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The relationship between the tourism economy and the ecological environment is under pressure, and balancing this relationship is crucial for promoting regional sustainability. In this study, the Yangtze River basin, the first largest river in Asia and third largest in the world, was selected as the focus area. The spatial and temporal characteristics of tourism economic development and ecological environmental pressure from 2000 to 2019 were analyzed using the tourism economic development index, ecological environmental pressure index and dynamic change index, and the decoupling process of tourism and the economic system was studied dynamically using the decoupling analysis model. The results show that (1) spatially, the tourism economy in the Yangtze River basin exhibits a pattern of high development in the east and low development in the west, and high in the south and low in the north. Ecological environmental pressures varied greatly, with less pressure in the upstream provinces and more pressure in the middle and downstream provinces. (2) Temporally, the tourism economies of Qinghai and Tibet started with a lower but faster growth rate, while Hunan and Hubei have a higher starting point but limited change. The ecological environmental pressure changes do not show a clear spatial distribution pattern. (3) The decoupling relationship between tourism economy and ecological environment in the Yangtze River basin is moving toward a harmonious development. Achieving a harmonious balance between the two systems is crucial for maintaining ecological balance and regional sustainability.
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1. Introduction

Since the middle of the 20th century, the rapid growth of the global population has led to increasing pressure on the ecological environment caused by human beings, a gradual imbalance in the relationship between society, economy and environment, and frequent environmental pollution and natural disasters (Pata et al., 2021). Thereafter, human beings have paid increasing attention to the protection and management of the ecological environment. In 1987, the term “sustainable development” was introduced in the report “Our Common Future” published by the United Nations World Commission on the Environment (Brundtland, 1987). Humans are increasingly concerned about the negative impact of their economic and social activities on the environment (Ahmad et al., 2021; Khan et al., 2021; Mofijur et al., 2021). The relationship between humans and nature is closely related, as the natural environment is the prerequisite and foundation for human production and life, and the natural environment guides humans in a series of social activities (Pyle, 2003). In turn, in the process of production and life, human beings have gradually enhanced their ability to adapt and modify the natural environment. The continuous development of society has increased the demands and impacts on the natural environment, which requires that human development should ideally be in harmony with the ecological environment.

After the 21st century, tourism entered a period of rapid development, becoming an important force in global economic recovery and one of the largest industries in the world (MacKenzie and Gannon, 2019; Streimikiene et al., 2021). In 2019, the cumulative number of international tourists worldwide reached 1.5 billion, with total global tourism revenues reaching 5.8 trillion USD, accounting for 6.7% of the global GDP and making a significant contribution to the world economy (León-Gómez et al., 2021). The tourism industry has gradually promoted the development of other related industries, forming a comprehensive cluster effect, and the tourism economy has had a more profound impact on the growth of the social economy (Kim et al., 2021). Tourism is the spatial displacement of tourists to and from tourist places using transportation, and tourists have an impact on the ecological environment both during the trip and at the destination. There is an interactive relationship between the two systems of the tourism economy and the ecological environment, which together constitute a complex system and are constantly exchanging material and energy with the outside world (Farrell and Runyan, 1991; Liu and Suk, 2021). With the establishment of tourism satellite accounts, the ecological impact of tourism has been gradually recognized, and the carbon emissions generated by tourism account for 5%–14% of the total carbon emissions of human society (Luo et al., 2020; Sun et al., 2020). Therefore, seeking green development has become a requirement for sustainable tourism.

The ecological environment is a complex concept, short for “environment consisting of ecological relations,” and refers to the sum of various natural (including secondary nature formed by artificial intervention) forces (material and energy) or effects that are closely related to human beings and affect human life and production activities (Pyke and Ehrlich, 2010). In simple terms, the ecological environment is the general term for the number and quality of water resources (Oki and Kanae, 2006), land resources (Tong et al., 2018), biological resources (Villaseñor et al., 2016) and climate resources (Fatorić and Seekamp, 2017) that affect human survival and development and is a complex ecosystem that is related to sustainable social and economic development. Ecological environmental problems refer to the various negative feedback effects that are harmful to human existence caused by natural destruction and pollution in the process of natural transformation by human beings for their own survival and development (Saxena et al., 2020).

“Ecological environment,” “ecology” and “environment” are three concepts that are related and distinct. “Ecology” refers to the interconnection between organisms and their surroundings (Carpenter and Folke, 2006; Lowe et al., 2009). “Environment” refers to the geographical environment, which is the overall natural phenomenon surrounding human beings and can be divided into natural, economic and sociocultural environments (Foray and Grübler, 1996; Sherbinin et al., 2007). Environmental science is a comprehensive science that studies the environment and its interrelationship with human beings (Mengist et al., 2020). Although ecology and the environment are two relatively independent concepts, they are closely related to each other, so the new concept of “ecological environment” has emerged. It is the sum of all natural factors and conditions for the survival and reproduction of living things and is a large system consisting of ecosystems and environmental systems (Omernik, 2004). “Ecological environment” and “natural environment” are very similar in meaning, and sometimes scholars mix them up, but strictly speaking, the ecological environment is not the same as the natural environment (Steiner et al., 2013). The natural environment has a wide scope, and all of the various natural factors can be said to be the natural environment, but only the whole of a system with certain ecological relationships can be called the ecological environment. A whole consisting of only abiotic factors can be called a natural environment but not an ecological environment.

Tourism is a typical environment-dependent industry, and the ecological environment not only affects the quality of the tourist experience but also restricts the process of tourism economic development. Tourism is an industry with high dependence on resources and the environment (Wang et al., 2020; Zhou et al., 2023). On the one hand, rich cultural tourism resources, unique regional culture, and beautifully natural and humanistic environments are the basis for tourism development (Richards, 2018). On the other hand, the disorderly expansion of tourism, the overexploitation of resources and the lack of environmental protection will cause great pressure and damage to the ecological environment (Zeng et al., 2022). Tourism is the industry of happiness, and its mission is to make people feel happier (Lee et al., 2021). Many scholars have found that the ecological environment significantly affects residents’ happiness and life satisfaction (Zhong and Chen, 2022). Therefore, the development of tourism cannot be at the expense of resources and the environment and should aim to improve natural and human habitats and achieve the coordinated development of the tourism economy and ecological environment.

China is the world’s largest developing country, and over the past 40 years, China’s economy has grown in strength and become the world’s second-largest economy (Lu et al., 2019). However, unbalanced, uncoordinated and unsustainable problems remain prominent in China’s rapid economic development, which has seriously restricted the quality of China’s economic development (Loke, 2018). Tourism plays an indispensable role as a strategic pillar industry for China’s economic development (Zhang and Zhang, 2021). In 2019, China’s tourism economy continued to maintain a trend of higher growth than GDP, with domestic and international tourists reaching 6.306 billion; among them, inbound tourism reached 145.31 million, a 2.9% increase compared to the previous year; outbound tourism reached 154.63 million, a 3.3% increase compared to the previous year. This resulted in a total tourism revenue of 6.63 trillion CNY, an 11% increase from the previous year. The total tourism revenue accounted for 11.05% of the GDP (Pan et al., 2021). Such large-scale population movement and economic production activities will inevitably have an impact on the regional ecological environment.

In recent years, with the rapid development of China’s tourism economy, environmental pollution and ecological destruction have occurred frequently due to the disorderly development of tourism resources, overloaded tourist flow, and weak environmental awareness of tourism enterprises (Zhong et al., 2011; Zhang and Gao, 2016). For example, China’s Zhangjiajie and Lushan scenic areas were given a “yellow card” by UNESCO due to illegal construction, and unreasonable tourism development practices directly led to the destruction of the geological structure of the scenic areas, and this destruction is irreversible (Quan, 2003). The original beautiful natural scenery of tourist attractions has been destroyed, resulting in a significant decline in tourism appeal (Castillo-Manzano et al., 2021; Kim et al., 2023). As a result, the contradiction between China’s tourism economy and ecological environment has become increasingly prominent, and the reduction of environmental pollution and ecological damage while promoting the continued rapid development of the tourism economy has gradually become a major concern for the Chinese government and scholars (Wang et al., 2020).

The tourism economy and ecological environment both promote and constrain each other, and the coupling relationship between the two systems has been the focus of scholars’ attention. Related research began in the 1920s, and the early stage mainly focused on the impact of tourism activities on the natural environment, including the environmental impact of tourism activities, tourism planning, environmental impact assessment, environmental carrying capacity and other areas (Cohen, 1978; Gössling, 2002; Burns, 2004). Previous literature has mainly used case studies, input–output models, environmental Kuznets curves, and ecological footprints to conduct research and has rarely analyzed the coupling relationship between the tourism economy and ecological environment directly from a system perspective.

In the past few years, the number of studies on the relationship between the two from a system perspective using coupled models has been increasing, and the research scales are mostly focused on the national, regional, provincial and municipal levels, with relatively few studies focusing on the basin level (Tang, 2015; Liu et al., 2019; Zhang and Li, 2021; Tang and Luo, 2022). In addition, the previous literature mainly studied the time dimension and lacked research from both spatial and temporal dimensions. The watershed is a special region linked by water resources, with both natural and economic characteristics, and is both a tourism resource-rich area and an ecological environment fragile area (Zhu et al., 2022a,b).

Therefore, this paper selects the Yangtze River basin, which has a relatively fragile ecological environment, as the study area and analyzes the spatial and temporal coupling characteristics of the tourism economy and ecological environment from a system perspective. The specific objectives of this paper are as follows:

1. Constructed a decoupling analysis system of tourism economic development and ecological and environmental pressure in the Yangtze River basin.

2. The spatial and temporal characteristics of the two systems were analyzed using the tourism economic development index, the ecological environmental pressure index, and the dynamic change index.

3. The decoupling process between the two systems was analyzed using the decoupling analysis model.

4. To provide scientific decision-making support for achieving sustainable economic and ecological development of the Yangtze River basin.



2. Theoretical background


2.1. Sustainable tourism

The concept of sustainable development was first introduced in the 1978 report “Our Common Future” as a development that meets the needs of the present without compromising the ability of future generations to meet their needs (Brundtland, 1987). This concept is a growth model aimed at long-term economic development, which emphasizes the need to focus on both the survival and development of the current generation of human beings and not excessively occupying the resources of future generations. The introduction of this concept signifies that the previous development mode of economic growth at the expense of the environment is no longer desirable, and future economic development needs to consider the protection of the ecological environment at the same time, which means that the quality of human life cannot be improved at the expense of the environment, reflecting the concept of harmonious coexistence between human beings and nature (Silvestre and Ţîrcă, 2019; Dantas et al., 2021; Kabil et al., 2022a). Sustainable development requires meeting basic human survival while limiting the early consumption of future resources, which can endanger natural systems if natural resources are consumed excessively early.

