axis increased from 2011 to 2012 and showed a downward trend of fluctuation from 2012 to 2019, with an overall decrease of 7.67 km.

From the transfer track and distance (Figures 3A,B), the center of gravity of input–output efficiency of the WEF nexus of the Yangtze River Economic Belt moved southwest from 2011 to 2013, northeast from 2013 to 2018, and southwest from 2018 to 2019. The center of gravity generally shows a trend of moving northeast. Specifically, the center of gravity of efficiency transferred 12.95 km to the north and 23.95 km to the east.

The above results show that the input–output efficiency of the WEF nexus of the provincial administrative regions inside and outside the ellipse is quite different. Meanwhile, the efficiency distribution generally indicates a trend of gathering to the northeast, which means that the input–output efficiency of the upper reaches of the Yangtze River Economic Belt is slower than that of the middle and lower reaches.



Results of subsystem’s center of gravity and transfer of efficiency

The distribution of input–output efficiency of water resources, energy, and food subsystems of the Yangtze River Economic Belt is shown in Figures 4, 5 and Table 5. The input–output efficiency will be further analyzed from the perspectives of distribution of standard deviational ellipse and the transfer of the center of gravity.
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FIGURE 4
Variation of semi-major and semi-minor axes of subsystems’ standard deviational ellipse. (A) Water. (B) Energy. (C) Food.
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FIGURE 5
Transfer of the center of gravity of input–output efficiency of subsystems. (A) Water. (B) Energy. (C) Food.



TABLE 5    Spearman correlation coefficient of transfer distance.

[image: Table 5]

From the distribution of the standard deviational ellipse (Figures 4A,B), the area of the standard deviational ellipse of each subsystem of the Yangtze River Economic Belt shows a decreasing trend from 2011 to 2019. Specifically, the variation trends of the semi-major and semi-minor axes of each subsystem’s standard deviational ellipse of input–output efficiency are similar to that of the WEF nexus. The semi-major axis increased gradually from 2011 to 2013 and 2018 to 2019 and decreased gradually from 2013 to 2018. The semi-minor axis increased from 2011 to 2012 and showed an upward trend of fluctuation from 2012 to 2019. In general, the semi-major and semi-minor axes of the water resource subsystem decreased by 14.87 km and 7.08 km, respectively. The semi-major and semi-minor axes of the energy subsystem decreased by 7.03 km and 7.54 km, respectively. The semi-major and semi-minor axes decreased by 8.36 km and 5.78 km, respectively.

From the transfer of the center of gravity of input–output efficiency (Figure 5), each subsystem’s center of gravity of input–output efficiency moved southwest in 2011–2012, northeast in 2012–2018, and southwest in 2018–2019. In general, the total distance of the center of gravity moving to the north is greater than that moving to the south, the total distance moving to the east is greater than that moving to the west, and the total distance moving in the east-west direction is greater than that moving in the north-south direction. To be specific, the efficiency’s center of gravity of the water resource subsystem transfers 17.25 km to the north and 46.09 km to the east (Figure 5A). The efficiency center of gravity of the energy subsystem transfers 12.95 km to the north and 13.08 km to the east (Figure 5B). The efficiency center of gravity of the food subsystem transfers 17.67 km to the north and 44.91 km to the east (Figure 5C). From the Spearman correlation coefficient (Table 5), the water resources system has the most significant impact on the transfer distance of the center of gravity of the WEF nexus, followed by the energy system.

The above results show that the distribution of input–output efficiency of each subsystem also shows a trend of aggregation to the northeast. From the Spearman correlation coefficient (Table 5), the water resources system has the greatest impact on the transfer distance of the center of gravity of the WEF nexus, followed by the energy system.




