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Introduction

The Yangtze River Delta is where “the Belt and Road” and China’s Yangtze River Economic Belt converge, which plays a crucial strategic location. However, with the demands of economic growth, environmental issues are frequently present in the Yangtze River Delta as a result of human and exploitation of ecological resources, and there is an urgent need to coordinate the relationship between human development and ecology.





Methods

The Yangtze River Delta region is used as the research subject, quantitatively analyzing various ecosystems within the region from three dimensions: ecosystem services value, ecological carrying capacity, and ecological footprint, and analyzing various factors that affect economic and environmental balance. Then calculate eco-compensation and its payment order based on this information, in order to build a foundation for coordinating ecological interests and safeguarding the environment in the Yangtze River Delta region.





Results and discussion

(1) Jiangsu Province was the main provider of ecosystem services in the Yangtze River Delta; the Yangtze River Delta’s three main ecosystems-waters, forests, and wetlands-accounted for 90% of the ecosystem services valued in the area and must be preserved. (2) The Yangtze River Delta as a whole belonged to an ecological deficit area, showing varying degrees of unsustainable development; In terms of ecological deficits, cultivated land and fossil energy had the worst, and both need to be treated severely. (3) The Yangtze River Delta was a region that paid ecological compensation. The payment order and total amount was 6825.596 billion yuan in Shanghai, 6412.264 billion yuan in Jiangsu, 12088.852 billion yuan in Zhejiang, and 3675.637 billion yuan in Anhui. At the same time, considering the current state of Anhui, the amount of eco-compensation can be appropriately reduced. Finally, recommendations are made based on the findings above, in order to improve the overall ecological benefits of the Yangtze River Delta region and foster ecological integration, all provincial and municipal governments should take reasonable action to reverse the ecological deficit of fossil energy and cultivated land, and also aim to achieve an ecological surplus in both land uses.
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1 Introduction

Human life can never be separated from the earth, however, as the world’s population has grown and resource consumption has increased recently, human beings are faced with increasingly serious environmental problems such as water pollution and air pollution (de Groot et al., 2012; Dai et al., 2021; Wu et al., 2022), the same is true in China. Specifically, in the face of severe and complex ecological problems, the Chinese government has been seeking a balance between the economy and the environment. Sustainable development strategies were first included into national development plans in the 1994 White Paper on Population, Environment, and Development in the 21st Century(Hang, 2010), indicating that ecological sustainability will dominate China’s socioeconomic growth in the 21st century. Sustainability is actually a consensus for humans that addresses the relationship between humans and ecology (Guo et al., 2020; Silva et al., 2020; Dong et al., 2022), and ecological compensation is a tried-and-true method of resolving their conflict, which can create a positive feedback loop throughout the entire social system (Solomon et al., 2019; Li et al., 2021).

In China, government’s emphasis on the ecological environment is constantly increasing in recent years, and at the same time, the need for coordinated regional environmental development also keeps growing. In particular, the most active coastal region in eastern China is the Yangtze River Delta (Yu H. et al., 2020; Zhang et al., 2020), and it has considerable ecological and economic value due to its complex landforms and diversified ecosystems. Furthermore, given that the Yangtze River Delta’s regional integration reached the status of national strategic importance in 2018, despite the government’s efforts to promote ecological integration, it still suffers from various environmental pollution problems. Therefore, in this context, a thorough analysis of the Yangtze River Delta ecology is desperately needed, as is a determination of the conflicts between the environment and the economic, reasonably quantify ecological compensation standards, and use ecological compensation mechanisms for coordination and balance, in order to create a strong model for ecological development and encourage ecological integration across regions.

At present, ecological compensation has been recognized as one of the economic means of resource and ecological environment protection (Li, 2017; Lu et al., 2023). The initial research did not have the concept of ecological compensation, but instead focused on paying for ecosystem services (Norgaard and Jin, 2008), this is a common term used to describe socio-economic benefits (Yu X. et al., 2020). In fact, ecological compensation refers to the behavior of the beneficiary or detriment of the ecological environment to compensate the protection of environment (Zhang et al., 2021), which can not only restore the ecological function, but also maintain the balance of interests (Gastineau et al., 2021; Saboori et al., 2022), realizing the sustainability of the entire social system for the benefit of all mankind (Ding et al., 2022; Zhao et al., 2022). Therefore, the rational calculation of eco-compensation is a crucial aspect of sustainable development (Liu et al., 2022). These are the current methods of calculation: opportunity cost approach (Zhou et al., 2022), conditional value method (Mutandwa et al., 2019), ecosystem service value assessment method (Wang et al., 2021), ecological footprint methodology (Yang et al., 2022) etc. But these methods have some drawbacks, for example, research has shown that ecological compensation based exclusively on ecosystem services value is excessively high, making it impossible to implement in reality and only useful as the maximum level of compensation (Gao et al., 2019; Zhong et al., 2020). In view of the above shortcomings, the value of ecosystem service and ecological footprint is a comprehensive method proven to be able to scientifically measure ecological compensation (Xu and Zheng, 2017; Zhao et al., 2021). For example, by merging the two models, Liang et al. estimated the ecological compensation data of energy supply and demand in Ordos City and established the appropriate ecological compensation standard (Liang et al., 2015).

