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Resources and the environment are essential for socioeconomic development. A scientific and reasonable evaluation and forewarning of the resource and environmental carrying capacity (RECC) is of great significance for regional sustainable development. Although great progress has made in existing research on RECC, there is still no consensus on the definition, evaluation and forewarning method for RECC. Therefore, this study introduced the novel concepts of pressure, support and adjustment, proposed a theoretical framework of RECC reflecting the interaction between the above three, constructed a new evaluation index system of RECC, evaluated RECC based on the ratio method, identified important influencing factors using obstacle model, and put forward the hierarchical forewarning method of RECC with the threshold of 1. Finally, a case demonstration in regard to Yichang city, with a prominent ecological and economic status as the location of China’s Three Gorges Project, was conducted. The results revealed that: 1) The average pressure, support, and adjustment exhibited overall upward trends. The pressure and adjustment increased from west to east, while the support of central districts was relatively lower. 2) The RECC of Yichang city and counties improved from 2016 to 2021, increasing from west to east, and the differences in the RECC of various counties were remarkable but gradually shrank. 3) The RECC of Yichang city remained at the Non-Alert Level. The number of counties with RECC values at Alert Level II decreased from two to zero, and the number of counties at the Non-Alert Level increased from eight to ten. Xiaoting and Zhijiang, with more RECC values at Alert Level II, should receive more attention. This study is expected to enrich the methodology of RECC evaluation and forewarning, and provide possible implications for economic development and environmental protection planning in Yichang and other cities of the same type.
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1 INTRODUCTION
RECC refers to the maximum support or guarantee capacity of the natural environment for human production and living activities, and is a common and comprehensive concept used to measure the regional capacity of resources and the environment, as well as sustainable development (Lein, 1993). It is widely acknowledged that RECC research dates from the population theory of Malthus that resources are limited and ultimately have a restraining effect on population growth, which has had an extensive and profound influence on later research (Seidl and Tisdell, 1999; Zhang et al., 2018). With rapid socioeconomic development, the conflicts between more frequent human activities due to the growing population and the RECC have become increasingly prominent. Research on how the expanding global population and material economy will interact to adapt to the Earth’s limited carrying capacity in the coming decades in “The Limits to Growth” has triggered widespread discussion (Meadows et al., 1972). In recent years, the constraints of environment and resources have become enormous challenges facing a multitude of countries, especially developing countries that maintain remarkable economic growth rates (Fan et al., 2017). As the world’s largest developing country, China has made tremendous achievements in economic development since its reform and opening up. However, the contradiction between economic development and environmental and resource protection has sharpened, restricting China’s sustainable development (Peng et al., 2016; Jia et al., 2018; Fu et al., 2020). The 14th 5-Year Plan of China issued in 2021 proposed reasonable urban scales and spatial structures coinciding with the RECC, and how to rationally allocate productive forces and promote the coordination between environmental resource protection and economic development in accordance with the RECC has become a critical issue.
In the past century, numerous studies have focused on the evaluation of the RECC. In terms of evaluation objects, researchers’ attention has been paid from the single elements to comprehensive systems (Huang et al., 2023). The single elements include forest resources (Martire et al., 2015), water resources (Wang et al., 2019a; Qin et al., 2023), land resources (Sun et al., 2020), and the atmospheric environment (Li et al., 2019). Comprehensive systems consist of ecosystems, natural resources systems, and environmental systems. Ecosystems mainly include forest, grassland, water network, and meteorological conditions (Wu and Hu, 2020; Shan et al., 2023). Natural resources systems include water resources, soil resources, biological resources and energy resources (Wang and Fu, 2023). Environmental systems include water, atmosphere, soil and biology environment (Świąder et al., 2020). From the perspective of evaluation methods, qualitative evaluation of RECC appears frequently in early studies, while recent studies pay more attention to quantitative evaluation, which involves static evaluation and dynamic prediction. The carrying capacity of the environment was assessed by using a carrying capacity surplus ratio model and a vector of surplus ratio of carrying capacity model (Liu and Borthwick, 2011); the water resources environmental carrying capacity was quantified by the catastrophe progression method (Wang et al., 2022); the machine learning algorithms was used to assess the future environmental carrying capacity in Khulna City (Morshed et al., 2024). It is generally accepted that the index evaluation method based on a variety of models, such as the Pressure-State-Response (PSR) and Driving forces-Pressures-State-Impacts-Responses (DPSIR) is most commonly utilized, and diverse index systems have been constructed in the light of various RECC definitions and connotations, providing a variety of perspectives and schemes for constructing RECC evaluation systems. For example, the PSR framework was used to develop a indicator system representing ecological and environmental pressure, state and response carrying capacity (Wang and Xu, 2015; Chen et al., 2023); the DPSIR framework was used to evaluate the RECC of Shandong Peninsula urban agglomeration (Fan et al., 2023), and water environment carrying capacity of Shanxi Province (Wang and Fu, 2023). Furthermore, the quantification of RECC can not determine whether the pressure from human activities on environmental resource systems exceeds the carrying capacity or not, therefore it is not the ultimate objective of our research on RECC (Zhang et al., 2019). The roles of RECC in guiding and optimizing land spatial development patterns and the allocation of productive forces should be well played to provide a reference for decision-making by judging whether the RECC is within a reasonable range, which is known as forewarning (Tian and Sun, 2018; Su and Yu, 2020). In view of the essential roles of thresholds in forewarning, the RECC index calculated using the index evaluation method is difficult to use as forewarning due to the currently inconclusive RECC threshold. A small number of researchers have explored the evaluation and forewarning methods from the view of mechanics. According to the spring model, RECC was regarded as the resultant force of natural driving forces, social and economic pressure, and the original ecological health, and then the carrying status of the environmental resource system was assessed (Huang et al., 2018). Besides, the urban RECC was defined as the extent to which urban carriers can carry loads, and could be expressed as the ratio of the urban load to the urban carrier, serving as the basis for the urban RECC threshold setting (Shen et al., 2020). These studies developed a new forewarning method from the perspective of force balance. However, the performance of economic and social systems development, such as economic growth, industrial structure adjustment, technological progress, management ability improvement, is often embedded in the forces of other dimensions, instead of being considered as an independent system with its positive regulation effects on RECC. In general, existing studies on RECC primarily focus on the evaluation methods of RECC. Researchers have developed various evaluation index systems according to their understanding of the connotations of RECC, which have expanded the horizons and ideas on this research field. However, the evaluation results are often limited to inter-regional comparisons and can not serve as the basis for determining whether the RECC of a region is overloaded or not. Moreover, there is insufficient research on the forewarning of the RECC.