The concept of sustainable development has been widely accepted and recognized by countries around the world in recent years. Due to the excessive pursuit of economic and tourism development benefits, unreasonable planning and development of resources and the environment have caused certain damage to the environment (Halkos and Gkampoura, 2021). The introduction of the concept of sustainable development into the tourism industry has become sustainable tourism, which can provide theoretical guidance for the comprehensive and coordinated development of tourism and is conducive to the harmonious development of the tourism economy and ecological environment (Higgins-Desbiolles, 2018; Rasoolimanesh et al., 2020).

The concept of sustainable development emphasizes the harmonious coexistence between humans and nature (Ruggerio, 2021; Kabil et al., 2022b). The survival and development of human beings is a process in which various natural and human elements interact with each other. In this process, humans tend to focus too much on the need for economic development and neglect the limits of the environment’s carrying capacity (Hummels and Argyrou, 2021). The concept of sustainable development deeply reflects the integration of comprehensive economic development and the relationship between humans and nature, challenging the traditional development model and promising sustainable human development. Sustainable tourism development requires treating the tourism system and ecosystem as an organic whole, necessitating the harmonization of ecological, economic, and social benefits of tourism (Obradović et al., 2021). The sustainability of the ecological environment is the most important manifestation of sustainable tourism development. The ecological environment provides the necessary resource endowment for the development of the tourism industry, and sustainable tourism development must be premised on the sustainability of the ecological environment.

The essence of sustainable tourism is to preserve the integrity of environmental and culture resources, and provide equal development opportunities for tourism areas (Liu, 2003; Ruhanen et al., 2018). Specifically, it is about improving the understanding of the environmental and economic effects of tourism and protecting the future tourism resources and the ecological environment on which they depend (Kabil et al., 2021, 2022a). Sustainable tourism motivates stakeholders to remain highly alert to the social, cultural, and economic environment in the process of developing tourism, bringing about positive impacts and minimizing negative impacts through rational tourism development activities (Guaita Martínez et al., 2019; Higgins-Desbiolles, 2021). Sustainable tourism is proposed with the sustainable development pursued by the social economy. Sustainable economic development emphasizes that the ecological environment on which human beings depend must not be destroyed, and through effective resource development, utilization and management (He et al., 2018), to achieve satisfactory economic development while ensuring that the rate of economic resource use does not exceed the rate of renewal, to ensure that the economic development of contemporary or future human society has sufficient economic resources.



2.2. Ecological economics

Ecological economics, also known as environmental economics, is an interdisciplinary discipline resulting from the interconnection of ecology and economics, which focuses on the interrelationship between economic activities and ecological change (Pirgmaier, 2021). The concept of ecological economics was first introduced after the first industrial revolution. Along with the first industrial revolution, an increasing number of problems emerged in the natural environment on which people depend, such as the increasing demand for ecological resources, the varying degrees of environmental destruction, and the gradual degradation of the natural ecology (Giampietro, 2019). These environmental problems are beginning to impede rapid economic development, and scholars are becoming more aware of the problem and are beginning to analyze the sources and conduct research (Hickel, 2020).

When people realized the conflict between human beings and the land, they began to think about the problem of the destruction of the ecological environment on which human beings depend while science and technology progressed and living standards improved (Liu X. et al., 2022). Robert Costanza, a leading ecological economist, sees ecological economics as the broadest possible link between ecosystems and economic systems, a view that is unique and well recognized by the academic community (Costanza, 2020). The core concept of ecological economics is the harmonious development between ecology and economy. Ecological economics is a relatively independent discipline, and the fundamental goal is to achieve harmonious coexistence between economy, society and ecology within the carrying capacity of the natural environment and to maximize the environmental and ecological economic benefits (Ahmed et al., 2022).

The theory of ecological economics has made great contributions to the sustainable development of human society (Hediger, 1997). It usually focuses on ecological sustainability and economic relations, human-earth relations, ecosystem benefits, etc. It is also widely used in the field of tourism, such as tourism cycle systems and tourism eco-industries. While developing the tourism economy, the law of coordinated development should be followed to achieve a dynamic balance between the tourism economic system and the ecological environment system, thus maximizing the overall benefits.



2.3. Coupling theory

Coupling is a physics concept that refers to the phenomenon of two or more systems affecting each other through various interactions (Reichman and Charbonneau, 2005). A variety of complex correlations between things in nature are prevalent, and this phenomenon is coupling. The types of coupling can be divided into the following seven types: nondirect coupling (no interaction between research objects), data coupling (input and output information is exchanged between research objects through simple data parameters), marker coupling (parameters transmitted between research objects contain complex data structures), control coupling (transmitted parameters contain control information), external coupling (research objects are associated with the same external environment), public coupling (information can be shared between research objects), and content coupling (one module can use information from another module; Gong et al., 2019).

The concept of coupling has been commonly seen in natural and socioeconomic systems in recent years, indicating that two or more systems form a new system that merges into one through intersystem interactions (Cui et al., 2019). The system coupling process contains the interaction of many factors, accompanied by the flow and circulation of matter, energy, and information, which makes the system coupling process more complex. There are good and bad results of system coupling, and a good system coupling can break the division of each system from each other and form a new effective whole to achieve the goal of synergistic development.

The coupling degree is a measure of the strength of the interaction between two or more systems and does not reflect the coordinated development relationship between systems (Cheng et al., 2019). Therefore, the coupling coordination degree is introduced to measure the coordinated development between systems. The coupling coordination degree can quantify the degree of coupling between systems and the actual situation of coordinated development, which can reflect whether coordinated development between systems is achieved or not (Xing et al., 2019).

The tourism economy and ecological environment are two independent but closely related systems that can be included in the coupled system to measure their degree of coordination (Li et al., 2012; Lai et al., 2020; Zhang F. et al., 2022). The coupling coordination degree is used to quantitatively describe the degree of coupling and coordination between the economy, tourism and ecology (Tang, 2015; Xing et al., 2019). The coupling coordination degree can not only measure the coupling coordination degree of the same region at multiple periods but also compare the coupling coordination degree of different regions (Shi et al., 2020). The study of the evolutionary characteristics of the coupling and coordination between the tourism economy and ecological environment can provide important theoretical support for regional sustainable development (Li et al., 2012).



2.4. Interaction of tourism economy and ecological environment

The objectives of the tourism economy and ecological environment are not conflicting, but it is also more than a purely linear relationship (Fei et al., 2021). In the primary stage of tourism economy development, economic growth is the first priority, and a crude development model can damage the ecological environment (Haibo et al., 2020). However, as the social concept progresses, people gradually realize the importance of beautiful nature and begin to consider ways to achieve a sustainable tourism economy. This is a changing process.

Tourism is an industry that relies heavily on local resources and the surrounding environment (Kongbuamai et al., 2020). This attribute determines the coupling relationship between the tourism economy and the ecological environment of mutual promotion and constraint coercion. A good ecological environment is the basis of the tourism economy, and tourism economic development can also play a role in promoting the protection of the ecological environment. At the same time, there is also a binding coercive relationship between them (Khan A. et al., 2020).

Figure 1 shows the active process of tourism economic elements on ecological environment elements. From the perspective of supply–demand and input–output, people’s desire for a better life will generate more tourism demand, and the increase in tourism demand will stimulate an increase in the supply of accommodation and catering, which in turn will consume more ecological resources and energy and put pressure on the ecological environment (Tasci and Ko, 2017; Kongbuamai et al., 2020). From the perspective of the industry chain, the growth of the tourism industry can drive the development of upstream and downstream industries in the industry chain, increasing local economic income (Fong et al., 2021). On the one hand, higher government revenue increases investment in ecological protection funds (Cao et al., 2021), and on the other hand, higher per capita disposable income raises residents’ awareness of environmental protection, both of which are conducive to improving environmental quality (Chen et al., 2019). A high-quality environment attracts more tourists and serves as a subtle educational function for tourists, prompting their environmental awareness and forming a virtuous circle.

[image: Figure 1]

FIGURE 1
 The action process of tourism economic elements on ecological environment elements.


Similarly, Figure 2 shows the active process of feedback from ecological environment elements to tourism economic elements. A high-quality ecological environment in tourist destinations can attract a large number of tourists and guide their consumption to increase local tourism income. Tourism sectors and enterprises will take the initiative to optimize local infrastructure, and good infrastructure will improve tourists’ tourism experience and further promote the development of the local tourism industry (Boivin and Tanguay, 2019; Zeng et al., 2021). The development of the tourism industry will inevitably hurt the local air, flora and fauna, and soil, thereby damaging the quality of the ecological environment (Ruan et al., 2019). If the negative impact of tourism on the ecological environment exceeds the carrying capacity of the ecological environment, it will damage the ecological environment. On the one hand, it increases the cost of environmental rehabilitation and reduces the economic benefits of the tourism industry; on the other hand, it reduces the attractiveness of attractions to tourists and thus inhibits the development of the tourism industry. If the negative effect of tourism on the ecological environment is less than the ecological environment’s self-cleaning capacity, it will not destroy the ecological environment (Peng et al., 2019; Wu and Hu, 2020). In general, the positive and negative feedback effects of the ecological environment on the tourism economy depend on whether the negative effects of tourism on the ecological environment exceed the ecological carrying capacity.

[image: Figure 2]

FIGURE 2
 Feedback process of ecological environment elements to tourism economic elements.





3. Study area, data, methods and study design


3.1. Study area

The Yangtze River basin spans three major economic zones in eastern, central and western China, with a total of 19 provinces, and is the largest basin in Asia and the third largest in the world, with a total basin area of 1.8 million km2, accounting for 18.8% of China’s land area, and rich natural resources in the basin (Lai et al., 2013). The Yangtze River basin contains the Yangtze River Delta city cluster, the middle reaches of the Yangtze River city cluster, the Chengdu-Chongqing city cluster and other national city clusters, which is an important east–west axis of China’s territorial space development, an important support to promote China’s western development, the rise of central China, the first development of the east and other strategies and is also the most influential inland economic belt in the world (Tian and Sun, 2018; An et al., 2022; Zhou et al., 2022).

The Yangtze River basin is an important ecological barrier and economic zone in China. On the one hand, the Yangtze River basin is an important tourist source and destination in China, with rich natural and humanistic tourism resources, including natural landscapes such as Three Gorges, Jiuzhaigou, West Lake and Zhangjiajie, as well as humanistic landscapes such as Lijiang Ancient City, Dazu Rock Carvings, Huanghe Lou and Suzhou Gardens (Zhang et al., 2011; Wang et al., 2023). As of 2017, the total number of tourist trips in the Yangtze River basin rose from 651 million in 2000 to 6.770 billion in 2017, and the total tourism revenue grew from 426.903 billion CNY in 2000 to 8,529.394 billion CNY in 2017, accounting for 22.81% of China’s GDP that year (Shi et al., 2021; Wang et al., 2021). This shows that the tourism industry has become an indispensable pillar industry in the Yangtze River basin and plays a pivotal role in promoting the high-quality economic development of the Yangtze River basin. On the other hand, the ecological environment of the Yangtze River basin is very fragile, and local environmental pollution is serious. A total of 12.40% of the 137 water quality cross-sections in 2018 accounted for poor V water, much higher than the national level of 6.7%. River water quality is on a downward trend, a large number of lakes are eutrophic, the Yangtze River water quality is deteriorating, and the main sources of pollution are chemical raw materials and chemical products manufacturing, agricultural and food processing industries, food manufacturing and other industries (Li et al., 2013; Yang X. et al., 2021, p. 2; Zhang et al., 2021, p. 2).