The value of an ecosystem in a nation or area is reflected in the ecosystem services it provides, which may be used to gauge how well the environmental quality (Hu et al., 2020). The concept of ecosystem services was first proposed in the 1960s (Helliwell, 1969), but the most representative was Daily (1997), who believes that it was the process by which ecosystems and their species maintain human life. Ouyang et al. (1999) introduced in detail ecosystem services and the accounting method of its value, pioneering the research on ecosystem services in China. Xie et al. (2008) offered a table of ecosystem service value equivalent factors applicable to China, which provided a reliable basis for subsequent studies (Lu, 2014). Later, after nearly a decade of research, Xie et al. (2015) revised it, further enhancing the accuracy of eco-compensation accounting, and it was widely applied in eco-compensation research (Gao et al., 2018).

Rees (1992) was the first to propose the concept of an ecological footprint, and Wackernagel and Rees (1997) further developed it. Ecological footprint model consists of two parts: ecological footprint and ecological carrying capacity. It is possible to assess whether resources are in deficit or surplus in various locations by measuring ecological footprint (Chen et al., 2020), providing a theoretical framework for an evaluation of sustainability (Xu et al., 2006; Yang et al., 2022), and after that, the quantity of ecological compensation may be determined by establishing a matching connection with ecosystem service values.

Based on the research above, after understanding the relevant factors such as ecological compensation mentioned above, research on the following important areas is required: What are the variations in ecosystem services’ supply-demand? What is the current state of the ecological footprint? Can environmental development be sustained? In what ways might environmental sustainability be attained going forward? In response to the aforementioned issues, the article sequentially calculates and analyzes three provinces and one city in the Yangtze River Delta’s environmental data, clarifies the ecological status, provides reference for improving the Yangtze River Delta’s ecological compensatory system, and ensures the promotion of ecological integration.




2 Materials and methods



2.1 Study area

The Yangtze River Delta region includes Jiangsu, Zhejiang, Anhui, and Shanghai, sometimes referred to as the “three provinces and one city” and including 41 cities, and is located on China’s east coast and the Yangtze River’s lower reaches. The land area is approximately 107200 km2, 105600 km2, 140100 km2, and 6300 km2 respectively, around 359200 km2 in size overall, comprising 3.74% of the land area of China. The permanent population of the Yangtze River Delta was 236.47 million as of the end of 2021. The specific research area is shown in Figure 1. The Yangtze River Delta’s climate is a subtropical monsoon climate with significant seasonality. Only the northern part of Jiangsu belongs to the transitional zone between subtropical and warm temperate monsoon climates, and also has the characteristics of southern and northern climates. In addition, with lakes and rivers interspersed throughout, the Yangtze River Delta area boasts a dense water network, making it the area in China with the largest density of river networks. Agriculture has always been developed, commonly known as “Su Lake is ripe, the world is full”. Jiangsu and Anhui are also major agricultural provinces in China, and are one of China’s primary grain-producing regions. In 2021, 12.52% of the country’s total grain production was produced in the Yangtze River Delta. In addition, there are plenty of mudflat and wetland resources in the coastal regions, such unique natural geographical conditions also provide a good resource and environmental basis for the Yangtze River Delta’s development.




Figure 1 | Map of China and the Yangtze River Delta region.






2.2 Research methods



2.2.1 Ecosystem services’ value

The equivalent factor assessment method multiplies the total area of ecosystem with the equivalent factor value per unit area (Jia et al., 2021; Kang et al., 2022). It was introduced at the close of the previous century by the researcher Costanza et al. (1997). Following this, researchers Xie and colleagues employed this technique to carry out empirical studies in 2008 and 2015, respectively, building upon Costanza’s findings and gradually improving the approach that is suitable for China (Xie et al., 2008; Xie et al., 2015). Numerous domestic academics have refined and confirmed this procedure throughout time, and it has now become a thorough and widely used accounting approach (Yu et al., 2023).

The article adopts equivalent factor approach to calculate the Yangtze River Delta’s ecosystem service value, based on the large scale and difficult access to ecological data in the region. Referring to Xie and other scholars’ latest research findings in 2015 (Xie et al., 2015), a factor table was established through localized adjustments. At the same time, due to the geographical proximity of each region of the Yangtze River Delta, the natural environment, climate conditions, and land types are similar, the equivalent factor table for the three provinces and one city remains consistent. In order to adapt to the findings of researchers like Xie et al. (2015), the article divides the Yangtze River Delta ecosystem into 11 categories, as shown in Table 1.


Table 1 | An equivalent factors table for the Yangtze River Delta’s ecosystem services value.