Discussion

According to ranking changes in input–output efficiency and relative efficiency of 11 provincial administrative regions of the Yangtze River Economic Belt from 2011 to 2019, this study calculates the time evolution of input–output efficiency. The spatial variation of input–output efficiency is measured from the distribution and the transfer of the center of gravity. The distribution of efficiency values obtained in the study is similar to the results in the existing relevant literature. Huang et al. (2021) calculated the input–output efficiency of the WEF nexus in different regions of China. Among them, the regions involved in the Yangtze River Economic Belt also show a similar efficiency ranking and indicate the trend that the efficiency of eastern coastal areas is higher than that in the western inland areas of the Yangtze River Economic. Ge et al. (2022) concluded that the input–output efficiency of WEF nexus of Sichuan, Hubei, Hunan, and Jiangxi has decreased, which is basically consistent with the results of this study. Compared with the existing relevant literature, this study starts from the spatial elements, analyzes the spatial distribution and change trend of efficiency, and puts forward two new indicators to enrich the research content from the spatial perspective. The reasons will be analyzed from the perspectives of time evolution and spatial distribution.


Analysis of time evolution

In general, the input–output efficiency of the WEF nexus in the eastern coastal areas is higher than that in the western inland areas of the Yangtze River Economic Belt, indicating that the allocation of WEF resources in the eastern coastal area of the Yangtze River Economic Belt is more reasonable than that in the western inland areas of the Yangtze River Economic Belt. As can be seen from Tables 2, 3, the ranking of most provincial administrative regions with high comprehensive efficiency presents an upward trend (Anhui and Hubei) or always remain in the front (Shanghai, Jiangsu, Zhejiang, Hunan, and Chongqing), and these provincial administrative regions are basically located in the middle-lower reaches of the Yangtze River Economic Belt. However, the ranking of provincial administrative regions with low comprehensive efficiency shows no apparent upward trend (Yunnan) and even a downward trend (Sichuan and Guizhou). These provincial administrative regions are located in the upper reaches of the Yangtze River Economic Belt.

The reason is that the middle-lower reaches, especially the lower reaches of the Yangtze River, have unique natural conditions, that is, unique geographical transportation position, excellent terrain conditions, and climate. Although the natural resources of these regions are relatively scarce compared with those of the upper reaches, their high level of openness and technology has effectively improved the situation of insufficient resources. The input–output efficiency in the upper reaches of the Yangtze River is low or even declining, which is mainly limited by technological level and industrial structure. On the one hand, the backward technology makes efficient use of natural resources in these areas unable to be effectively utilized and transformed. On the other hand, the single industrial structure focusing on heavy industry, which results in high-energy consumption and high emission in production (Gu and Xie, 2022), intensifies the generation of unexpected output. At the same time, it shows that the single policy on water resources, energy, and food has not brought an obvious positive impact to these areas in recent years.



Analysis of spatial distribution

The center of gravity of efficiency of the WEF nexus of the Yangtze River Economic Belt focused to the southwest from 2011 to 2013 benefited from the western development strategy. Since the implementation of the western development strategy, the economic development of the western region has been significantly improved. In 2012, 22 national key projects started in the western region, with a total investment of 577.8 billion Yuan. In 2007, The 11th Five Year Plan of Western Development (The State Council Information Office of the People’s Republic of China, 2007) pointed out that the economic growth mode should be changed through scientific and technological innovation, structural adjustment, and layout improvement, so as to promote more scientific and sustainable development of the western region. In 2012, The 12th Five Year Plan of Western Development (The Central People’s Government of the People’s Republic of China, 2012) pointed out that the development concept should be changed to focus on the quality and efficiency of development. The economic foundation of western China is weaker than that of eastern China. In order to pursue rapid economic growth in the early stage, ecological benefits were ignored, which also made the comprehensive efficiency of western China have a large space for improvement. Therefore, the promulgation of plans has played a significant role in improvement.

After 2013, the semi-major axis, semi-minor axis, and the area of standard deviational ellipse all decreased, and the center of gravity transferred to the northeast, indicating that the input–output efficiency shows a trend of aggregation to the northeast. The reason lies in the effectiveness of Guidance on Promoting the Development of the Yangtze River Economic Belt by Relying on the Golden Waterway issued in 2014 (The Central People’s Government of the People’s Republic of China, 2014) and Outline of Yangtze River Economic Belt Development Plan issued in 2016 (The Central People’s Government of the People’s Republic of China, 2016). The layout of the Yangtze River Economic Belt is based on the idea of “ecological priority, river basin interaction, and intensive development.” The middle-lower reaches of the Yangtze River, with better economy and infrastructure, have obvious advantages over the upper reaches in terms of industrial transformation, technological upgrading, and environmental protection measures. And most of the megacities and megacities, including Shanghai, Nanjing, and Hangzhou, are located in the middle-lower reaches of the Yangtze River.