The tourism economy in the Yangtze River basin is growing rapidly, while the ecological environment is fragile, and tourism is a highly resource- and environment-dependent industry. Faced with such significant opportunities and challenges, it is necessary to assess the spatial and temporal coupling characteristics of the tourism economy and ecological environment in the Yangtze River basin. As shown in Figure 3, this study takes 11 provinces flowing through the Yangtze River mainstream as the study area and classifies Qinghai, Tibet, Sichuan, Yunnan, and Chongqing as the upstream area, Hunan, Hubei, and Jiangxi as the midstream area, and Anhui, Jiangsu, and Shanghai as the downstream area.
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FIGURE 3
 The location of the target study area.




3.2. Data source and preprocessing

This paper takes 11 provinces in the Yangtze River basin as the basic unit and a total of 10 years from 2000 to 2019 as the time series. To ensure the scientific nature of the data indicators, tourism economic data are mainly obtained from the China Tourism Statistical Yearbook, the China Regional Economic Statistical Yearbook, the China Culture and Related Industries Statistical Yearbook and the Statistical Bulletin of National Economic and Social Development published by each province. The number of national-level intangible cultural heritage items is the total number of representative national-level intangible cultural heritage items in five batches announced by each province, and the data are from the China Intangible Cultural Heritage Network. The ecological environment data are derived from the China Environmental Statistical Yearbook and the China Statistical Yearbook. For the missing data of individual years in the decoupling analysis system, this paper uses the growth rate and moving average method to fill in the gaps (Barrow, 2016).

Referring to previous literature (Tang, 2015; Wang et al., 2018; Zhang X. et al., 2022), this paper constructs a decoupled analysis system of tourism economic development and ecological environment pressure in the Yangtze River basin consisting of 2 major systems, 6 dimensions and 24 indicators, as shown in Table 1. Among them, 11 quantitative indicators were selected from 3 aspects of the tourism economic development system, including tourism resources, economic benefits and industry scale, and 13 quantitative indicators were selected from ecological resources, environmental pollution and environmental management in the ecological environment pressure system.



TABLE 1 Decoupling analysis system and index weight of tourism development and ecological environmental pressure.
[image: Table1]

In the ecological environmental pressure system, larger indicators of resource endowment and ecological governance indicate that the ecological environmental pressure in the region will be smaller. Therefore, this paper sets the indicators of nature reserve area, forest coverage rate, per capita park green area, per capita water resources and investment in environmental pollution control, domestic waste removal, sewage treatment capacity, comprehensive utilization of industrial solid waste and disposal of industrial solid waste in this system as negative indicators to reverse characterize the ecological environmental pressure state of the province.

To eliminate the differences in data scale and positive and negative values of indicators in the decoupling analysis system, the indicators need to be standardized, and the extreme difference method is used for data standardization in this paper. In addition, before the empirical measurement of tourism economic development and ecological environment pressure, the weights of each indicator need to be calculated to enhance the objectivity and scientificity of the measurement results based on the entropy value method for weight calculation and combined with the hierarchical analysis method to adjust the weights of each indicator.



3.3. Methods


3.3.1. Entropy method

The entropy weighting method is used to determine the dispersion degree of an index, and the dispersion degree is positively correlated with the comprehensive evaluation results. A higher degree of dispersion indicates a greater impact on the overall evaluation, and vice versa (Chen, 2019). The entropy method does not require expert intervention and can effectively eliminate human subjective influence. The calculation steps are as follows.

The extreme difference standardization method was selected to standardize the obtained data and eliminate the effect of the difference in magnitude. For the positive impact indicators:
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For negative impact indicators:
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where xij denotes the value of indicator j in sample i (i.e., indicator j in year i), and a total of n samples and m indicators are selected. uij denotes the standardized value of indicator j in year i, and xjmax and xjmin denote the maximum and minimum values of indicator j, respectively. The standardization result is uniformly added with 0.01 to avoid the final result of 0, which makes the data meaningless.

Find the ratio of indicator j in year i to the sum of the indicators:
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Find the entropy value of the j indicator:
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Determining the weights of each indicator through the entropy value ej:

[image: image]

[image: image]

where dj denotes the difference coefficient of indicator j, wj denotes the weight of each indicator, and the calculation results are shown in Table 1.



3.3.2. Tourism economic development index

This paper constructs a tourism economic development index to analyze tourism development in the Yangtze River basin provinces, referring to previous literature (Zhang X. et al., 2022). The calculation formula is as follows:
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where TEDI denotes the tourism economic development index; the larger its value is, the better the tourism economic development of the province; TRI, TEBI and TISI denote tourism resources, economic efficiency and tourism industry scale indices, respectively; TRIij, TEBIij, and TISIij denote the standardized values of tourism resources, economic efficiency and industry scale, respectively; a, b, and c denote the dimensional weights of TRI, TEBI, and TISI, respectively; n denotes the number of indicators of each dimension in the tourism economic system; and δj denotes the weight of each indicator in the tourism economic development system.



3.3.3. Ecological environment pressure index

The ecological environment pressure index reflects the carrying capacity of a province’s ecosystem and the pressure on the environment caused by tourism economic development (Large et al., 2013; Downie et al., 2020). In this paper, the ecological environment pressure index of each province in the Yangtze River basin is constructed from the resources, pollution and governance dimensions.
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where EEPI denotes the ecological environmental pressure index; the larger its value is, the greater the pressure caused by the tourism economy on the ecological environment, and vice versa, the lower the pressure; ERI, EPI, and EGI denote the ecological resource index, environmental pollution index, and environmental governance index, respectively; ERI, EPI, and EGI denote the data standardized values of ecological resources, environmental pollution, and environmental governance, respectively; d, e, and g denote the dimensional weights of ERI, EPI, and EGI, respectively; ωj denotes the weight of each indicator in the ecological environmental pressure system; and n denotes the number of indicators of the ecological environment.



3.3.4. Dynamic change index

The dynamic change index can reflect the magnitude and speed of changes in attributes over time, and the method has been used more often in climate change (Zhang and Wei, 2015) and land use (Liping et al., 2018) because it is easy to operate and intuitive to reflect. In this paper, the index is used to analyze the changes in tourism economic development and ecological environmental pressure in the Yangtze River basin from 2000 to 2019.
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where K denotes the dynamic change in tourism development and the ecological environmental pressure index from t1 to t2. The larger the value of K is, the greater the change in tourism development and the level of ecological environmental pressure in the period. The smaller the value of K is, the smaller the change in the above two indices, and the greater the development tends to stabilize. Umax and Umin denote the maximum and minimum values of the tourism development index and the ecological environmental pressure index, respectively. Based on the empirical results and concerning previous literature, this paper uses the natural breakpoint method to classify the two indices into four types: high, medium-high, medium and low dynamic change.



3.3.5. Decoupling analysis

Coupling is a physical concept used to measure the phenomenon that two systems are influenced by internal and external factors and can determine the coordination relationship between the tourism economy and the ecological environment (Cai et al., 2021). The decoupling elasticity coefficients of tourism economic development and ecological environmental pressure in the Yangtze River basin were further constructed concerning the decoupling elasticity index as follows:
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where εt denotes the decoupling elasticity coefficient in period t; EEPIs and EEPIe denote the ecological environmental pressure indices in the base year and the final year of period t, respectively; △EEPIt denotes the rate of ecological environmental pressure change in period t; TEDIs and TEDIe denote the tourism economic development indices in the base year and the final year; △TEDIt is the rate of tourism economic development change in period t. With △TEDIt = 0, △EEPIt = 0 and εt = 0.8, εt = 1.2 as the dividing line. As shown in Figure 4, the decoupling states of the two systems are divided into eight types, and the interpretation of the decoupled states is shown in Table 2.
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FIGURE 4
 The division standard of decoupling type between tourism economic and ecological environment.




TABLE 2 Eight different types of decoupling states.
[image: Table2]




3.4. Study design

In this study, the entropy method (section 3.3.1) was used to process the tourism economic and ecological environment data from 11 provinces in the Yangtze River basin. The spatial patterns of tourism economic development (section 4.1.1) were obtained through the tourism economic development index method (section 3.3.2). The spatial patterns of ecological environmental pressure (section 4.2.1) were obtained through the ecological environmental pressure index method (section 3.3.3). The dynamic change in tourism economic development and ecological environmental pressure (sections 4.1.2 and 4.2.2) was obtained through the dynamic change index method (section 3.3.4). The dynamic decoupling process of tourism economic development and ecological environmental pressure (section 4.3) is obtained through the decoupling analysis method (section 3.3.5). The specific steps are shown in Figure 5.

[image: Figure 5]

FIGURE 5
 Study design.





4. Results


4.1. Spatiotemporal characteristics of tourism economic development


4.1.1. Spatial patterns of tourism economic development

Figure 6 shows the spatial patterns of tourism economic development in the Yangtze River basin, showing the distribution characteristics of high in the east and low in the west, high in the south and low in the north. In terms of east–west differences, Anhui and Shanghai in the east belong to the higher tourism economic development zone. Anhui is an important part of the Yangtze River Delta in the connection zone of several major economic plates in China, and its economy and culture have natural links with other regions. Anhui has rich cultural tourism resources, consisting of four cultural circles: Huizhou culture, Huaihe culture, Wanjiang culture, and Luzhou culture (Li et al., 2016; Xu and Wang, 2022). Shanghai is an internationally renowned historical and cultural city with a dense road network, convenient transportation, rich tourism resources, and a good economic base, and the level of tourism economic development in the entire Yangtze River basin is in the leading position (Li, 2020; Mou et al., 2020). Tibet and Qinghai in the west are low zones. Among them, Tibet is located on the Qinghai-Tibet Plateau, with an average altitude of more than 4 km, known as the “roof of the world,” with complex and diverse terrain and unique tourism resources but poor infrastructure conditions (Zhang et al., 2015). Qinghai’s single tourism resource, fragile natural environment and weak economic base are the main constraints to the development of the tourism economy in Tibet and Qinghai (Xue, 2018).
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FIGURE 6
 Spatial patterns of tourism economic development in the Yangtze River basin.