2.2.1.1 Coefficient of ecosystem services value

The term “ecosystem services value per unit of land” refers to the economic value generated by growing organic grains on a hectare of farmland annually (Xie et al., 2008). Researchers have shown that, in the absence of human involvement, the market value of food produced by a region per unit of cropland is only one-seventh of the value of the ecological services that initially produced with human involvement (Zhang et al., 2022). As a result, the calculation process has been displayed in Equation 1.



Ea is an acronym for ecosystem services value per unit area, yuan/hm2; n indicates grain types, namely wheat, rice and corn, and the value ranges from 1 to 3; i refers to specific grains; the region’s planting area for the i-th variety of grain is mi, hm2; the average price of the i-th type of grain in the nation is pi, yuan/kg; the region’s i-th type of grain’s unit area yield is qi, kg/hm2; M is the entire area in the region where n grains have been sown, hm2.




2.2.1.2 The total value of ecosystem services

The ecosystem services’ overall worth is calculated as shown in Equation 2.



In the formula, the overall value of type i service functions in a type j ecosystem is denoted by ESVij, stated in Hundred million yuan; i-th service function in the j-th ecosystem is called eij; the type of ecological service function that is i; j represents the kinds in the ecosystem; Aj displays the j-th ecosystem kind’s area.





2.2.2 Ecological footprint

The ecological footprint, which mostly consists of the footprints of biological and energy resources, shows how much natural resources local residents require for both survival and productivity. Because actual consumption items of these two footprints are different, their calculation methods are also different, and in the specific calculation, the quantity of resources used by humans is mainly converted by coefficient and multiplied by an equilibrium factor, so as to obtain six different types of biologically productive land areas, which reveal the local human activities’ ecological imprint.



2.2.2.1 Ecological footprint of biological resources

Through the arrangement of relevant data in the “China Statistical Yearbook” and the corresponding statistical yearbooks of the three provinces and one city that make up the Yangtze River Delta. Table 2 below lists the consumption items of each type of land.


Table 2 | Biological resource consumption items in the Yangtze River Delta.



The calculation process of ecological footprint of biological resources is displayed in Equation 3.



EF displays the whole footprint of biological resources, hm2; ecological footprint per individual is represented by the letter ef, hm2; the whole population is represented by N; i is a representation of the consumer goods category; the average production capacity of i-th item of consumption is denoted by pi, kg/hm2; ci is the per capita consumption of type i consumption item, kg; the factor of equilibrium is ri, it is founded on research findings from scholars such as Liu and Li (2010).




2.2.2.2 Ecological footprint of energy resources

The items that are consumed by energy resources are displayed in Table 3 below.


Table 3 | Energy resource consumption items in the Yangtze River Delta.



Equation 4 illustrates the calculating procedure for the energetic resources’ ecological footprint.



In the formula, the region’s energy consumption is t; r is the energy conversion coefficient; the average worldwide energy footprint is denoted by E, GJ/hm2, and pertinent data is displayed in Table 4 below (Wackernagel et al., 2002).


Table 4 | The global energy footprint on average and conversion coefficient.







2.2.3 Ecological carrying capacity

Ecological carrying capacity is the term used to describe the ability of the environment to provide resources. Cultivated land, forest, grassland, waters, and construction land are the various types of land that can offer valuable resources. The conversion of different land areas into ecological carrying capacity is achieved by utilizing adjustment factors, specifically equilibrium factors and yield factors. The specific calculation is listed in Equation 5.



The formula includes the variables: EC representing the ecological carrying capacity overall in hm2; N representing the total population; ec representing the per-person ecological carrying capacity in hm2; yj representing the yield factor, rj representing the equilibrium factor, and aj representing the per-person land area in hm2. The yield factor pertains to research carried out by Liu et al. (2010). Moreover, when determining the ecological carrying capacity for the region, it is necessary to deduct 12% of the designated biodiversity area, leading to an ecological carrying capacity of 88% EC (Yang et al., 2022).




2.2.4 Ecological compensation



2.2.4.1 Determination of obtaining or paying ecological compensation

Equation 6 reveals that the decision to acquire or provide ecological compensation in a region relies on the assessment of ecological footprint and ecological carrying capacity.



The formula involves obtaining or paying for ecological compensation, denoted by I; the complete ecological footprint is represented by EF, measured in hm2; EC refers to the overall ecological carrying capacity, also measured in hm2.When EC is greater than EF, it signifies that the level of resource utilization in the area does not surpass the available supply, which promotes the sustainable growth of the region and warrants ecological compensation; Conversely, when EC is less than EF, it indicates insufficient resource supply to meet the region’s demands, which hampers sustainable development and necessitates ecological compensation; Lastly, when EC equals EF, it signifies a state of ecological equilibrium in the region, where no ecological compensation is exchanged.




2.2.4.2 Priority of ecological compensation

When paying or receiving compensation, it is important to consider the full impact of ecological compensation on economic development, taking into account the varying economic levels in different regions. Therefore, in order to ensure the coordination between regional economy and ecology, it is crucial to arrange the payment order reasonably. The formula in question is given in Equation 7.