Therefore, this study innovatively elucidated the connotation of RECC from the perspective of pressure, support and adjustment. The ratio method has the advantage of using the critical value 1 to confirm the size relationship between the numerator and denominator. Consequently, the RECC was quantified and determined whether it was overloaded or not based on the ratio method. Furthermore, a hierarchical forewarning method of RECC with the threshold of 1 was put forward. The main objectives of this study can be summarized as follows: to 1) analyze the interaction and inherent logic between the RECC and environmental resource pressure resulting from socioeconomic development, support provided by environmental resource endowments, and positive adjustments in the RECC due to progress in science and technology, industry, economy, and management; 2) construct a new evaluation index system from the perspective of pressure, support, and adjustment, and quantify the regional RECC and determine whether it is overloaded or not using the ratio method; 3) explore the hierarchical forewarning method with the threshold of 1; 4) conduct a case demonstration with reference to Yichang city; and 5) enrich the RECC research methodology and provide possible implications for economic development and environmental protection planning in Yichang and other cities of the same type.
2 METHODOLOGY
2.1 Theoretical framework
The RECC is a comprehensive and complex system. Regional and urban carrying capacity is a combination of resources, environment and socio-economic factors (Ren et al., 2021; Tan et al., 2023), which can be reflected by the relationship between the “carrier” (supporting object) and “bearing object” (Wu and Hu, 2020). The “carrier” and “bearing object” can be regarded as the support and pressure respectively. Pressure refers the negative impact of regional urban construction, industrial layout and population agglomeration on local resources, environment and ecology, such as resource consumption, environmental pollution and ecological damage (Elahi et al., 2022; Liu et al., 2023). The support reflects the supporting capacity of regional resource endowment, environmental status, self-purification capacity of ecological environment for economic and social development activities (Xiong et al., 2023), mainly determined by the inherent characteristics and service capacity of the regional natural ecosystem. In addition, the RECC is closely related to the level of regional economic development (Cui et al., 2022), and technical progress will improve the RECC (Shen et al., 2020). With the progress of regional science and technology, adjustment of industrial structure, economic growth, and improvement of management capacity, the efficiency of resource output, the level of environmental pollution control, and the capacity of ecological protection and restoration will continue to be enhanced, forming increments of resource and environment support that exceeds the regional natural resources and the self-purification capacity of the ecological environment. It plays an important role in the RECC and can be regarded as the adjustment. On the whole, the RECC is determined by the relationship between the pressure caused by economic and social development on the natural ecological environment, the support of the natural ecological environment, and the adjustment of technology and economy. The theoretical framework of RECC is shown in Figure 1.
[image: Figure 1]FIGURE 1 | Components of RECC system from the perspective of Pressure-Support-Adjustment.
2.2 Construction of RECC evaluation index system
At present, the RECC evaluation index system has not reached a consensus, resulting in the great differences in evaluation results reported in different studies. It is essential to construct a scientific and reasonable evaluation index system on the basis of well understanding of components of RECC system and their interactions. The index system was constructed according to the connotations of different systems, as shown in Table 1.
TABLE 1 | RECC evaluation index system.
[image: Table 1]Pressure includes the resource pressure, the environmental pressure, and the ecological pressure. The resource pressure includes the total water consumption, impervious surface area, and grain consumption, which mainly reflect the pressure of regional development and population agglomeration on the water resources, land resources, and grain resources. Considering both urban and rural areas, the environmental pressure is expressed by the volume of industrial waste gas discharged, volume of industrial waste water discharged, the volume of common industrial solid waste generated, the consumption of chemical fertilizers, and carbon emissions. Ecological pressure mainly reflects the pressure on the ecosystem under human activities, which is expressed by the land stress index and landscape fragmentation.
In response, the supports include resource support, environmental support, and ecological support. In detail, the resource support reflects the main natural resources that a region can provide, which are represented by the total amount of water resources, the theoretical available land area, and the total grain production. The theoretical available land area is obtained by deducting the ecological conservation red line area from the total regional land area. The environmental support reflects the environmental pollution absorption and purification ability, which is expressed by the average annual concentration of PM2.5, the average annual concentration of O3, the proportion of days with excellent and good air quality, the proportion of sections with Grades I-III water quality, and the carbon sink. The ecological support reflects the service capacity of the ecosystem, which is represented by the vegetation cover index and water network density index.