In terms of the difference between the north and the south, Yunnan, Chongqing and Hunan in the south have better tourism economic development with diverse climatic conditions, rich landscape scenery and well-developed infrastructure. They are the middle-high zone with stronger development momentum than Sichuan, Hubei and Jiangxi in the north. The tourism economic development of the provinces in the Yangtze River basin is better matched with the local economic base and is also closely related to the diverse climate types, rich tourism resources, perfect infrastructure, and developed transportation conditions.



4.1.2. Dynamic changes of tourism economic development

Figure 7 shows the dynamics of tourism economic development in the Yangtze River basin. From 2000 to 2019, Qinghai and Tibet in Northwest China were among the high zones of dynamic changes in the tourism economy, both of which were characterized by low starting points but fast development of the tourism economy. In recent years, thanks to the national strategies of the Chinese government, such as Western Development (Lai, 2002), the Sanjiangyuan Nature Reserve (Zhang Y. et al., 2022, p. 200) and the construction of national parks (Xu and Fox, 2014), the scale and development rate of the local tourism economy have greatly improved.

[image: Figure 7]

FIGURE 7
 Dynamic changes of tourism economic development in the Yangtze River basin.


Yunnan, Sichuan and Jiangsu belong to the middle-high zone, whose tourism resources and economy have a certain foundation and belong to the “high start and high go” type. Anhui, Jiangxi and Shanghai are consistent with the level of change in tourism economic development and are at a medium level, indicating that their tourism economic development in recent years is more general. In addition, Hubei and Hunan in the middle reaches and Chongqing in the upper reaches belong to the low zone, showing a high starting point but little change. In the future, these provinces need to enhance the development momentum of the tourism economy through tourism product innovation, stimulating the tourism consumption market and optimizing product supply.




4.2. Spatiotemporal characteristics of ecological environmental pressure


4.2.1. Spatial patterns of ecological environmental pressure

Figure 8 shows the spatial patterns of ecological environmental pressures in the Yangtze River basin. The environmental conditions in the upstream provinces are generally good, with Tibet, Qinghai, and Sichuan belonging to the low and middle zones of ecological pressure, respectively, indicating that the tourism economy is causing less pressure on the ecological environment. The upstream areas of the Yangtze River have more fragile ecosystems and low environmental carrying capacity, and these provinces have long attached great importance to water conservation, ecological protection, and restoration and management (Wang et al., 2022). In addition, Jiangxi and Shanghai also belong to the middle zone.
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FIGURE 8
 Spatial patterns of ecological environment pressure in the Yangtze River basin.


Chongqing, Hubei, Hunan, Anhui, and Jiangsu are in the middle-high zone of ecological and environmental stress. Most of these provinces belong to the midstream and downstream areas, with more developed industrial economies, higher energy production and consumption compared to other provinces, and problems such as excessive pollutant emissions and misuse of land resources have led to serious environmental damage and frequent natural disasters (Zhu et al., 2022a). Yunnan in the southern part of the basin has a high ecological stress index, is a large population and agricultural province, has a limited ecological carrying capacity, and the situation of environmental protection is still more severe. In conclusion, the ecological status of the upstream provinces in the Yangtze River basin is relatively good, while the ecology of the middle and downstream provinces is under greater pressure, and there is an urgent need to strengthen ecological protection and environmental management.



4.2.2. Dynamic changes of ecological environment pressure

Figure 9 shows the dynamics of ecological environmental pressures in the Yangtze River basin. From 2000 to 2019, the changes in ecological environmental pressure did not show a significant spatial distribution pattern. The provinces with high and middle-high dynamic changes are Qinghai, Sichuan, Yunnan, Jiangxi and Jiangsu. Among them, Qinghai, Sichuan and Jiangxi belong to the category of ecological environmental pressure with small but large variability, while the other provinces have larger pressure and variability. These provinces are either more ecologically fragile, have more prominent population pressure, or have serious pollutant emissions (Ouyang et al., 2021; Liu Y. et al., 2022), and they need to take diverse measures to strengthen environmental management according to local conditions.
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FIGURE 9
 Dynamic changes of ecological environment pressure in the Yangtze River basin.


In addition, Chongqing, Hunan and Anhui belong to the low zone of ecological environmental pressure change, and although these provinces have been effective in the management of soil and water conservation, air pollution and other aspects in recent years, compared with other provinces in the basin, their ecological damage problems are still more prominent, and optimization is not large. In the future, they still need to accelerate the promotion of resource-based economic transformation, promote ecological environment improvement and high-quality development by developing high technology and promote industrial structure upgrading.




4.3. The dynamic decoupling process of tourism economic development and ecological environment pressure


4.3.1. Period 2000–2009

The study period was divided into two periods for analysis, from 2000 to 2009 (T1) and from 2010 to 2019 (T2), using 2010 as the cutoff year. In November 2012, China’s central government elevated the construction of ecological civilization to the status of a fundamental national strategy. Since then, China has made unprecedented efforts to protect the ecological environment, further improve the construction of the ecological civilization system, and gradually achieve significant results in ecological environmental management (Luo et al., 2019; Yang R. et al., 2021; Liu H. et al., 2022).

Table 3 shows the decoupling relationship between tourism development and ecological environmental pressure in the Yangtze River basin during the T1 period, and Figure 10 shows the decoupling states in different provinces. Expansionary coupling (II) is dominant within this period. Sichuan, Chongqing, Hubei, Hunan, Anhui, and Jiangsu all belong to the expansive coupling state, and the ecological environmental pressure increases continuously with tourism economic development, and both increase similarly. The tourism economy in these provinces developed rapidly in this period but mainly relied on natural tourism resources and beautiful ecological environments and did not pay sufficient attention to environmental protection in the process of tourism product development and scenic area construction, which led to the same magnitude increase in regional ecological pressure with the tourism economy.



TABLE 3 Dynamic decoupling analysis of tourism economic development and ecological environment pressure in the Yangtze River basin from 2000 to 2009.
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FIGURE 10
 The decoupling state in different provinces from 2000 to 2009.


The decoupling state of Tibet in the T1 period is weak negative decoupling (VII), i.e., both ecological environmental pressure and tourism economic development are decreasing to some extent, and the decrease in ecological environmental pressure is smaller. Qinghai, which is also upstream of the basin, has a strong negative decoupling (VIII) state, i.e., tourism economic development is decreasing while ecological environmental pressure is also increasing. This indicates that tourism economic development has not been taken seriously in this period, and at the same time, ecological environmental protection awareness is also very lacking, which leads to the destruction of natural resources and the environment in the process of tourism economic development, thus increasing the pressure on the local ecological environment.



4.3.2. Period 2010–2019

Table 4 shows the decoupling relationship between tourism development and ecological environmental pressure in the Yangtze River basin during the T2 period, and Figure 11 shows the decoupling states in different provinces. Compared with the T1 period, the decoupling relationship of the Yangtze River basin in the T2 period is dominated by the weak decoupling state (III), including Sichuan, Chongqing, Hubei, Hunan, Anhui, Jiangsu and Shanghai. During this period, China’s tourism industry was fully integrated into the national strategic system and began to become a strategic pillar industry of the national economy, and the scale of the tourism economy in the Yangtze River basin was expanding with a significant growth trend. In addition, due to the sustainable development of the tourism industry and the general emphasis on ecological protection, the ecological pressure in these provinces has increased to some extent, but the increase is significantly smaller than that of the tourism economy, and a trend of decoupling between the tourism economy and the ecological environment has begun to emerge (Chen et al., 2020; Wu et al., 2021).



TABLE 4 Dynamic decoupling analysis of tourism economic development and ecological environment pressure in the Yangtze River basin from 2010 to 2019.
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FIGURE 11
 The decoupling state in different provinces from 2010 to 2019.


It is noteworthy that Shanghai is in a weakly decoupled (III) state in both the T1 and T2 periods, indicating that the decoupling relationship between its ecological environment and tourism economy is in a relatively stable and favorable state. In Yunnan and Jiangxi, due to the sustainable development of tourism resources and the integration of cultural and tourism industries, the tourism economy development rate is significantly accelerated in the T2 period, the ecological environment pressure changes from the previous expansive negative decoupling (I) to expansive coupling (II), and the coupling degree between systems increases. In addition, Qinghai and Tibet show a strong decoupling (IV) state in the T2 period, i.e., the ecological environment pressure decreases while the tourism economy development level has significantly increased and reaches the ideal system decoupling target, which is more related to the high importance of cultural tourism and ecological environmental protection in Qinghai and Tibet in recent years.

In general, the relationship between tourism economic development and ecological environmental pressure tends to develop in a benign direction in most provinces of the Yangtze River basin from 2000 to 2019, transforming from weak negative decoupling (VII) to strong decoupling (IV) and from expansive coupling (II) to weak decoupling (III), which intuitively reflects that the scale and level of the tourism economy in each province continues to improve while its ecological environment quality has also improved significantly.





5. Discussion


5.1. Main findings

This paper constructs a decoupling analysis system of the tourism economy and ecological environment in the Yangtze River basin from the perspective of spatial and temporal changes, analyzes the dynamic change characteristics of the two systems by using the tourism economic development index, ecological environment pressure index and dynamic change index, and analyzes the decoupling process of the two systems by using a decoupling analysis model. The main findings of this paper are as follows.

1. In terms of the spatial distribution of the two systems, the level of tourism economic development in the Yangtze River basin shows the spatial distribution characteristics of high in the east and low in the west, high in the south and low in the north. The tourism economy in the eastern provinces has been at the leading level, while the western provinces are constrained by various factors, such as the natural environment, resource endowment and economic foundation. In addition, the tourism economic development index of the provinces on the south bank of the Yangtze River is higher than that on the north bank. The spatial distribution of ecological environmental pressure, on the other hand, has significant river segment variability characteristics, with the upstream provinces having less ecological environmental pressure and overall good natural environmental conditions, while the middle and downstream provinces have higher pressure, and the situation of ecological protection and management is still more severe.

2. In terms of the time course of the two systems, the tourism economy of the western provinces shows the characteristics of change with a lower starting point but faster development, and the scale and speed of development of the tourism industry are outstanding. The degree of change in the eastern provinces, on the other hand, is consistent with the level of tourism economic development, which is medium. The tourism economy development in the midstream provinces shows a higher starting point but little change. In addition, the changes in ecological environmental pressure in the Yangtze River basin do not show a significant spatial distribution pattern.

3. In terms of dynamic decoupling between the two systems, the coupling between tourism development and ecological environmental pressure in most provinces of the Yangtze River basin developed toward benign decoupling from 2000 to 2019. By period, the relationship between the tourism economy and ecological environment is dominated by extended coupling from 2000 to 2009. 2010 to 2019 were dominated by a weak decoupling state, with Qinghai and Tibet showing a desirable strong decoupling state.