The formula includes ECPS which denotes the ecological compensation priority; VALn represents the non-market value of ecosystem services per unit area in yuan/hm2; GDPn is the gross regional product per unit area in yuan/hm2.

In areas where ecological compensation is mandatory, if ecological compensation’s priority is not significant, it indicates that the impact on their own development after paying ecological compensation is relatively small, and priority should be given to paying ecological compensation; In areas where ecological compensation is required, if the priority is given high, it indicates that the area will benefit its own development after receiving ecological compensation, and priority should be given to obtaining ecological compensation.




2.2.4.3 Ecological overload index

The percentage of ecological carrying capacity that differs between ecological carrying capacity and ecological footprint is known as the ecological overload index.

(Wackernagel, 1999), which may illustrate how supply and demand for area resources are related, demonstrate the extent to local ecological environment utilization. Equation 8 represents the specific formula.



Where, EFI stands for ecological overload index; EC refers to the overall ecological carrying capacity, measured in hm2; the complete ecological footprint is represented by EF, also measured in hm2; When the ecological overload index exceeds zero, it signifies an abundance of regional resources, with a higher value indicating a greater surplus; Conversely, when the ecological overload index falls below zero, it suggests excessive utilization of regional resources; A value of zero for the ecological overload index represents an ecological equilibrium.




2.2.4.4 Ecological compensation correction coefficient

The increased human understanding of ecological benefits and ability to pay for them is expressed in this study using Li (2002) S-curve of Peel growth. The degree of socioeconomic development and living standards is measured by the Engel coefficient, and ecological compensation for a given region is revised. The formula in question is presented in Equations 9 and 10.





The ecological compensating correction coefficient in the formula is denoted as l; En represents the combined Engel coefficient for urban and rural areas, with e being a constant; The Engel coefficient for rural areas is Ex, while the Engel coefficient for urban areas is Ec; The level of urbanization is represented by θ. According to the equation, if En is smaller, there will be a greater level of regional socio-economic development and individual living standards. Additionally, a higher value for l suggests a greater willingness to provide compensatory payments.




2.2.4.5 Ecological compensation amount

Hence, this research paper establishes a link between environmental services value and the ecological footprint through the utilization of the ecological overload index. Additionally, it adjusts for the level of economic advancement in the region and ultimately computes the quantity of ecological compensatory payments (Zhang et al., 2015). Equation 11 represents the precise formula.



The formula includes E, which represents the ecological compensatory payments that the region needs to give or receive, measured in billions of yuan; The ecological service value, or ESV, also measured in billions of yuan; The ecological overload index is referred to as EFI, and l is the ecological compensatory correction coefficient.






2.3 Data sources

Data are sorted out according to the accounting content, specifically as follows:

The value of ecosystem services is determined by the area of each ecological type, which can be found in the 2022 China Statistical Yearbook and the Third National Land Survey data. Additionally, grain production and area information can be obtained from the 2022 China Statistical Yearbook and the respective Statistical Yearbooks of the three provinces and one city in the Yangtze River Delta. The grain price data can be obtained from the Price Monitoring Center of the National Development and Reform Commission.

Ecological footprint: The population figures (according to the Statistical Yearbooks of the three provinces and one city in the Yangtze River Delta for the year 2022); According to the 2022 China Statistical Yearbook, the consumption of biological resources per individual can be obtained, as well as partial resource consumption according to the China Ministry of Agriculture and Rural Affairs, is reported; The biological resources’ output and area (Statistical Yearbooks of the three provinces and one city in the Yangtze River Delta in 2022, Forestry Professional Knowledge Service System, and Summary of Agriculture and Rural Statistics in China); In 2022, the per capita utilization of energy resources was recorded in the Statistical Yearbooks of the three provinces and one city in the Yangtze River Delta.

In 2022, the Statistical Yearbooks of the three provinces and one city in the Yangtze River Delta provide data on ecological compensatory payments, including rural and urban Engel coefficients, the rate of urbanization, and the gross domestic product of the region.





3 Results and discussion



3.1 Valuation analysis of ecosystem services

Relevant data on grains can be obtained from the National Price Monitoring Center and the Statistical Yearbook of the three provinces and one city, as per the information provided. Next, by applying formula 1, it is possible to compute the unit area worth of ecosystem services. Table 5 below displays the specific results.


Table 5 | Unit area value of the Yangtze River Delta’s ecosystem services in 2021.



From the above table, it can be seen that the unit area value of ecosystem services in the Yangtze River Delta’s three provinces and one city in 2021 was 2929.71 yuan/hm2 in Jiangsu, 2898.08 yuan/hm2 in Zhejiang, 3553.04 yuan/hm2 in Shanghai, and 2409.77 yuan/hm2 in Anhui. Subsequently, utilizing the area of each ecosystem, formula 2 can be employed to compute the value of the ecological service function associated with different categories of ecosystems. The specific outcomes are displayed in Table 6. The research results will be analyzed from two perspectives: ecosystem type and ecosystem service function.