The adjustment includes adjustments in science and technology, industry, the economy, and management. Adjustments in science and technology are reflected by the research and experimental development (R&D) personnel of industrial enterprises above a designated size, the internal expenditure on R&D of industrial enterprises above a designated size, and the number of patent grants. The industrial adjustment is expressed by the industrial upgrading index and the proportion of the value added by the tertiary industry to the gross domestic product (GDP), in which the industrial upgrading index is calculated by the ratio of the output value of the tertiary industry and the secondary industry. The economic adjustment is represented by the per capita GDP, per capita disposable income of permanent urban residents, per capita disposable income of permanent rural residents, and expenditures in local general public budgets for energy conservation and environmental protection. The management adjustment is mainly represented by the sewage treatment capacity of regional sewage treatment plants, the domestic garbage harmless treatment capacity, and the volume of integrated reuse of common industrial solid wastes.
2.3 Evaluation and forewarning methods
2.3.1 Entropy weight method (EWM)
The EWM is an objective weighting method that can avoid the errors and shortcomings of subjective judgments. Therefore, the EWM was selected to determine the weights of evaluation indicators in this study (Jia et al., 2018; Cui et al., 2022). The main steps used in the EWM are described below.
Step 1. Normalized decision matrix
A decision matrix was constructed with m evaluation objects and n evaluation indicators. Due to the differences in the order of magnitude of each indicator, the positive indicators were standardized using Eq. 1 and the negative indicators were standardized using Eq. 2 to eliminate the influence of different magnitudes on the evaluation results. Eqs 1, 2 are calculated as follows:
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where [image: image] is the initial value of the jth evaluation indicator of the ith evaluation region, [image: image] is the maximum value of the jth item, and [image: image] is the minimum value of the jth item.
Step 2. The weights of RECC-level evaluation indicators are determined, as shown in Eqs 3–6:
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where [image: image] is the standardized value of the jth evaluation index of the ith evaluation region; [image: image] is the proportion of the jth index in all the RECC-level evaluation indicators; [image: image] is the entropy value of the jth indicator; n is the number of regions; m is the number of control variables; [image: image] is the information utility value of the jth indicator; and [image: image] is the weight of each indicator, which is the relative importance of each indicator.
2.3.2 Linear weighted method
The comprehensive index of each evaluation area was calculated using the linear weighted method, as in Eq. 7:
[image: image]
where [image: image] is the comprehensive index of the ith evaluation region; [image: image] is the weight of the jth indicator; and [image: image] is the standardized value of the jth evaluation index of the ith evaluation region.
2.3.3 Obstacle model
The obstacle model has been widely used in diagnosing the main obstacle factors of evaluation index systems (Guo et al., 2018). Thus, this paper introduces the obstacle model to identify the main obstacle factors of each subsystem. The calculation method is shown in Eq. 8:
[image: image]
where [image: image] is the index obstacle degree; [image: image] is the index deviation degree, which represents the difference between the index and the ideal value; [image: image] is the normalized value of the individual indicator; and [image: image] is the weight of the indicator.
2.3.4 Calculation of RECC
This paper uses the ratio method to calculate the RECC index to describe the relative state of the RECC. The calculation method is shown in Eq. 9:
[image: image]
where [image: image] is the index of the regional RECC; and [image: image], [image: image], and [image: image] represent the pressure, support, and adjustment index, respectively.
2.3.5 Forewarning of RECC
A hierarchical forewarning method with the threshold of 1 was adopted in this paper according to the value of RECC. As shown in Table 2, with [image: image] regarded as the critical state, the status of the RECC can be categorized into the following four levels: 1) Non-Alert Level [image: image]: the pressure on environmental resources is completely within the tolerable range; 2) Alert Level I [image: image]: the support and adjustment forces have a relatively good tolerance for pressure, but there is a risk of approaching the critical state; 3) Alert Level II [image: image]: the critical state is about to be reached or has already been reached; and 4) Alert Level III [image: image]: the highest level of forewarning, which indicates that regional development is in an unsustainable state and urgently needs adjustments.
TABLE 2 | RECC forewarning levels and signs.
[image: Table 2]3 CASE DEMONSTRATION
3.1 Study area
Yichang city (110°15′E–112°04′E, 29°56′N–31°34′N) is located in the southwest of Hubei Province, China, with a total area of approximately 21,200 km2. The city consists of 13 county-level administrative regions (Yiling, Xiling, Wujiagang, Dianjun, Xiaoting, Yidu, Zhijiang, Dangyang, Yuanan, Xingshan, Zigui, Changyang, and Wufeng) and accounts for approximately 11.4% of Hubei Province (Figure 2). Moreover, Yichang city is situated on the boundary between the second and third levels of stepped terrain in China, which is also the site for two important national projects: the Three Gorges Project and the Gezhouba Project. This is the source area for ensuring water environment security in the middle and lower reaches of the Yangtze River, and an ecologically sensitive area in the Yangtze River Basin. In 2018, President Xi established the principle of promoting well-coordinated environmental conservation and avoiding excessive development for the construction of the Yangtze River Economic Belt in Yichang. Yichang is an important link in the city cluster in the Chengdu-Chongqing region as well as the city cluster along the middle reaches of the Yangtze River. In addition, Yichang is the core city of the Yichang-Jingzhou-Jingmen metropolitan area in Hubei Province. Yichang city has a prominent ecological and economic status, with the important development goal of building a demonstration city for the protection of the Yangtze River, and there is a great theoretical and practical demand for coordinating urban and rural areas as well as resources and the environment to achieve green and sustainable development.