5.2. The coupling mechanism of tourism economic and ecological environment

Tourism is a human-centered industry, and tourism activities are an important part of human activities (Camilleri, 2018). Ecology is a geographical environment in a narrow sense, and the human-earth relationship is the root of the study of the coupling of the tourism economy and ecology and is an important approach to achieving sustainable regional development (Roberts et al., 1998). In this paper, the tourism economy and the ecological environment are considered an open system that interact and constrain each other.

In terms of the role of tourism development on the ecological environment, on the one hand, tourism development has a positive role in promoting ecological environmental protection. Economic growth can effectively promote technological progress. As a national pillar industry, tourism development brings economic benefits that can promote regional economic growth and provide more financial support for ecological environmental protection. At the same time, the economic benefits of tourism promote technological changes in the tourism industry, and technological advances in the tourism industry can optimize the allocation of tourism resources and reduce the consumption of natural resources in the process of resource development (Katircioglu et al., 2018; Pueyo-Ros, 2018). On the other hand, tourism is a comprehensive industry with strong correlation; the act of tourism brings about regional movements of people, services, and transportation, and the crowd effect brought about by the movement of people, the wastewater, solid waste, and domestic waste produced by the tourism service sector represented by hotels and scenic spots in the service process, and the exhaust gas generated by the movement of tourism traffic can cause great pressure on the ecological environment (Priatmoko et al., 2021; Mallinguh et al., 2022; Wicaksono and Illes, 2022). In addition, the tourism economic benefits brought by tourism induce enterprises to blindly develop tourism resources in pursuit of maximizing economic benefits, which will also have a coercive effect on the ecological environment.

In terms of the role of the ecological environment on tourism development, on the one hand, tourism is a resource-dependent industry, a good ecological environment is the basis and guarantee for its development, and a good ecological environment is a resource with economic value for tourism. A beautiful natural environment is an indispensable capital input in the economic output of tourism (Lakner et al., 2018; Khan M. A. et al., 2020; Mihalic et al., 2021; Priatmoko et al., 2021). At the same time, tourism is an externally dependent industry, and a good ecological environment provides strong support for tourism services, attracts tourists, increases tourist satisfaction, increases the rate of repeat visits, and brings good economic benefits to tourism development (Olya et al., 2019). On the other hand, the limited ecological carrying capacity can have a constraining effect on tourism development. Once tourism exceeds the ecological carrying capacity in the development process, tourism activities will cause great damage to the ecological environment, leading to a decrease in the environmental support capacity of the scenic area and inhibiting or even reversing tourism development (Wall, 2020).

In the system of tourism economy and ecological environment, the development of tourism resources, tourism behavior brings people, traffic flow and various kinds of waste generated by the local pristine ecological environment has a huge pressure, and the ecological environment state changes in turn affect the tourism activities and ecological benefits, and then through the external government’s environmental protection policy, awareness and behavior change to respond to these changes, forming a tourism economy and The “pressure-response” coupling relationship between tourism economy and ecological environment. The harmonious symbiosis between the tourism economy and ecological environment depends on the healthy coupling of all system elements to achieve the sustainability of the whole region.



5.3. Policy recommendations

To achieve sustainable development in the Yangtze River basin, the following policy recommendations are made based on the main findings of this paper:

1. Transform the tourism development mode and improve the tourism eco-efficiency of the Yangtze River basin. Gradually abandon the linear development mode characterized by high energy consumption, high pollution and low revenue and form a green development mode characterized by low consumption, low pollution and high revenue. The provinces in the Yangtze River basin should develop green, low-carbon and energy-saving tourism products, such as ecotourism and recreation tourism, to reduce the carbon footprint of tourists and the total regional carbon emissions.

2. Strengthen interprovincial cooperation within the basin to protect the ecological environment of the whole basin. There is significant spatial heterogeneity in the tourism economy and ecological environment of the Yangtze River basin. This spatial variation mainly comes from internal differences in the upper, middle and lower reaches. Therefore, governments in the Yangtze River basin should strengthen external cooperation and internal communication. The downstream region should give full play to its technical and management advantages and promote the transformation of tourism development in the midstream and upstream regions through resources such as knowledge, capital and talent. Other provinces should actively learn advanced technology and management experience to continuously reduce the differences in tourism eco-efficiency within the basin.

3. Adjust the tourism development strategy and promote the synergistic development of the tourism economy and ecological environment. The tourism economy and ecological environment can promote each other to a certain extent; therefore, the provinces in the Yangtze River basin should expand the scale of the tourism industry, give full play to the incremental effect of scale payoff, and provide economic support for the low-carbon transformation of the regional tourism industry. At the same time, they must also give full play to the positive guiding effect of the ecological environment and provide more high-quality tourism resources for the development of the regional tourism economy through environmental protection projects to finally realize the coupled and coordinated development of the tourism economy and ecological environment.



5.4. Limitations and future work

The relationship between the tourism economy and ecological environment is a highly contemporary and forward-looking scientific issue, and how to promote the two systems from coupling to decoupling and from conflict to synergy is a topic of great interest to scholars worldwide. As an important economic, ecological and tourism belt in China, the economic development and ecological protection of the Yangtze River basin are of great significance to achieving regional sustainability.

This paper focuses on the spatial and temporal dynamic characteristics of the tourism economy and ecological environment in the Yangtze River basin, which to a certain extent makes up for the shortcomings of previous literature and can provide a basis for decision-making on sustainable regional development. This paper has the following limitations:

1. Considering the availability of data, this paper focuses on the decoupling relationship between the tourism economy and ecological environment in the provincial administrative units of the Yangtze River basin, and the research scale can be further narrowed down to the municipalities or counties in the basin in the future.

2. This paper divides two time periods by 2010, and future work can expand the range of years and divide more periods to study the dynamic relationship between the tourism economy and ecological environment more carefully.

3. The influencing factors and driving mechanisms of the coupled system can be further quantified in the future by using geographic probes, gray correlation analysis, multiple regression models, etc.




6. Conclusion

This paper takes the Yangtze River basin as the study area, analyzes the coupling mechanism between tourism development and the ecological environment, constructs a decoupling analysis system, and quantitatively measures the spatial, temporal and dynamic characteristics of tourism development and the ecological environment in the Yangtze River basin from 2000 to 2019. The conclusions of this paper are as follows.

We developed an analysis system to examine the decoupling of tourism economic development and ecological environmental pressure in the Yangtze River basin. The system is based on two systems: the tourism economic system and the ecological environmental system. It includes six dimensions: tourism resources, economic benefits, industry scale, ecological resources, environmental pollution, and environmental management, and is comprised of 24 specific indicators.

In terms of the spatial distribution of the two systems, the tourism economic development level of the Yangtze River basin shows the spatial distribution characteristics of high in the east, low in the west, high in the south and low in the north. Anhui and Shanghai in the east have led the tourism economic development level, while Tibet and Qinghai in the west are constrained by various factors, such as the natural environment, resource endowment and economic foundation. In addition, the tourism economic development index of the south bank provinces of the Yangtze River, such as Yunnan, Chongqing and Hunan, is higher than that of Sichuan, Hubei and Jiangxi in the north bank. The ecological environmental pressure in the Yangtze River basin has significant river segment variability, with Tibet, Qinghai and Sichuan in the upstream facing less ecological environmental pressure and overall healthy natural environmental conditions, while Chongqing, Hubei, Hunan, Anhui and Jiangsu in the midstream and downstream are under great pressure.

In terms of the time course of the two systems, the tourism economies of Qinghai and Tibet started from a lower but faster development, and the scale and development speed of the tourism industry is outstanding. The change trend in Anhui, Jiangxi and Shanghai is consistent with the tourism economy development level, which is medium. Hubei, Hunan and Chongqing have higher starting points, but the changes are not significant. In addition, the changes in ecological pressure in the Yangtze River basin did not show a significant spatial distribution trend. Qinghai, Sichuan, Yunnan, Jiangxi and Jiangsu show large variations, while Tibet, Chongqing, Hunan and Anhui show small variations.

In terms of the dynamic decoupling between the two systems, from 2000 to 2019, the relationship between tourism development and ecological environmental pressure in most provinces of the Yangtze River basin tended to develop benignly, shifting from weak negative decoupling to strong decoupling and from expansive coupling to weak decoupling. By period, from 2000 to 2009, the relationship between the tourism economy and ecological environment was dominated by expansionary coupling, and from 2010 to 2019, it was dominated by weak decoupling, and Qinghai and Tibet showed an ideal strong decoupling state.

To achieve sustainable development in the Yangtze River basin, this paper proposes some policy recommendations from the perspectives of the tourism development model, interprovincial cooperation and development strategy.
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Ecological green development is the development of conforming to nature and promoting the harmonious coexistence of man and nature. As the most basic and supportive grassroots political unit, the county level occupies a special key position in the overall national green development strategy. How to evaluate the ecological green development of the county, protect the green earth, and respond to climate change, have become a new problem facing various countries around the world. To this end, China is determined to implement the establishment of a national key ecological functional zone pilot policy to study its ecological green development from the perspective of the county. Based on the literature review and theoretical mechanism, this paper selects 1997 county-level data indicators in mainland China from 2007 to 2019 to explore the role of the establishment of national key ecological function areas on the ecological green development of counties. The implementation of the national key ecological function zone policy can significantly increase the vegetation normalization index by about 0.035–0.037 units. The implementation of the policy has greatly expanded the capacity and range of above-ground and below-ground biomass. The reduction of large-scale investment by the government, the improvement of quality and efficiency of enterprises in the region, and the increase artificial afforestation are important transmission mechanisms for the implementation of policies to affect the green development of counties. The implementation of the policy has a positive green spillover effect on adjacent areas, which can realize regional coordinated ecological governance. Each additional hectare of artificial afforestation can absorb about 134,800 tons of carbon emissions each year, bringing additional benefits of 730 million yuan. It releases about 98,000 tons of oxygen a year, which can be used for 1.312 billion people for oxygen respiration consumption every year.
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 green development, national key ecological function area, mechanism analysis, ecological benefits, policy evaluation


1. Introduction

Sustainable spatial development should consider the settlement between human-dominated land use and the protection of nature, landscapes, ecosystems, and biodiversity, in accordance with the current needs of the society considering the spatial levels and temporal horizons (Pătru-Stupariu and Nita, 2022). The construction of ecological civilization is a long-term plan related to the well-being of the people and the future of the nation. After entering the stage of industrial civilization, human beings have created unprecedented material wealth, and also produced irreversible and reparable ecological scars. As the main contradiction in society has transformed into the contradiction between the people’s growing needs for a better life and unbalanced and inadequate development, the people’s need for a beautiful Chinese ecological environment has become a key aspect of this contradiction. Under the new development situation, the national key ecological function area is an important measure to promote the construction of ecological civilization, an important path to implement the concept of green development, and an important task to optimize the spatial pattern of the country and build a beautiful China.