Table 6 | Value of ecosystem services overall in the Yangtze River Delta region in 2021 (unit:100 million yuan).





3.1.1 Analysis of ecosystem types

Jiangsu Province’s ecosystem services were worth 1094.935 billion yuan in total in 2021. Water ecosystem accounted for the largest share, at 81.73%, in terms of the value of services offered among various ecosystem types. Because of Jiangsu’s high rate of urbanization, the quantity of forests, wetlands, and cultivated land was relatively small, and their ecosystem service value accounted for less than 10%. Nevertheless, the desert, grassland, and garden plot offered a remarkably meager service value, constituting less than 1%. Although the service value provided by forest was relatively low, it was also second only to water bodies. Hence, the major share of Jiangsu Province’s ecosystem service value came from its forests and water resources, particularly in the latter, which covered 22.69% of the entire area of land in the province and 81.73% of its ecosystem service value. Please refer to Figure 2 for details.




Figure 2 | Structural analysis of ecosystem types in Jiangsu Province.



Ecosystem services in Zhejiang were valued at 557.88 billion yuan in 2021. The services provided by forest and water ecosystems were valued similarly, making up 44.23% and 43.04%, respectively. They were two major ecosystems in Zhejiang that provide service value. However, due to the relatively small area of garden plot, wetland, and cultivated land, their service value accounted for a relatively low proportion (5.02%, 4.46%, and 2.62%). Grassland and desert accounted for less than 1%. Figure 3 illustrates the specific data.




Figure 3 | Structural analysis of ecosystem types in Zhejiang Province.



Shanghai’s ecosystem services were worth 104.08 billion yuan in total in 2021. The services offered by waters and wetland had a relatively high value (80.82% and 12.91%), followed by forest and cultivated land (3.24% and 2.17%), while the service value of garden plot and desert accounted for less than 1%. Due to differences in geographical location and ecological environment, there was no grassland in Shanghai, so grassland did not provide service value. Figure 4 illustrates the specific results.




Figure 4 | Structural analysis of ecosystem types in Shanghai.



In Anhui, ecosystem services were worth 731.874 billion yuan in 2021. Waters and forests were the two major ecosystems in Anhui. The value of ecosystem services provided by cultivated land and garden plot came second, with 6.92% and 1.56%, respectively. Wetland, grassland, and desert were relatively small (0.82%, 0.25%, and 0.12%). Figure 5 presents the specific results.




Figure 5 | Structural analysis of ecosystem types in Anhui Province.



According to the above data analysis, the contribution of ecosystem service value in the Yangtze River Delta region was mainly focused on water, forest, and wetland ecosystems, these ecosystems are crucial and require significant protection moving forward. It is essential to adhere to the ecological integration policy, preserve and enhance the ecosystem, and achieve sustainable growth of local ecology and economy.




3.1.2 Analysis of ecological service function types

Table 6’s values for the four key ecological service functions show that Jiangsu Province had the greatest percentage of value for regulating service according to the first level classification of ecological service functions, at 85.5%, followed by supply service and support service, at 6.24% and 6%, respectively. The lowest proportion was cultural service, at 2.25%. The value of regulating service in Zhejiang Province accounted for 77.02%, providing the largest ecological service functional value. Support service, supply service, and cultural service came next, with respective values of 13.78%, 5.83%, and 3.37%. Shanghai still had the highest value for regulation service, accounting for 84.45%. The highest values that followed were supply service, support service, and cultural service. In Anhui Province, the ecological service function values were, in order, regulation service (81.94%), support service (9.2%), supply service (6.51%), and cultural service (2.36%). Based on the data provided, it can be observed that the Yangtze River Delta had the highest value for regulating service. Additionally, there was a slight imbalance in the percentage of the four primary ecological service functions across different provinces and cities. In future protection and management, the importance of strengthening the supply service, cultural service, and support service roles should be taken into consideration. Furthermore, after conducting an analysis, it was discovered that the market worth offered by the Yangtze River Delta area merely constituted approximately 4% of the complete value. Conversely, the non-market value of regulation services, support services, and cultural services collectively represented about 96% of the overall value, highlighting the significant role played by non-market value within the entire ecosystem services framework.

According to Figure 6’s secondary classification of ecosystem service functions, hydrological regulation service value, at 73.22% of total value, had the highest proportion in Jiangsu, followed by environmental purification and climatic regulation, at 4.95% and 4.83%, respectively. The value of hydrological and climate regulation service in Zhejiang Province contributed to the biggest percentage of overall value (49.38% and 15.26%), followed by biodiversity (6.83%). The highest percentage of ecosystem service function value in Shanghai was hydrological regulation (73.80%), followed by environmental purification and water resource supply (4.97% and 4.92%). In Anhui Province, hydrological regulation also had the highest percentage of ecosystem service function value (63.14%), followed by climate regulation and environmental purification (9.03% and 5.40%). From this, it can be seen that the core services of the ecosystem in the Yangtze River Delta included hydrological regulation, climate regulation, environmental purification, biodiversity, and water resource supply, as evident from this observation.