[image: Figure 2]FIGURE 2 | Geographical location of Yichang city.
3.2 Data sources
The socioeconomic data were mainly obtained from the Yichang Statistical Yearbook1, Hubei Rural Statistical Yearbook2, the official website of the National Bureau of Statistics of China3, the official website of the China National Intellectual Property Administration4, and Economic Prediction System (EPS) data platform5. The environmental quality data were mainly obtained from the Ecological and Environmental Status Assessment Report of Hubei Province6 and the Environmental Statistics Database of Hubei Province. The land cover data and the nighttime light remote-sensing data were derived from the datasets of related studies (Wu et al., 2021; Yang and Huang, 2021). In addition, a small amount of missing data was completed by interpolation.
4 RESULTS
4.1 Pressure
The temporal variations of the pressure index in the counties (county-level cities and districts) of Yichang city are shown in Figure 3A. The pressure index displayed an overall rise with fluctuations, rising from 0.2562 in 2016 to 0.2685 in 2021, for an increase of 4.80%. The changes in the pressure index of counties can be divided into three types in accordance with their characteristics, namely, overall declines with fluctuations, overall increases with fluctuations, and initial increases followed by decreases. The temporal variations of the pressure index in Xiaoting, Xingshan, and Dangyang manifested overall declines with fluctuations, with decreases of 6.38%, 29.07%, and 16.77%, respectively. The ecological pressure of Xiaoting, Xingshan, and Dangyang all increased, whereas the resource and environmental pressure both decreased, and the declines of environmental pressure were the largest with decreases of 12.27%, 46.52%, and 28.94%, respectively, contributing more to the decreases in the pressure index. The temporal variations of the pressure index in Dianjun, Wujiagang, Yiling, Yuanan, Wufeng, Yidu, and Zhijiang indicated overall increases with fluctuations, with greater increases of 33.07%, 20.54%, 17.59%, and 17.21%, respectively, while the resource pressure slightly decreased in Dianjun and Yuanan, and the pressure of three subsystems in other counties all increased greatly, resulting in the overall rises in the pressure index. The temporal variations of the pressure index in Xiling, Changyang, and Zigui showed initial increases followed by decreases. Furthermore, the pressure index of Xiling increased by 10.86% in 2021 compared to 2016, while those of Changyang and Zigui decreased by 11.07% and 1.67%, respectively. The increases in pressure of three subsystems in Xiling induced the rising pressure index. However, the slight increases in ecological pressure in Changyang and Zigui did not seem to have effects, and the decreases in resource and environmental pressure made major contributions to the drops of pressure. The pressure subsystem index of counties is displayed in Figure 3B. The environmental pressure index curve was mostly located outside the resource and environment pressure index curves in 2016, indicating that the environmental pressure index was higher than the resource and ecological pressure indices in most counties. The relative positions of the resource, environment and ecology pressure curves remained stable up to 2021, manifesting the consistent large contribution of environmental pressure to environmental resource pressure.
[image: Figure 3]FIGURE 3 | The pressure index of all county-level administrative regions of Yichang city. (A) Represents the pressure index of all county-level administrative regions of Yichang city from 2016 to 2021. (B) Represents the pressure subsystem index of all county-level administrative regions of Yichang city in 2016 and 2021.
The spatial patterns of the pressure index of Yichang city in 2016 and 2021 are displayed in Figure 4. It was found that the spatial distribution of the pressure index of Yichang city increased overall from west to east. Higher pressure index values of Dangyang, Zhijiang, and Yidu in the east were consistently identified due to the greater resource and environmental pressure in these areas. For example, in 2021, Zhijiang, Dangyang, and Yidu ranked first, third, and fourth in resource pressure and second, third, and first in environmental pressure, respectively. Lower pressure index values of Xingshan, Changyang, and Wufeng in the western area were persistently found as a result of their lower resource and ecological pressure. For example, Wufeng and Xingshan ranked second and third from the bottom in terms of the resource pressure index, respectively, while Xingshan, Changyang, and Wufeng were ranked as the bottom three in terms of ecological pressure in 2021. In 2016 and 2021, the average pressure indices of Dangyang, Zhijiang, and Yidu in the eastern area were 3.4 and 4.4 times higher than those of Xingshan, Changyang, and Wufeng in the western area, respectively.
[image: Figure 4]FIGURE 4 | Spatial distribution of pressure index of Yichang city in 2016 and 2021.