National key ecological function areas refer to the national ecological security-related areas responsible for water conservation, sand fixation and wind protection, soil and water restoration, and biodiversity maintenance. Its main function is to: (1) In the process of land and space development in this area, large-scale, high-density, high-intensity industrialization and urbanization development and construction are restricted. (2) On the basis of clarifying the direction of industrial development, strengthen ecological environment law enforcement supervision, testing and third-party evaluation. (3) Expand county-level ecological compensation and transfer expenditures. (4) Reduce and prevent disturbance and damage to ecosystems by setting environmental thresholds and negative lists. (5) Maintain and enhance the production and supply capacity of regional ecological products. (6) Expand the natural ecological living space.

Promoting the construction of key ecological function zones is a new requirement, new goal, and new measure proposed by the state to promote regional ecological civilization construction, green development, and improve the quality of the ecological environment from a strategic perspective. Its strategic significance and necessity are beyond doubt. How to keep the ecological environment red line and ensure that the ecological function system is not reduced, testing the wisdom and responsibility of the county -level government. How to actively explore the new ways of comprehensive governance of regional ecological functions, innovate regional protection and green development mechanisms, and explore the new model of the harmonious development of regional humanities and natural sciences is a new challenge facing the sustainable development of the county’s ecological (Figure 1).

[image: Figure 1]

FIGURE 1
 Flow chart of research framework.


The marginal contribution of the article may lie in:

1. The first is to explore the impact of the ecological green development of the county with the help of the national key ecological functional zone policies. The mechanism that affects the implementation of the county’s ecological green development by studying policies can actively explore and take the lead in implementing a new way to organically combine the county’s ecology priority and green development.

2. The second is to study the green spillover effects of policy implementation on neighboring regions. This will help strengthen the co-governance and joint protection of ecological space and build a higher-level green collaborative governance mechanism.

3. The third is to conduct regional heterogeneity analysis of policy implementation. Under the circumstance of giving priority to ecology, seek the best balance between people’s livelihood security and green development.

4. The fourth is to conduct additional benefits analysis. Green vegetation is an important economic and environmental asset. By giving full play to the carbon sink value and carbon sequestration capacity of green vegetation, this shows from the side that policy implementation can better serve the overall situation of China’s carbon reduction.



2. Literature review and theoretical mechanism


2.1. Literature review


2.1.1. A review of foreign literature

Developed countries such as the United Kingdom, France and the United States continue to promote the reform of ecological and environmental policies and management organizations, improve the legislative and management capabilities of environmental policies, and comprehensively use a variety of policy tools to develop a green economy (Shaofu, 2016) Forest ecosystems play a key role in protecting water resources, with forest/water conservation programs delivering an average of $154 million in clean water benefits annually, with a significant portion of this value tied to policy processes (Kreye et al., 2016). In order to achieve ecologically sustainable development goals and achieve balanced development among economic growth, social well-being and environmental protection, Asian countries have been trying various approaches to restore degraded natural resources and ecosystems (Hasan, 2020). Relevant governments should realize that the ultimate goal of environmental protection is to improve human livelihoods, not just restore vegetation, and poverty eradication through the development of sustainable enterprises is a prerequisite for successful ecological restoration (Cao et al., 2010). The theory of ecological modernization has gradually evolved into a possible strategy for the developed industrial countries to solve the current ecological and environmental problems. This theory shows that strict government regulation can help solve ecological and environmental problems, and at the same time can promote the industry to be more competitive (Murphy and Gouldson, 2000). Agricultural development can still make progress in economic growth under the shadow of ecological crises, droughts, floods and humanitarian crises, because it requires arrangements in land management and the application of agricultural development technologies (Summase et al., 2019). The Environmental Impact Assessment have often been found to be of poor quality given the struggles that Romanian cities are facing in balancing economic, social, and environmental needs in terms of spatial land-use conflicts (Nita et al., 2022). The duty of leading the Environmental Impact Assessment procedure belongs to each county’s Environmental Protection Agency (EPA), based on the project’s location. All 42 counties in Romania have a regional EPA, which is responsible for the proper application of the Environmental Impact Assessment Directive. As a post-communist country, Romania has the same difficulties in Environmental Impact Assessment implementation as other developing countries resulting in a slowdown in the ongoing integration of EU directives. Considering the poor quality of the reports, especially in developing countries, there is an urgent need to analyze of the quality of EISs (Gavrilidis, 2019). The strategic interaction of inter-regional environmental regulation is a typical feature of local government behavior in China, which can affect the growth of local green productivity through the Potter effect and the pollution refuge effect (Peng, 2020). The government should continue to pay attention to the green innovation ecosystem to promote the green collaborative innovation activities of the government-university-industry alliance (Yang et al., 2021). Governments in the regions where the Danube flows are actively building a sustainable process of cooperation, information sharing and monitoring. As co-stakeholders, future actions follow a uniformly set development framework (Vucic, 2012).

In summary, most foreign literature only uses section data, case descriptions, case analysis, and enumeration of the region after the implementation of the policy. However, the above analysis methods did not consider the reverse causality in the process of empirical. To solve this problem, the article uses the DID method of the panel data for empirical estimates. DID method can eliminate the impact of mixed factors, and panel data can simply process multiple fluctuations.



2.1.2. A review of domestic literature

In terms of economic development, compared with the non-experimental group, the implementation of the national key ecological function zone policy can promote the treatment group’s GDP growth rate and per capita GDP by about 6.9 and 7.1%. This helps to reduce the degree of labor space mismatch and accelerate the transformation and upgrading of the industrial structure (Fei and Guiyang, 2021).However, there is an economic disparity gap in this growth within each region, which is caused by the input of labor and capital factors, the output efficiency of input factors and the mode of production structure (Ying et al., 2020). From 2000 to 2010, the proportion of ecological land in the national key ecological function areas exceeded that of the non-key ecological function areas. Compared with non-key ecological function areas, the degree of conversion of land vegetation cover types is smaller (Xu et al., 2019). The industrial base in the main ecological functional area is weak, the infrastructure and equipment are outdated, and the attractiveness of high-quality talents is not enough. There is still a considerable gap between the development of ecological and green industries in developed areas such as coastal areas in my country, but the development of low-carbon tourism can drive the economy (Junlin and Guosheng, 2018). While the implementation of the policy will increase the fiscal expenditure of the local government, it will also restrain the fiscal revenue of the local government and expand the fiscal revenue and expenditure gap of the local government. Counties with larger gaps in fiscal revenue and expenditure have stronger incentives for local governments to develop industries, thus facing the risk of further aggravated environmental pollution, and the level of basic public service supply has not been significantly improved (Shixian and Qi, 2021). Ecological compensation should internalize the costs and benefits of ecological protection. Considering from a longer time horizon, the county-level government can increase the horizontal compensation of other regions to the national key ecological function areas to control the imbalance of interests in adjacent regions (Wenfei, 2020). National key ecological function areas should promote the innovation of natural resource management system, scientifically care for the “mountain-water-forest-field-lake” ecological community, and build a diversified political performance assessment content and a negative list system for industrial access (Chengshu and Shifeng, 2017).

National key ecological function areas are conducive to the sustainable development of the ecological environment. The implementation of the policy can effectively control the spread of desertification, effectively curb soil erosion and soil wind erosion, effectively restore water bodies and wetlands, and greatly improve water conservation and soil conservation services. However, ecosystems and biodiversity have been degraded, and the windbreak and sand fixation services have declined as a whole (Liu et al., 2018). The implementation of ecological transfer payment has effectively improved the ecological environment of the counties and urban areas where the national key ecological function areas are located. The ecological environment status index of such areas has increased by about 3.4 units on average, and the comprehensive score of the ecological environment has increased significantly by about 4.5% (Yan and Honghua, 2020). The implementation of the national key ecological function zone policy has increased the afforestation area in the county by about 7%, but this effect also shows a downward trend over time (Dan, 2021). From a regional point of view, the proportion of ecological land in key ecological function zones in the central and eastern regions of my country with high population density and relatively developed economy is generally low, while the proportion of ecological land in western regions with less population is relatively high (Chen et al., 2018). After the Qinba Mountains in China were designated as key national ecological function zones, the average net primary productivity, total soil conservation and total water conservation were 2.595 g C/m2, 581 million tons and 2.495 billion cubic meters higher than those in the non-designated group (Hanshou et al., 2022). The green poverty reduction effect of the biodiversity ecological function area in Qinba Mountains is significantly better than that of the hills and ravines of the Loess Plateau and the ecological function area of soil protection. The green poverty reduction rate and intensity of the national-level poverty-stricken counties in the national key ecological function zones also significantly exceed those of the non-poor counties (Guoping and Shengzhi, 2018). Taking the key ecological functional areas of tropical rain forests in the central mountainous area of Hainan Island as a sample, it is found that the forest coverage ratio of the functional areas is about 85%, which is significantly higher than the expected average value of Hainan Island. The average human disturbance index of the functional area in the central mountainous area of Hainan Island is about 0.37, which is 0.12 lower than that outside the functional area, and the degree of biodiversity threat is significantly smaller, which can promote the protection of regional biodiversity (Peng et al., 2018). Although policy implementation has improved forest coverage to a certain extent, regional biodiversity has been continuously destroyed, soil erosion has become increasingly serious, and water quality has also deteriorated due to the application of pesticides and fertilizers (Ximing and Yang, 2018).County-level units should implement more diversified eco-environmental strategies to boost regional policy coordination and regional cooperative development, so as to achieve efficient green space governance as scheduled (Weiping et al., 2019).

In conclusion, policies such as ecological protection and green governance in national key ecological function areas can promote regional economic growth, but there are inconsistent views on the impact on ecological green sustainable development.




2.2. Theoretical mechanism

How to rationally use the advantages of ecological resources, deal with the environmental pollution caused by economic growth, and reduce the impact of the modernization process on the green ecology is an important challenge facing human beings today. As a strict environmental regulation policy, the construction of national key eco-industrial parks always adheres to the development concept of ecological dominance and protection priority, and adheres to the experience and practice of putting people first and restricting development.


2.2.1. Government investment in construction

First, the pilot counties obey relevant policy requirements and strictly control large-scale investment and development activities. The pilot counties will no longer invest in the construction of various types of development zones. Existing industrial development zones should reduce the intensity of resource consumption and pollution emissions, so as to realize the sustainable cycle of the park. The pilot counties resolutely put an end to the expansion of the original industrial development zone in the region to free up more space for maintaining a virtuous circle of green ecosystems (Casazza et al., 2021). Second, the government has greatly reduced investment and construction expenditures for unnecessary industries, efficiently utilized the stock construction land, and increased the area of ecological green coverage. The county actively cultivates an ecological industry network system, strictly implements the national energy conservation and emission reduction policy, and promotes the continuous reduction of the total pollutant discharge in the region. The pilot counties continue to optimize the industrial spatial structure within the region, make overall planning for production, living and public service areas, and prohibit sprawling development and expansion (Chen et al., 2021).