The decrease of the semi-major and semi-minor axes of the standard deviation ellipse of the efficiency of the WEF nexus and subsystems of the Yangtze River Economic Belt shows that the concentration trend of input–output efficiency is strengthened in the northeast–southwest direction, and the decrease of the area of the standard deviation ellipse shows that the pulling effect of provincial administrative regions in the ellipse on input–output efficiency is more obvious than that of provincial administrative regions outside the ellipse. Among them, the semi-major and semi-minor axes and area expansion degree of the standard deviation ellipse reached the minimum in 2018, indicating that the input–output efficiency difference between provincial administrative regions inside and outside the ellipse was the largest in 2018, and the trend of efficiency distribution gathering to the northeast was the most obvious. The reason is that the growth rate of input–output efficiency of the WEF nexus of Sichuan, Yunnan, and Guizhou is slower than that in other provincial administrative regions. Although the promulgation of relevant policies has improved the input–output efficiency of these provinces to a certain extent, the improvement speed of efficiency is restricted by technology, economy, industry, transportation, and market. These factors lead to the failure to maximize the positive effect of the supporting policies, and the phenomenon that the input–output efficiency of the three provinces lags behind other provincial administrative regions will continue in the short term.

The reason why the water resources subsystem has the greatest impact on the transfer of the center of gravity of the input–output efficiency of the nexus is that the spatial difference of per capita water resources consumption between provincial administrative regions is considerable, especially the spatial difference of industrial and agricultural water consumption. Taking 2018 as an example, the per capita water consumption of Jiangsu is about three times that of Chongqing, the per capita industrial water consumption of Jiangsu is about seven times that of Yunnan, and the per capita agricultural water consumption is about five times that of Shanghai. Generally speaking, in terms of per capita industrial water consumption, the lower reaches consume more; in terms of per capita agricultural water consumption, the middle reaches and Jiangsu are more prominent. The reason is that the lower reaches have a good industrial foundation and convenient transportation conditions, while the middle reaches mainly benefit from flat terrain and the rich river network. However, since the Implement the Strictest Water Resources Management System and Assessment Methods (The Central People’s Government of the People’s Republic of China, 2013) in 2013, the utilization of water resources has been effectively supervised. The per capita water resources consumption of 11 provincial administrative regions in the Yangtze River Economic Belt has an obvious downward trend, and the water resources consumption of each provincial administrative region is getting closer to the average value, and the spatial difference is gradually decreasing. Coupled with the optimization and adjustment of industrial structure and the promotion of efficient agriculture, the balance of industrial and agricultural water between provincial administrative regions has also been improved.





Policy and managerial implications

In conclusion, the upper reaches of the Yangtze River Economic Belt benefit from the support of national policies in the early stage, but with the promotion of high-quality development, the single industrial structure seriously hinders the sustainable development of the region. On the one hand, the migration of heavy industry to the upper reaches leads to a sharp rise in water resources and energy consumption, as well as the discharge of a large amount of waste water, waste gas, and industrial solid waste, which seriously affects the ecological benefits. On the other hand, backward technology prevents upstream regions from extending their resource advantages into economic and environmental benefits. All provincial administrative regions in the upper reaches should pay attention to the cultivation of talents and the development of new technologies and promote the input–output efficiency and high-quality development of the regional WEF nexus through the optimization of industrial structure. Although the input–output efficiency of the WEF nexus of the middle-lower reaches is higher than that in the upper reaches, continuous breakthroughs in ecological benefits still should be attached importance to. Provincial administrative regions in the middle-lower reaches of China should make rational use of talents and technological advantages, improve resource structure to reduce dependence on one-time energy, and promote the use of clean energy such as wind and solar power, so as to enhance sustainable development capacity.