4.2 Support
From the perspective of time trends (Figure 5A), the support index of Yichang city increased from 0.3867 to 0.4005 from 2016 to 2021, indicating that the supporting force improved. The temporal changes of the support index in all county-level administrative regions presented the same characteristics, which showed a trend of declining-rising-declining, with 2019 and 2020 as the breakpoint. The support indices of Changyang, Wufeng, and Yidu decreased by 3.02%, 1.44%, and 1.33%, respectively; although the environmental and ecological support indices in these regions increased, the resource support indices declined by 17.05%, 14.88%, and 15.52%, respectively, resulting in an overall decline in the support index. The support indices of other county-level administrative regions increased, Wujiagang and Xiling had larger increases at 34.61% and 15.04%, respectively, mainly because of the great contributions of environmental support. The environmental support indices of Wujiagang and Xiling increased by 209.61% and 199.40%, respectively, indicating that the environmental governance in the central districts had obvious achievements. Radar diagrams of subsystem indices are shown in Figure 5B. The environmental support index curve was mostly located inside the resource support index curve in 2016, manifesting that the resource support index in most regions was higher than the environmental support index. However, the environmental support index curve mostly extended to the outside of the resource support curve in 2021, suggesting that the environment support index of most areas was higher than the resource with the effective environmental governance, and the contribution degree of environment support was continuously improved. In contrast, the changes in the ecological support index were not obvious.
[image: Figure 5]FIGURE 5 | The support index of all county-level administrative regions of Yichang city. (A) Represents the support index of all county-level administrative regions of Yichang city from 2016 to 2021. (B) Represents the support subsystem index of all county-level administrative regions of Yichang city in 2016 and 2021.
From the perspective of spatial distribution characteristics (Figure 6), the support index of all county-level administrative regions generally presented the pattern of high in the west and low in the east, and the support indices of Yiling, Dangyang, Changyang, and Wufeng were in the high-value range, mainly because these regions had comparative advantages in resource support and environmental support. For example, the resource support indices of Dangyang, Yiling, Changyang, and Wufeng ranked first, second, third, and sixth in 2021, respectively; the environmental support indices of Changyang, Wufeng, and Yiling ranked first, second, and fourth, respectively; and the ecological support indices of Wufeng and Changyang ranked first and third, respectively. The values of support indices of Dianjun, Xiaoting, Xiling, and Wujiagang were relatively lower due to their poor resource, environmental, and ecological support. For example, the resource, environmental, and ecological support indices of Dianjun, Xiaoting, Xiling, and Wujiagang ranked in the bottom in 2021. Changyang always had the highest support index, while Wujiagang always had the lowest support index. The ratio between the values of Changyang and Wujiagang decreased from 6.87 to 4.95, with a large but shrinking difference.
[image: Figure 6]FIGURE 6 | Spatial distribution of support index of Yichang city in 2016 and 2021.
4.3 Adjustment
The trend of the adjustment index is shown in Figure 7A. The adjustment index of Yichang city increased from 0.1668 to 0.2769 from 2016 to 2021, indicating an overall improvement in the adjustment capability. The temporal variation characteristics of the adjustment index in various regions were almost consistent with upward trends, except for in Xingshan. In detail, the adjustment index of Xingshan decreased by 5.47% because of the large decline in the science and technology, and management adjustment indices. The increases of the adjustment index in Zhijiang and Yidu were 151.58% and 107.49%, respectively. Scientific and technological innovation had a significant positive effect on the RECC of Zhijiang (the scientific and technological adjustment index increased by 175.20%), while the environmental management effect of Yidu was prominent (the management adjustment index increased by 142.21%). In addition, the radar chart of the adjustment subsystem index values in 2016 and 2021 (Figure 7B) showed that the industry adjustment index curve was mostly inside the technology, economy, and environmental management adjustment index curves from 2016 to 2021, indicating that the values of the industry adjustment index in most regions were significantly lower than those of the other three adjustment subsystem indices, and the development level of green industrialization and industrial greenization should be further improved. Some sharp spikes appeared in the curves of the technology and environmental management adjustment indices, indicating a polarization trend in the process of technological innovation and environmental management development in various regions.
[image: Figure 7]FIGURE 7 | The adjustment index of all county-level administrative regions of Yichang city. (A) Represents the adjustment index of all county-level administrative regions of Yichang city from 2016 to 2021. (B) Represents the adjustment subsystem index of all county-level administrative regions of Yichang city in 2016 and 2021.
In terms of spatial distribution characteristics (Figure 8), the spatial distribution pattern of the adjustment index values in Yichang city was lower in the west and higher in the east. Yidu and Zhijiang had high adjustment values due to their advantages in environmental management and technology adjustment. For example, in 2021, Yidu and Zhijiang not only ranked first and fourth in the environmental management adjustment index, but also ranked second and first in the technology adjustment index, respectively. Xingshan, Zigui, Changyang, Wufeng, and Dianjun in the west of Yichang city, as well as Yuanan, were low-value areas of adjustment, mainly because there were low technology, economy, and environmental management adjustment index values in these areas. For example, Xingshan, Changyang, Wufeng, and Dianjun ranked among the bottom five in terms of the technology, economy, and environmental management adjustment indices in 2021. In summary, Yidu was the region with the highest adjustment index, while Wufeng was the region with the lowest adjustment index. The ratio of the highest and lowest index values increased from 6.56 to 6.96, manifesting significant differences with slight expanding trends.
[image: Figure 8]FIGURE 8 | Spatial distribution of adjustment index of Yichang city in 2016 and 2021.
4.4 Obstacle factors
To identify the main obstacle factors in each subsystem, this study introduced the obstacle model to calculate the obstacle degree of all indices of all regions from 2016 to 2021. The factors with top three obstacle degree were selected as major obstacle factors; then, according to the occurrence frequency of these major obstacle factors, the top three indicators were selected as the main obstacle factors of different regions. If some indicators had the same frequency, further screening was conducted according to the average obstacle degree of each indicator in different years. The results are shown in Table 3.