2.2.2. Improve quality and efficiency of enterprises

First, the county government, in accordance with the principles of ecological function restoration and conservation and restoration, clarifies the industrial layout and future development direction, and implements more targeted policies and standards for industrial access and environmental access. The county-level government has continuously raised the industrial and environmental thresholds for various development projects, and projects that run counter to the construction goals of the main functional areas are not allowed to enter. The government implements the extension, expansion and reconstruction of the industrial chain to form the development advantages of industrial ecology and ecological industrialization. Second, for the original industries that do not meet the main function positioning, the county government should vigorously promote industrial gradient transfer, shut down and ban, integrate and relocate, rectify and upgrade, or eliminate and withdraw through means such as facility depreciation, financial loans, and land concessions. The government uses the vacated land to actively build ecological projects such as greenways, thereby reducing human disturbance to the natural ecosystem and preventing irreversible damage to the green ecosystem. Third, according to the carrying capacity of regional resources and environment, the government will support key ecological function areas to moderately develop and utilize characteristic resources, and develop suitable industries rationally, without affecting the positioning of main functions and without damaging ecological functions. The county-level government introduces and cultivates innovative talents, highlights the main position of enterprise innovation, enhances scientific and technological support capabilities, and strengthens the carrier of scientific and technological innovation of enterprises. The county-level government can accelerate the transformation of scientific and technological achievements, promote the pace of innovation and entrepreneurship, build a modern industrial innovation-driven system, and develop high-end emerging green and low-carbon industrial clusters (Zhuo and Deng, 2020). Fourth, the government vigorously promotes clean production and the development of circular economy, actively promotes the reduction, resource utilization and harmless treatment of industrial solid waste, strengthens the implementation of clean production audits of key enterprises in the region, and ensures that pollutant emissions standards (Hh et al., 2021).



2.2.3. Artificial afforestation area

First, the government has continuously formulated and issued policies and regulations on ecological compensation and green planting, comprehensively delineating ecological red lines and environmental quality bottom lines, and strengthening ecological protection supervision. The government strictly follows the regulations to transfer funds from financial transfer payments to protect the ecological environment and improve the level of basic public services. The government coordinated the implementation of ecological restoration and environmental governance projects, and actively explored the market-based governance model of abandoned land. By linking land development and other ways, the government restores abandoned areas into a comprehensive ecosystem, and comprehensively expands the supply of high-quality ecological products.

Second, the county government constantly insists on taking ecological improvement as a guarantee for transformation and development, emphasizing that measures should be taken according to local conditions, scientific, rational and classified promotion of large-scale land greening actions. The government comprehensively controls soil erosion, promotes desertification and rocky desertification in an orderly manner, and implements comprehensive ecological protection and restoration projects in key areas. The implementation of the policy will help the county to continuously increase the forest accumulation area and continuously improve the carbon sink and purification function of the ecosystem (Littleton et al., 2021).





3. Experience analysis strategies


3.1. Methods and variables

DID method. The difference in difference method (DID method) is a policy assessment method. This method uses the county’s county as a processing group. The county area that does not conduct a pilot is used as the control group. Compared with the control group, under the prerequisite for meeting the parallel trend in advance, the influence that the impact caused by the impact of the policy after the comparative processing group is regarded as a policy effect, that is, the estimation coefficient in the model. Based on the county name list of national key ecological function areas, the benchmark regression model is constructed as follows:

[image: image]

Among them, [image: image] represents the county individual, [image: image] represents the year; [image: image] represents the explained variable. The key explanatory variables [image: image] represent the impact of the national key ecological function zones on the green development of the county. The model adds a series of covariates [image: image], controls for time and county fixed effects, adds random disturbance terms and estimates using county-level clustering robust standard errors.



3.2. Variable selection

Explained variable: The normalized index of vegetation (NDVI) was used as a proxy variable for green development ([image: image]). Because of its wide monitoring range and high correlation with indicators such as biomass density, vegetation coverage, and leaf area index to quantify plant growth or physiological status, NDVI can be used in many aspects, all-round, wide-field and deep-level Comprehensive evaluation of vegetation cover and its growth vitality. NDVI reflects the radiation quantification value of the relative abundance and activity of green or vegetation, and has gradually become the main indicator to characterize the green development of surface vegetation. In addition, following the practice of Piao et al. (2004), the estimated aboveground biomass density ([image: image]) and belowground biomass density ([image: image]) were used for robustness testing.

Control variable: economic development ([image: image]), measured by the logarithm of the ratio of the actual GDP of the county to the population of the county; Industrial structure ([image: image]), represented by the advanced index of county industrial structure; The education level ([image: image]) is represented by the ratio of the number of students in ordinary middle schools in the county to the population of the county. In the era of knowledge economy, the penetration rate and quality of education in a region determine the level of human capital efficiency and the level of civilizational literacy values in that region. Education has a reinforcing effect on environmental behavior. The scale and level of education can increase and publicize knowledge about ecological environmental protection and create a good atmosphere for protecting ecological vegetation and green space. Communication facilities ([image: image]), measured by the proportion of the county’s fixed-line and mobile phone users in the county’s population. Financial credit ([image: image]) is represented by the ratio of the balance of domestic and foreign currency loans of financial institutions in the county area to the actual GDP of the county area at the end of the year. Financial credit fund services form a strong support for the development of green economy. Financial credit can actively change the flow of credit funds, so that financial resources can better flow into clean and low-carbon or modern industries, and force the green transformation and transformation of polluting industries. The natural condition ([image: image]) is represented by the county’s average annual rainfall.



3.3. Samples and data

The data for the list of national key ecological function zones comes from the “Documents of the State Council” column on the official website of the Central People’s Government of the People’s Republic of China. The county-level normalized vegetation index (NDVI) data was obtained from MODIS1 with a spatial resolution of 500 m. The value range of NDVI (Normalized difference vegetation index) is −1 ~ 1. Negative values indicate that the ground cover is cloud, rain, water, snow, etc., highly reflective to visible light. 0 means there is rock or bare soil. A positive value indicates that there is vegetation coverage, and it increases with the degree of vegetation coverage in the county. The area of artificial afforestation in the county comes from the afforestation section of counties in the “China Forestry Statistical Yearbook.” The original precipitation data in the county area comes from the National Meteorological Science Data Sharing Service Platform – China’s Surface Climate Data Daily Value Dataset (V3.0), and the county area is calculated using the Barnes method (using the IDW method to interpolate into grid point data, and then average across regions). annual average rainfall data. The county-level patent data comes from the website of the State Intellectual Property Office. Other data come from the “China County Statistical Yearbook” and the statistical yearbooks of various provinces (cities and autonomous regions) over the years. If there is a problem of missing data, the CSMAR database and EPS database are used to fill in (Table 1).



TABLE 1 Descriptive statistics of variables.
[image: Table1]




4. Empirical analysis


4.1. Regression analysis

The problem considered in this article is the role of the construction of national key ecological function zones on the green development of the county. The benchmark regression in Table 2 estimation results show that the estimated coefficients of models (1)–(6) are positive numbers, and all pass the 1% confidence level test. The empirical test preliminarily shows that the implementation of the national key ecological function zone policy can increase the coverage of regional ecological vegetation, expand the above and below biomass density, increase biodiversity, and improve the quality and stability of the ecosystem. No matter whether the control variable is added or not, and whether it is clustered at the county level or not, the positive significance of the core parameters still holds true.



TABLE 2 Benchmark Results Estimation.
[image: Table2]

After the implementation of the policy, the county government has continued to promote the transformation of the economic development model from extensive to intensive, improve the efficiency and output rate of production factor resources energy, realize the sharing of factor resources and industrial symbiosis. The government continuously implements the new development concept, gives play to regional industrial characteristics and location advantages, promotes industrial transformation and upgrading in the park, promotes the deep integration of innovation chain and industrial chain, and strengthens the close integration of ecologically advantageous industries. In summary, policy implementation effectively alleviates the resources and environmental pressures faced by the green development of the county.

The government has always adhered to the implementation of the overall management of the ecosystem, established and improved the regional ecological compensation mechanism, expanded the living space of ecological vegetation, explored a new path for the sustainable transformation and development of ecological green, improved the ecological quality and resilience of the county, and realized the inclusive development of man and nature.

In accordance with the principles of increasing carbon sinks and reducing carbon sources, county governments anchor biodiversity conservation within the region, improve biodiversity conservation policies regulations, and innovate mechanisms for sustainable use of biodiversity. The government has established a complete monitoring system for biodiversity conservation, continuously increased the scale of regional biomass, effectively protected the types of animal and plant communities, and continued to optimize the spatial pattern of biodiversity conservation.

Economic development, educational scale and communication facilities have a positive effect on the green development of the county, significantly increasing the vegetation coverage in the region, while the natural conditions have a significant negative impact on the green vegetation coverage in the county. After the implementation of the policy, the county has stepped up efforts to eliminate outdated production capacity and accelerated the green transformation of production methods to provide good external conditions for the survival and development of ecological vegetation. The government continues to realize the greening of production methods, expand the space and scope of green development, and improve the mainstreaming level of biodiversity in ecological function areas. The county government has continuously incorporated green development into the middle and long-term planning of primary and secondary schools, higher education and vocational education systems and local environmental protection education, and firmly established the awareness that man and nature constitute a community. The government strengthens the role of role model and value leadership, and conducts extensive publicity and green life education activities to enhance the people’s awareness of ecological civilization. The county-level government has implemented the ecological green national action in depth, accelerated the formation of a green and low-carbon lifestyle, and formed a benign green governance pattern (Tao and Jingyun, 2022). The improvement of communication facilities is beneficial to the transparency of information disclosure, improve public supervision and reporting and feedback mechanisms, improve the level of public participation in environmental decision-making, and enhance the effectiveness of public participation in green ecological governance. Natural factors such as effective rainfall can affect the change of green vegetation and the ecological environment, which play a certain role in maintaining the balance of the ecosystem. The government needs to comprehensively consider the rainfall conditions in its own area and pay attention to the distribution and configuration of vegetation types, which will help to improve and enhance the ecological environment of the county.



4.2. Robustness test

Results from the omitted variable test, the replacement variable test, the benchmark variable test, and the parallel trend test, are all consistent with the previous empirical results.2



4.3. Heterogeneity analysis

Due to the differences in geographical location, administrative level, social attributes, distance and infrastructure of counties, the impact of the implementation of the national key ecological function zone policy on the green development of pilot counties will also be different. Therefore, the pilot counties are divided into eastern, central, western, northern and southern regions in terms of geographical location. On the administrative level, it is divided into three types of administrative units: city, county and district. In terms of social attributes, it is divided into revolutionary old districts and counties and non-revolutionary old districts and counties. In terms of distance, it is divided into 0–20 km, 20–50 km, 50–100 km and more than 100 km areas. In terms of infrastructure, it is divided into counties with high-speed rail and counties without high-speed rail. Finally, the sample is divided into different quantiles.