Figure 6 | Structural analysis of ecological service functions in the Yangtze River Delta.







3.2 Analysis of ecological footprint model



3.2.1 Ecological footprint

The ecological footprint results are presented in Table 7 below using the ecological footprint formula and pertinent data.


Table 7 | Ecological footprint of the Yangtze River Delta region in 2021.



According to the ecological footprint data provided in Table 7, the Yangtze River Delta region’s ecological footprint proportions for various land types may be found in 2021. Table 8 below reveals the specific results.


Table 8 | Proportion of ecological footprint composition in the Yangtze River Delta region in 2021 (unit: %).



The information in Table 8 shows that among the four provinces and cities, the order of the proportion of ecological footprints of the six land types is basically the same. Fossil energy land and cultivated land accounted for over 90% of the regional ecological footprint, ranking as the two highest contributors. On the other hand, forest land, grassland, and construction land had comparatively small ecological footprints. according to additional investigation, Figure 7 illustrates that coal had the greatest utilization among all fossil energy sources. This implies that coal served as the primary energy resource for consumption in the Yangtze River Delta. However, the utilization of this energy has the potential to exacerbate environmental pollution, necessitating a necessary adjustment in the energy consumption framework.




Figure 7 | Proportion of fossil energy ecological footprint in the Yangtze River Delta region.






3.2.2 Ecological carrying capacity

By utilizing the ecological carrying capacity formula and considering factors like yield and equilibrium, the Yangtze River Delta region’s ecological carrying capacity for 2021 has been obtained. The specific data results have already subtracted 12% of the biological protective area, as may be seen in Table 9 below.


Table 9 | Ecological carrying capacity of the Yangtze River Delta region in 2021.



Table 9 provides statistics on ecological carrying capacity that can be used to determine the ecological carrying capacity proportion of different land types in the Yangtze River Delta region in 2021. Table 10 below gives the specific results.


Table 10 | Proportion of ecological carrying capacity in the Yangtze River Delta in 2021 (unit: %).



In terms of the ratio of ecological carrying capacity, Zhejiang, Shanghai, and Anhui in the Yangtze River Delta, apart from Jiangsu, all had the highest rankings for ecological carrying capacity of cultivated land, forest land, and construction land. The proportion of ecological carrying capacity in Jiangsu was in order of cultivated land, construction land, and water, with little difference in the proportion of forest and water. Meanwhile, Shanghai’s construction land had a higher ecological carrying capacity than cultivated land, but Jiangsu, Zhejiang, and Anhui had a lower proportion than cultivated land. Moreover, the main part of Shanghai’s ecological carrying capacity was also construction land, indicating that Shanghai, as a modern metropolis, undertook more economic development tasks. Furthermore, the combined capacity of cultivated land, forest, and construction land in different areas surpassed 85% of the overall local capacity. This highlights the significance of safeguarding cultivated land and forest, as well as promoting the responsible usage of construction land, in order to ensure the sustainable progress of both ecology and economy within the Yangtze River Delta region.





3.3 Ecological profit and loss analysis

Table 11 below displays the ecological profit and loss status of different land types. Among them, a negative data result indicates an ecological deficit, while a positive result indicates an ecological surplus.


Table 11 | Ecological profit and loss in the Yangtze River Delta region in 2021.



The table data indicates that in 2021, the Yangtze River Delta were all manifested as ecological deficits, indicating an imbalance between ecological footprint and ecological carrying capacity, and the environment was in a serious overload state. Protecting the environment and achieving sustainable ecological development are urgent. Specifically, the only ecological surplus was the forest land in Zhejiang, Shanghai, and Anhui, as well as the water bodies in Jiangsu, Zhejiang, and Anhui, and the construction land in Jiangsu, Anhui. This indicated that effective measures have been implemented in these areas in terms of water source control, urban construction, and forest harvesting and protection. In addition, the ecological deficits of the other land types were all present, but the most severe deficit was seen on fossil energy land. The reason for this was that the unreasonable energy consumption structure in various regions had led to an excessively high ecological footprint of fossil energy land, which far exceeded the maximum supply that ecological environment can offer. Meanwhile, with the continuous improvement of economic level, the demand for energy such as gasoline and diesel would also increase, leading to an inevitable worsening of the ecological deficit in fossil energy land. Therefore, the Yangtze River Delta’s various regions need to use regional integration strategies to attract a huge amount of scientific and technological talents and develop and use renewable energy. Secondly, there was an ecological deficit in cultivated land. Despite the ample availability of cultivable land resources in the Yangtze River Delta region, it also experiences a higher influx of people and greater resource consumption. The encroachment on arable land during urbanization construction reduced its area, and agricultural production methods were more extensive. Unregulated application of fertilizers and pesticides led to decreased productivity in agricultural activities, posing a risk of ecological imbalances. The primary cause for the insufficient supply of grassland was the relatively small size of grassland areas in different regions, which could not adequately meet the demands of people. However, what is unique is that Shanghai did not have grasslands, and the required ecological products were provided by its external municipal areas. Its ecological data should also belong to the external municipal areas. Hence, this research documented that the Shanghai grassland has a recorded ecological footprint and ecological carrying capacity of zero.