TABLE 3 | Main obstacle factors and frequencies in all county-level administrative regions.
[image: Table 3]Firstly, the main obstacle factors of the pressure subsystems can be divided into the following two types: the mixed dominance of the environmental pressure and ecological pressure indicators, and the pure dominance of environmental pressure indicators. In detail, Yidu and Zhijiang, with high pressure indices, belonged to the former type, and their main obstacle factors were volume of industrial waste gas discharged (P4), volume of industrial waste water discharged (P5), and the land stress index (P9). The remaining 11 regions had the latter type of obstacle factors. The major obstacle factors of Xiaoting and Xingshan were volume of industrial waste gas discharged (P4), volume of industrial waste water discharged (P5), the volume of common industrial solid waste generated (P6), and the consumption of chemical fertilizers (P7), while the main obstacle factors of Dangyang, Yiling, Wujiagang, Xiling, Dianjun, Yuanan, Changyang, Zigui, and Wufeng were volume of industrial waste gas discharged (P4), volume of industrial waste water discharged (P5), and volume of common industrial solid waste generated (P6). Secondly, the main obstacle factors of the support subsystem exhibited contiguous and similar characteristics. The main obstacle factors in the central districts of Yichang city were almost the same, including the total amount of water resources (S1), theoretical available land area (S2), total grain production (S3), and carbon sink (S8), which were concentrated in the resource support and environmental support categories. The RECC improvement of Xingshan and Zigui in the northwest and Yuanan in the north of Yichang city was greatly constrained by resource and ecological support, with the main obstacle factors being the total amount of water resources (S1), total grain production (S3), and water network density index (S10). The main obstacle factors of Dangyang and Zhijiang in the east were similar, and included the total amount of water resources (S1) and the carbon sink (S8). The common obstacle factors of Wufeng and Changyang in the southwest were the total grain production (S3) and water network density index (S10). In addition, the improvement of the RECC of Yiling was greatly constrained by the indicators of the water network density index (S10), the concentration of O3 (S5), and the concentration of PM2.5 (S4); these indicators were mainly concentrated in environmental air quality. Thirdly, the main obstacle factors of the adjustment subsystem in various regions were generally consistent, consisting of the number of patent grants (A3), sewage treatment capacity of regional sewage treatment plants (A10), and volume of integrated reuse of common industrial solid wastes (A12); these indicators were concentrated in technology adjustment and environmental management adjustment.
4.5 Evaluation of the RECC
From the perspective of time trend (Figure 9), the average RECC of all county-level administrative regions in Yichang city decreased from 0.4731 to 0.3872 from 2016 to 2021, indicating that the overall RECC of Yichang city displayed a trend of improvement, and the RECC of every county-level administrative region showed a downward trend. Xingshan, Dangyang, and Xiaoting ranked as the top three in Yichang city, with decrease rates of 32.16%, 31.19%, and 26.24%, while the decrease rates of Wufeng and Yuanan were relatively lower at 0.94% and 0.42%, respectively. The average support index value of all county-level administrative regions increased from 0.3867 to 0.4005, exhibiting a rate of 3.57%, and the average value of adjustment increased from 0.1668 to 0.2769, with a rate of 66.03%. At the same time, the average value of pressure increased from 0.2562 to 0.2685.
[image: Figure 9]FIGURE 9 | RECC index of all county-level administrative regions of Yichang city.
From the perspective of spatial distribution characteristics (Figure 10), the RECC of each county-level administrative region displayed a consistent pattern of being high in the east and low in the west. In 2016, Xiaoting, Zhijiang, and Dangyang constituted the high-value area with RECC values of 0.9670, 0.7744, and 0.7271, respectively, ranking as the top three in Yichang city. In 2021, Xiaoting, Zhijiang, Yidu, and Dangyang constituted the high-value area with RECC values of 0.7133, 0.6126, 0.5735, and 0.5003, respectively, ranking as the top four in Yichang city. The states of RECC in these regions were relatively poor, and the gaps between regions were large. However, the RECC in those regions with high values decreased significantly, and the ratio of the highest RECC value to the lowest RECC value narrowed from 7.12 to 5.30 from 2016 to 2021, indicating that the RECC of county-level administrative regions exhibited an overall improvement.
[image: Figure 10]FIGURE 10 | Spatial distribution of RECC index of Yichang city in 2016 and 2021.
4.6 Forewarning of RECC
The trend of RECC in each year and the hierarchical forewarning are shown in Figures 11, 12. The RECC of Yichang city remained at the Non-Alert Level (RECC ≤ 0.5) from 2016 to 2021, and there was still a large gap from the critical value, indicating that the pressure on the resources and environment of Yichang city was within the tolerable range of support and adjustment. In 2021, the RECC of Xiaoting, Zhijiang, Yidu, and Dangyang belonged to Alert Level I. Although the RECC conditions in these regions were relatively good, it should be noted that the RECC of Xiaoting (0.7133) was close to the limit of Alert Level II. Overall, the trends of RECC warning levels could be roughly divided into two types. The first type was relatively stable, and included the regions of Changyang, Dianjun, Wufeng, Wujiagang, Xingshan, Yidu, Yiling, Yuanan, and Zigui. Among these regions, the RECC of Yidu always belonged to Alert Level I, while the other eight regions belonged to the Non-Alert Level. The second type exhibited progressive improvement, and included the regions of Dangyang, Xiaoting, Xiling, and Zhijiang. Among these regions, the RECC of Xiling and Dangyang declined from Alert Level I to the Non-Alert Level, and the alert levels of Xiaoting and Zhijiang were downgraded from Alert Level II to Alert Level I.