The Yangtze River Economic Belt has a large span, and there is a big gap between provincial administrative regions regarding economic foundation and public facilities. Middle-lower reaches, especially lower reaches, should not only increase investment in their own scientific and technological progress and talent training but also promote the flow of talents and technology of other regions so as to improve the input–output efficiency of the whole area of the Yangtze River Economic Belt and form a virtuous cycle and maximize the benefits of economy and environment. In addition, relevant policies in recent years mainly focus on single resources, and there is an interactive relationship between the policies of different resources, which will reduce the action time and influence the degree of the policy. In order to improve the input–output efficiency of the whole region, the promulgation of relevant policies should focus on the WEF nexus from the perspective of sustainable development and regulate different resources reasonably from an overall perspective.



Conclusion

The study uses the DEA-BCC model to calculate the input–output efficiency of the WEF nexus of the Yangtze River Economic Belt from 2011 to 2019. Combined with the standard deviational ellipse model and indicators called WEF nexus’s efficiency area expansion degree and the subsystem’s influence degree on the transfer of nexus’s center of gravity, the study evaluates the temporal and spatial distribution of efficiency and puts forward corresponding policy suggestions according to the different characteristics of the region, which provides a scientific reference for the relevant resource strategy of the Yangtze River Economic Belt.

Through the above work, the main conclusions are as follows: (1) Efficiency shows a trend of high in the east and low in the west, high in the coast and low in the inland. From the comprehensive efficiency ranking of provincial administrative regions each year, the ranking of most provincial administrative regions remains unchanged or increased, and the ranking of Jiangxi, Sichuan, and Guizhou decreases. It shows that the input–output allocation of the WEF resources in the middle and lower reaches of the Yangtze River Economic Belt is more reasonable than that in the upper reaches. (2) The area and semi-major and semi-minor axes of the standard deviational ellipse of input–output efficiency of the WEF nexus and subsystems of the Yangtze River Economic Belt fluctuate, but the overall trend decreased as a whole and reached the minimum in 2018, indicating that the distribution range of efficiency has a trend of agglomeration. The center of gravity of the standard deviational ellipse generally moves to the northeast, and the degree of northward movement is less than that of eastward movement, indicating that with the promotion of high-quality development, the middle and lower reaches of the Yangtze River have obvious advantages over the upper reaches in terms of industrial transformation and technological upgrading. (3) The water resources subsystem has the most significant impact on the transfer of the center of gravity of efficiency of the WEF nexus, which is due to the large spatial difference in water resources consumption. Among them, the per capita industrial water consumption is more in the lower reaches, and the per capita agricultural water consumption is more in the middle reaches.

According to the above conclusions, in order to effectively improve the input–output efficiency of the WEF nexus of the Yangtze River Economic Belt and promote regional sustainable development, the upper reaches should start with training talents and developing technology to facilitate the optimization of industrial structure; the middle and lower reaches should make rational use of scientific and technological advantages to improve the utilization efficiency of natural resources, reduce the dependence on disposable energy and speed up the improvement of resource structure.

The characteristics and innovations of this study are mainly reflected in the following three points: (1) it is conducive to analyzing the impact of the correlation system on the economy and environment from an overall perspective and providing a new perspective for the regulation of three kinds of resource allocation by taking the WEF nexus as the main research object. (2) From the perspective of research and analysis, this study not only analyzes the time evolution of input–output efficiency but also concretizes the spatial distribution characteristics from the basic elements of space by using the standard deviation ellipse model to analyze the distribution changes of input and output efficiency and the transfer of the center of gravity. (3) From the content of research and analysis, to further enrich the research content from the spatial perspective, two new indicators called area expansion degree and subsystem’s influence degree are proposed. The application value of this study is that the growth rate of input–output efficiency and the implementation effect of relevant policies in each provincial administrative region can be judged by the elements such as the center of gravity, the area, and its degree of expansion of the standard deviation. The study intends to provide new ideas for future research, propose relevant suggestions, and better promote regional sustainable development.

The deficiency of this study mainly lies in the short time span. On the one hand, the data before 2011 have problems such as different statistical caliber and missing data. In addition, the concept of the “Yangtze River Economic Belt” was first put forward in 2014. On the other hand, the authoritative yearbook has not published the data after 2019, so the changing trend of input–output efficiency of the WEF nexus of the Yangtze River Economic Belt after 2019 cannot be determined, which needs further observation and analysis.
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