3.4 Analysis of ecological compensation results

Table 12 below summarizes the calculation process of ecological compensation amount in 2021, based on the aforementioned data results and relevant calculation formulas. Based on the data provided in the table, ecological deficits were observed in every area within the Yangtze River Delta. So the ecological compensation need to be paid.


Table 12 | Ecological compensation in the Yangtze River Delta region in 2021.



In the Yangtze River Delta, the entire sum of ecological compensation to be paid in 2021 was 29002.349 billion yuan. In specific payments, the payment proportions of each province and city were 41.68% in Zhejiang, 23.53% in Shanghai, 22.11% in Jiangsu, and 12.67% in Anhui. This occurrence was consistent with the current situation of each areas. In fact, Zhejiang, Shanghai, and Jiangsu had relatively developed economies, requiring resources far exceeding the supply of ecosystems. Therefore, they need to pay a relatively large amount of ecological compensation. Anhui paid the least in ecological compensation because it was a relatively smaller economic force and required fewer resources than the other three provinces and cities.

The ecological compensation priority was determined as follows: Anhui, Zhejiang, Jiangsu, and Shanghai, with values of 2.09, 1.11, 0.72, and 0.14, respectively. Anhui Province had the highest priority for ecological compensation, indicating that paying ecological compensation had a significant impact on its development and would incur a significant cost. Therefore, priority payment for ecological compensation was not considered; Relatively speaking, the priority of ecological compensation in Zhejiang, Jiangsu, and Shanghai was relatively low, showing that these areas had an excellent rate of economic growth. After paying ecological compensation, the impact on their development was relatively small. Priority should be given to paying ecological compensation to coordinate the development balance between regions.

For the ecological overload index, it can be found that the values of the four provinces and cities were negative, indicating that the overall ecological supply and requirement was unbalanced, and ecological environment was severely overloaded, which was an unsustainable development state. After analyzing the situation, it is believed that the primary causes are the limited duration of policies and measures concerning regional and ecological integration in the Yangtze River Delta, which has not allowed sufficient time for their effects to manifest. In 2018, the national government implemented the integration of the Yangtze River Delta as a key policy, resulting in the establishment of an ecological integration demonstration zone in May 2019. In the meantime, the information utilized for this research was obtained in 2021. Over the course of two to three years, different regions and municipalities were still in the initial phase of exploring industrial structure modification and ecological environment development, and the immediate attainment of desired outcomes from corresponding policy measures was not feasible. Furthermore, by conducting data analysis, it was found that the percentage of the manufacturing sector in the provinces of Jiangsu, Zhejiang, Shanghai, and Anhui stood at 44.5%, 40.8%, 37.3%, and 41% correspondingly. The secondary sector, which is also a high energy-consuming and environmentally polluting industry, can have significant negative impacts on ecological systems, diminishing the production capacity of ecological resources and, to some degree, impeding the sustainable development of the ecological environment. Hence, in general, the present ecological burden in the Yangtze River Delta area was acceptable. By utilizing their geographical benefits and resources, the four provinces and cities can achieve ecological progress, gradually decrease the need for ecological compensation, and ultimately attain a sustainable ecological environment.





4 Conclusions, recommendations and limitations



4.1 Conclusions

(1) For the value of ecosystem services. First, the total worth of ecosystem services in the Yangtze River Delta amounted to 2,488.769 billion yuan. Jiangsu stood out as the top contributor, making up 44% of the total. Due to its expansive land area and abundant resources, Jiangsu played an undeniable role as the primary supplier of ecosystem service value in the Yangtze River Delta, considering the natural disparities between regions.

Second, based on the findings of ecosystem classifications, it becomes apparent that the three provinces and one city in the Yangtze River Delta display distinct features. However, in general, approximately 90% of the overall value of local services can be attributed to the combined worth of water, forest, and wetland services. This highlights their significance as crucial ecosystems that require protection. Nevertheless, it is essential for ecological conservation policies to consider the unique structure of the specific ecosystem in each region.

Third, based on the findings of ecosystem service functions, the dominant contributions of the three provinces and one city in the Yangtze River Delta to ecosystem services have consistently revolved around regulating services and their ancillary roles, including hydrological regulation, climate regulation, and environmental purification. This result once again confirmed the importance of water bodies, forests, and wetland ecosystems, but in fact, all ecosystems are a community and should be protected as a whole. In addition, the proportion of the market value of each province was much lower than that of non-market value. Therefore, when formulating ecological development plans in different areas, it is important to avoid excessive emphasis on the market and instead conduct a comprehensive assessment of the overall condition of the ecosystems to avoid damage and environmental deterioration.