[image: Figure 11]FIGURE 11 | RECC index trends of all county-level administrative regions of Yichang city from 2016 to 2021.
[image: Figure 12]FIGURE 12 | RECC alert levels of all county-level administrative regions of Yichang city.
In terms of the changes in the number of regions with different warning levels, the number of warning areas decreased from two to zero, while the number of Non-Alert Level areas increased from eight to nine. In 2021, all counties and cities in Yichang city were below the limit of Alert Level II, which implied that the resource and environment pressure was tolerable. The main reasons for this finding are as follows. Firstly, Yichang city adhered to the concept of green and low-carbon development, promoted the adjustment of its industrial structure, and strengthened technological innovation and the construction of environmental infrastructure, resulting in an increased level of resource utilization and environmental quality. Secondly, the continuous improvement of scientific research and investment in environmental protection led to increasing trends in support and adjustment. Finally, under the influence of the COVID-19 pandemic, production and living activities in the city were greatly affected, the ambient air quality was significantly improved, and the environmental support was also enhanced to a certain extent. Only Xiaoting and Zhijiang ever reached Alert Level II, with frequencies of four and three, respectively, indicating special attention in need.
5 DISCUSSION
From the perspective of temporal variation, the interference of human production and living activities on the resource and environmental systems inevitably intensified with the progress of economy and society (Zhang et al., 2019). This led to increasing resource consumption, ecological destruction, and environmental pollution, which exerting greater pressure on the resource and environmental systems (Ma et al., 2017; Wang et al., 2019b). Concurrently, with the intensification of ecological protection and restoration, advancement in technology, industrial development, and improvement in economy and management, the support and adjustment demonstrated increasing trends, which to some extent confirmed the previous findings of scholars (Wu and Hu, 2020). The increments in the support and adjustment exceeded that in the pressure, resulting in an overall decrease in the RECC of Yichang city. Due to the reduction in the extent of resource consumption, ecological destruction, and environmental pollution, as well as synchronous improvements in regional resource environmental conditions and environmental governance capabilities, there were substantial declines in the RECC values for Xingshan, Dangyang, and Xiaoting, and their improvement rates of RECC ranked the top three in Yichang. In contrast, due to the negligible changes in the pressure and support with relatively lower adjustment, the improvement rates of RECC of Wufeng and Yuanan ranked at the bottom two within the city. In particular, the outbreak of COVID-19 at the end of 2019 had a major impact on the economic and social development of Hubei Province (Ke and Hsiao, 2022), the reduction in the intensity of production and living activities led to a notable decrease in the pressure on the resource and environmental systems caused by resource consumption and environmental pollution. Meanwhile, the significant improvement in the regional resource and environmental conditions resulted in a substantial increase in the support (Firozjaei et al., 2021). With the minimal variation of adjustment, the RECC value of Yichang city in 2020 saw a significant decrease compared to 2019, indicating a marked improvement in the resource and environmental carrying status. However, after 2020, as production and living activities gradually resumed, the pressure on the resource and environmental systems increased, while the support diminished, resulting in a slight rise in the RECC.
From the spatial distribution, Xingshan, Zigui, Changyang and Wufeng in the west are mountainous counties endowed with excellent resource and environmental conditions, exhibiting significantly higher support compared to the central and eastern regions. Xiaoting, Zhijiang, Dangyang, and Yidu in the central and eastern areas are the agglomeration zones for the pillar chemical industry and population, so these regions experienced higher resource consumption, ecological destruction, and environmental pollution compared to the west (Zhu et al., 2020), leading to greater pressure on the resource and environmental systems. The RECC index of all county-level administrative regions increased from west to east. The agglomeration of population and chemical industry in the central and eastern areas also promoted advancements in technology, economy and management. For instance, in 2021, the GDP of Yidu, Zhijiang, Dangyang and Yiling in the central and eastern areas ranked at the top four within the city, fostering the improvement of adjustment. The increasing adjustment in the eastern region gradually narrowed the gap of RECC values between the eastern and western regions.
The average RECC values of 13 county-level administrative regions in Yichang city from 2016 to 2021 were all less than 0.5, belonging to the Non-Alert Level, which can be attributed to much higher the support and adjustment than pressure due to the improvement in ecological environment quality, industrial structure upgrading, and advancement in science and technology. There is still room for improvement in population and industrial agglomeration in Yichang city, on the premise that the pressure does not exceed the support and adjustment, and seeks a dynamic balance between economic development and ecological environmental protection. From 2016 to 2021, the number of regions at the Non-Alert Level increased from eight to ten. In 2021, the RECC values of 13 county-level administrative regions in Yichang city were all below Alert Level II, and those of Dangyang, Xiaoting, Yidu and Zhijiang were at Alert Level I. It should be noted that Xiaoting and Zhijiang were at Alert Level II in previous years.
To reduce the forewarning levels of RECC values of these regions, some measures should be implemented. The higher RECC values in Zhijiang and Yidu can be attributed to their higher pressure index but lower support index. The main obstacle factors of pressure system of Zhijiang and Yidu are volume of industrial waste gas discharged, volume of industrial waste water, and land stress index. Therefore, Zhijiang and Yidu should accelerate the transformation and upgrading of industries, as well as the promotion of cleaner production in industrial parks, and enterprises, to reduce the emission of pollutants (Gao et al., 2020; Li Q. et al., 2022; Cui et al., 2022). Moreover, it is essential to alleviate the pressure on the ecology system by strengthening the conservation and intensive use of land resources and the control of soil erosion. As the main obstacle factors of support system of Zhijiang are total amount of water resources, carbon sink, and vegetation cover index, Zhijiang needs to improve the coverage of forest and urban green space to enhance the capacity of carbon sink and water conservation. The main obstacle factors of support system of Yidu are total amount of water resources, total grain production, and carbon sink, so it is necessary for Yidu to promote afforestation and reinforce protection of agricultural land. The higher pressure index and lower adjustment index of Dangyang result in its higher RECC value. The main obstacle factors of pressure system of Dangyang are volume of industrial waste water discharged, volume of industrial waste gas discharged and volume of common industrial solid wastes generated. Accordingly, Dangyang should improve the level of industry greening and reduce the emission of industrial pollutants. In addition, it is crucial for Dangyang to promote scientific and technological innovation, accelerate the upgrading of sewage treatment facilities, improve sewage collection and treatment capacity, and create a complete industrial chain for the comprehensive utilization of common industrial solid wastes resulting from its main obstacle factors of adjustment system. The lower support and adjustment index lead to the higher RECC value of Xiaoting. The main obstacle factors of support system are total amount of water resources, total grain production, and carbon sink. As a result, it is imperative to enhance afforestation and greening initiatives to improve water retention capacity and carbon sequestration capabilities (He and Xie, 2019; Lu et al., 2022; Zhu et al., 2023). Meanwhile, Xiaoting needs to pay more attention to the development of ecological agriculture and agricultural land conservation (Li Z. et al., 2022; Long et al., 2022; Zhang et al., 2022; Xiong et al., 2023; Zhu et al., 2023). In regard to the adjustment, greater emphasis should be placed on the cultivation of innovative subjects, industry-academia-research collaboration, the improvement of environmental infrastructure, and the comprehensive utilization of common industrial solid wastes based on its main obstacle factors. With respect to those regions consistently in the Non-Alert Level, persistent efforts in many ways should be made to reduce the pressure on resources and environment in the process of development, enhance the protection of ecological and environmental elements, expand the increment of resources and environment support, resulting in high-quality development of economy and society.
6 CONCLUSION AND FUTURE WORK
This study introduced the novel concepts of pressure, support and adjustment, innovatively formed a theoretical RECC framework from the perspective of pressure, support, and adjustment, constructed a new evaluation index system of RECC, and proposed a quantitative method of RECC based on the ratio method and hierarchical forewarning method of RECC with the threshold of 1. Furthermore, a case demonstration in regard to Yichang city, with a prominent ecological and economic status as the location of China’s Three Gorges Project, was conducted. The main conclusions are as follows.
(1) The average pressure, support, and adjustment indices all showed overall upward trends, and the pressure and adjustment indices increased from west to east, while the support index was higher in the western area and lower in the central districts. This indicated that counties with higher levels of economic development withstood greater environmental resource pressure, while their adjustment was greater, indicating larger support increments.
(2) The major obstacle factors of different systems varied between counties. In the pressure system, the major obstacle factors of Yidu and Zhijiang were environmental and ecological pressure indices, while those of other counties were the environmental pressure index. In the support system, the major obstacle factors of central and eastern areas were resource and environmental support indices, those of Yiling were ecological and environmental support indices, and those of other counties were resource and ecological support indices. In the adjustment system, the major obstacle factors were concentrated in technology and environmental management adjustment indices.
(3) The RECC of Yichang city and its counties improved from 2016 to 2021, and the gap between RECC of various counties gradually shrank. The RECC of counties increased from west to east, and those of Xiaoting, Zhijiang, Yidu, and Dangyang in the eastern area were high owing to strong economic development activities and low environmental resource endowments.
(4) The RECC of Yichang city remained at the Non-Alert Level, with values all less than or equal to 0.5 from 2016 to 2021. In 2021, the RECC values of all counties were at the Non-Alert Level or Alert Level I, demonstrating that there was still room for economic and societal development in terms of resources and the environment. Moreover, the number of counties whose RECC values were at Alert Level II decreased from two to zero, while the number of counties whose RECC values were in the Non-Alert Level increased from eight to ten. The RECC values of Xiaoting and Zhijiang were at Alert Level II four and three times, respectively, indicating that attention should be paid to these counties.
The evaluation and forewarning of RECC is a complex and systematic process. This study may have overlooked several important indices due to the unavailability of county-level data. Moreover, the evaluation of RECC in this study is based on historical data, with no future projections. In particular, although this study analyzed the changes in RECC after the outbreak of the COVID-19 pandemic, it was not regarded as a factor to explore its impact on RECC. Therefore, the improvement of the evaluation index system, the application of multi-source data, the identification of influencing fators, and the prediction of RECC should receive more attention in future research.
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