(2) For the ecological profits and losses. First, In terms of ecological footprint, the Yangtze River Delta’s three provinces and one city ranked fossil energy land and cultivated land as the highest two. Regarding the ecological carrying capacity, cultivated land, forest land, and construction land were the main factors, collectively contributing more than 85%. Among them, cultivated land was the largest contributor to ecological carrying capacity in Jiangsu and Anhui, both exceeding 50%. This indicated that Jiangsu and Anhui also bear significant pressure on food production as major agricultural provinces when undertaking economic development tasks.

Second, the Yangtze River Delta was experiencing an ecological deficit, suggesting a significant imbalance between the availability and requirement of environmental resources in the region. In the meantime, additional investigation revealed that the ecological deficit in fossil energy land was the most severe, with cultivated land ranking second in terms of severity.

(3) For the ecological compensation. In the region of the Yangtze River Delta, ecological compensation was provided, with Zhejiang paying the highest amount of 12088.852 billion yuan, followed by Shanghai with 6825.596 billion yuan, Jiangsu with 6412.264 billion yuan, and Anhui with 3675.637 billion yuan. As for the payment order of compensation was: Shanghai, Jiangsu, Zhejiang and Anhui. Although Anhui had the highest priority for compensation, it had the lowest overall amount of ecological compensation in the region. And it was actually the region that needed to be paid, so the sum of compensation paid by Anhui can be suitably reduced in accordance with the situation, and the specific amount will be based on the results of coordination and negotiation between the government. As the dominant force in the Yangtze River Delta, Shanghai possesses the greatest overall capacity for economic growth, thus the compensation payment had minimal repercussions on its subsequent development. Furthermore, this payment order accurately reflects the current conditions of the three provinces and one city in the Yangtze River Delta, while also promoting a more balanced economic and environmental development across different regions.




4.2 Recommendations

In the Yangtze River Delta, the largest proportion of the ecological deficit is determined by fossil energy land and cultivated land. Hence, it is crucial to implement actions that modify the ecological state of these two categories of land in order to attain an ecological surplus.

For fossil energy land. First of all, the Yangtze River Delta’s three provinces and one city ought to uphold the approach of ecological integration, while enhancing financial and tax support for technology related to “energy preservation and emission reduction”. Each provincial and municipal government can set up special funds to fund universities and enterprises to carry out research on energy conservation technology, and give certain rewards to technological achievements of great significance to stimulate the motivation of research and innovation. Secondly, it is crucial to modify the industrial structure and give heed to the regulation of contaminants. Provincial and municipal governments can vigorously support the development of low-energy tertiary industries such as software communications, tourism and culture, and reduce their dependence on the heavily polluting secondary industry. At the same time, high energy-consuming enterprises are encouraged to introduce new technologies and reduce the emission of pollutants. In addition, when various provinces and cities carry out industrial transfer, they must require enterprises to complete technological transformation and equipment update, so as to avoid the formation of ecological governance of “hiding ears and stealing bells”. Finally, advocate the green concept, encourage green travel.

For cultivated land. On the one hand, it is indispensable to ensure the area of cultivated land. At present, the country’s land resources are limited, so the provincial and municipal governments in the Yangtze River Delta should formulate strict land protection measures, improve the land approval system, use remote sensing satellites to fully input ground images, monitor the land use situation in real time, and control the phenomenon of rural and urban land occupation at will. At the same time, it can repair the abandoned fish ponds, low-lying land, etc., thereby increasing the cultivated land area. On the other hand, it is certainly need to enhance the production efficiency of cultivated land and improve its ecological carrying capacity. Provincial and municipal governments should actively promote efficient planting models such as rotating tillage and straw returning to the field, while subsidizing the upgrading of agricultural production technology and implementing land trusteeship, so as to finally realize the mechanization and intensification of agricultural production and improve the cultivated land’s efficiency of use.




4.3 Limitations and prospects

Regional ecological compensation involves a lot of content, and in-depth exploration of it is also more complicated, so the article still has some limitations. First, in the computation of ecosystem services worth, the corresponding table of ecosystem services worth in Mainland China is employed (Xie et al., 2015). This investigation applies it in provinces, cities, and regions, which could potentially lead to discrepancies between the computed outcomes and the real outcomes. Second, while determining the ecological footprint, it is important to consider the equilibrium factors and yield factors of each province and city, which are relatively accurate. However, it is worth noting that these factor values were suggested by scholar Liu in 2010 (Liu and Li, 2010; Liu et al., 2010), making them somewhat outdated and potentially causing disparities between the overall ecological footprint and the current reality. Third, the focus of this paper is on three provinces and one city located in the Yangtze River Delta region. While the calculation of ecological compensation is determined for each province and city, it does not include a more specific distribution of compensation at the prefecture-level city, and further research is needed in the future.
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GJ/10" kwh is the unit used to measure the electricity conversion coefficient.
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Ecological compensation is negative, indicating that the area needs to pay ecological compensation.
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The per capita ecological footprint unit in this table is hm?, and the ecological footprint unit is 10* hm®.
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There is no grassland in Shanghai, and the grassland’s contribution to ecosystem services is valued as zero.
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