4.3.1. Geographic location

Compared with the eastern and central regions, after the implementation of the policy, the ecological green level of the counties in the western region has been significantly improved, which has significantly promoted the regional biological cycle system and the treasure house of ecological species.

The counties in the western region are constantly improving the green ecological network, jointly promoting the restoration of farmland to forests and grasslands and wetland restoration, and scientifically planning regional ecological corridors and ecological buffer zones. The government reduces the demand and destruction of ecological vegetation, taps the green potential of the watershed space, and walks out a green governance path for the high-quality development of regional ecological space. By building green vegetation such as oases in the western region, ecological desertification and fragmentation can be effectively suppressed, the environmental bearing pressure on ecologically fragile areas can be alleviated, and the green productivity of the county can be enhanced (Littleton et al., 2021).



4.3.2. Administrative level

The implementation of the national key ecological function zone policy has significantly improved the green vegetation coverage of administrative units in county-level cities, and protected ecological functions and biodiversity within the zone. The county-level city government is rooted in the concept of green development, and realizes innovation-driven development through structural adjustment, optimization and upgrading of traditional industries. County-level cities should make overall plans to explore the unique endowments and comparative advantages of the county, cultivate new suitable industrial growth points, and take the road of green economic development.



4.3.3. Social attributes

After the implementation of the policy, the old revolutionary counties have always practiced the concept of ecological priority, strengthened the monitoring, forecasting and early warning of ecological conditions, continuously maintained the diversity of species, and maintained the integrity of the ecosystem.

The old revolutionary base areas and counties actively extend the supply chain of ecological industries, promote the implementation of new measures of transfer payment and ecological compensation, build new advantages of green agricultural product brands, and expand the scope of green economic development. The counties can improve the green added value of processing links, and promote the ecological sustainable development of old revolutionary base areas (Yang et al., 2019).



4.3.4. Distance

The closest (within 20 km) and farthest (more than 100 km) counties to the city center can greatly improve the green development level within the region. The reason is that the most distant counties can put ecological protection in an overwhelming position, clarify the boundaries of urban development, delineate the bottom line of ecological environment quality, strictly adhere to the red line of ecological protection, and create a green ecosystem. The nearest county is constantly building a long-term governance mechanism for the integration of ecological space, cultivating and optimizing the formation of a green industry development system, and exploring the green and sustainable development that interacts with the city center from the aspects of systematic.



4.3.5. Infrastructure

The opening of the high-speed rail will help the region to improve the green ecological network, guide the intensive and efficient green development mode, open up the green channel of watershed space governance, and use the free flow and optimal allocation of various resource elements in the watershed space to promote green transformation.



4.3.6. Different quantiles

The implementation of the national key ecological function zone policy is conducive to excavating the law of the future green development of the county. The county pursues an ecologically sustainable governance effect from the overall perspective of its own green governance. The county government cultivates new kinetic energy for green development, accurately implements ecological green space, expands new advantages of green development, and emphasizes the affordability of the ecological environment. The county-level government has solidly promoted land greening and ecological restoration projects, enhanced the quality and stability of the ecosystem, and improved the diversity index and richness of green vegetation species.





5. Expand the discussion


5.1. Mechanism path analysis


5.1.1. Government investment

This indicator is measured by the logarithm ([image: image]) of the social fixed asset investment in the county minus the urban fixed asset investment. The empirical results show that the estimated coefficients are statistically significantly negative (Table 3). This shows that the county-level government is constantly coordinating the industrial layout and ecological environmental protection within the region. According to its own environmental carrying capacity and ecological environment capacity, the county implements a holistic and linkage strategy of organically combining ecological vegetation protection and economic new normal development.

The government carries out the main function adaptability evaluation of the special industrial planning and the layout of major projects, implements the rigid constraints of the planning environmental impact assessment, and sets up early warning control lines and response lines. The county government restricts or prohibits investment in development areas, strictly restricts the blind expansion of construction land in townships, controls the intensity of land construction and the order of development, and utilizes the existing space in built-up areas efficiently. The government has continuously strengthened the hard constraints of the ecological environment, effectively supported key tasks such as ecological environmental protection and vegetation restoration, and formed a new pattern of land space green development (Badiu et al., 2019).



5.1.2. Enterprises performance

This indicator is represented by the number of county-level industrial enterprises ([image: image]), the output value of county-level industrial enterprises ([image: image]), and the number of county-level patent applications ([image: image]). Empirical tests show that the implementation of the national key ecological function zone policy has significantly reduced the number of enterprises within the county, which can increase the output value of industrial enterprises and the number of patent applications in the county (Table 3).

The county government vigorously promotes the construction of the ecological and environmental protection technology innovation system, stimulates the green development of enterprises, and promotes the transformation of the regional industrial structure to high-end, emerging, high-efficiency, and high value-added. The government gives priority to supporting technological innovations in the fields of low-carbon energy saving, clean production and waste utilization. County government can use new technologies, new formats and new models to promote the upgrading and transformation of traditional industries, accelerate the transformation of scientific technological, and promote industrial enterprises to reduce quantity and improve quality and efficiency (Du et al., 2021). The government encourages the development of green and low-carbon industrial projects, fosters emerging industrial entities, promotes the development of low-carbon modern service industries, builds green industrial supply chains, and enhances the recycling level of industrial parks and industrial clusters.



5.1.3. Afforestation

This indicator is represented by the area of artificial afforestation in the county ([image: image]). The empirical results show that after the implementation of the policy, the relevant governments have continuously improved the vegetation coverage and relative biomass density, which can increase the output value of industrial enterprises and the number of patent applications in the county (Table 3).

The county-level government should enhance the awareness of the residents of the county on the protection of green vegetation and biodiversity, reduce the rate of biodiversity loss, speed up the containment of the trend of ecological degradation, and consolidate the foundation for the green development. One of the most important strengths of the ecological green development is that it should foster environmental awareness among actors at all levels, from the individuals to the organizations. Forest ecosystems are both carbon sources and carbon sinks. The county government continues to follow the internal mechanism of the ecosystem, and highlight important ecological locations and key governance areas. Ecological green vegetation as a carbon sink, enhance the carbon sequestration capacity of the ecosystem, realize the transformation of forest resources from service flow to value flow, and create a new highland of ecological green value.



TABLE 3 Mechanism Path Analysis.
[image: Table3]




5.2. Analysis of spillover effects

Because the ecological environment has the attributes of spatial correlation, pollution continuity and inseparability, a single ecological environment governance model will be stretched, which determines the systematic nature of the ecological environment collaborative governance. Constrained by the limited degree of government’s grasp of pollution information in different regions, and the lag of regulatory authorities in corporate pollution behavior, the overall regional environmental pollution control model needs to be innovated. From the perspective of the integrity of the ecosystem, the government should coordinate to promote the modernization of the environmental governance system, strengthen the linkage development with surrounding counties, and promote the formation of a larger development driving effect (Zhiren and Jiaqi, 2022).

The empirical test found that the policy implementation has obvious green spillover effect, which can promote the green effect of adjacent counties to increase by about 0.169 units. This shows that after the implementation of the national key ecological function zone policy, government departments in relevant regions have established a new concept of inter-governmental comprehensive strategic cooperation, highlighted the scientific, systematic and matching nature of the top-level design of coordinated progress. More county governments have participated in the formulation of joint strategies to overcome barriers to intergovernmental cooperation, so as to change the “separate” style of ecological environment governance and administrative management.

On a larger regional scale, adjacent county-level governments should establish the principles of ecological co-governance and ecological sharing, enhance the attraction of inter-governmental cooperation in cross-regional green governance, and establish a cross-regional ecological governance responsibility mechanism.

Adjacent county-level governments improve the accountability system and performance appraisal mechanism for regional environmental collaborative governance, improve the operational efficiency of collaborative ecological governance, and avoid the spillover effect of pollution, which limits the regional collaborative governance model of the ecological environment (Zhuo et al., 2022).



5.3. Analysis of additional benefits

The United Nations Intergovernmental Panel on Climate Change (IPCC) estimates that terrestrial ecosystems have about 2.5 trillion tons of carbon storage, of which 1.2 trillion tons are stored in forest ecosystems. Research from Peking University also shows that for every cubic meter of forest growth, it absorbs more than 1.8 tons of carbon dioxide on average and releases about 1.6 tons of oxygen. Data from China’s seventh forest resource inventory show that the total carbon storage in China’s forest vegetation has reached 7.8 billion tons. According to the estimated data of the fourth and ninth national forest resources inventory, China’s forest carbon sink capacity has increased from 18.55 billion tons of carbon dioxide in 1990 to 32.14 billion tons of carbon dioxide in 2020, a net increase of 13.59 billion tons of carbon. The proportion of the world’s forest carbon accumulation increased from 1.8% in 1990 to 3.2% in 2020. According to research and estimates, the carbon dioxide equivalent emitted per ton of steel produced by domestic enterprises is about 1.83 tons, the carbon dioxide equivalent emitted per ton of aluminum production is about 11.2 tons, and the cement is about 0.8–0.9 tons. China’s forests absorb more than 500 million tons of carbon dioxide each year, accounting for about 8–10% of industrial emissions in that year.

Forests are of special significance for achieving the “dual carbon” goals, especially carbon neutrality. According to data, during the growing season, 1 hectare of broad-leaved forest can absorb 1 ton of carbon dioxide per day and produce 730 kg of oxygen. An adult breathes 0.75 kg of oxygen and 0.9 kg of carbon dioxide per day. If the forest protection rate can be increased to 142% by 2050, the emission reduction of forest protection in 2050 will be reduced to 0.79GTC. Carbon prices are projected to rise on schedule, jumping from <$18 in 2015 to $51 in 2050, due to the potential contribution of protecting forests.

Based on the above research results, combined with the previous mechanism path analysis, compared with the control group sample, the implementation of the national key functional zone policy can increase the area of artificial afforestation in the pilot counties by an average of about 369.316 hectares. According to the calculation that 1 hectare of forest can absorb 1,000 kilograms of carbon dioxide per day, the artificial afforestation in the pilot counties can absorb about 134,800.34 tons of carbon dioxide every year. After calculation, artificial afforestation can release 269.6 tons of oxygen per day, which can provide 359,467 adults with respiratory consumption per day. If the average carbon dioxide shadow price in my country’s industrial sector is 5,480 yuan/ton (Weijie and Shaohua, 2018), the implementation of the policy can bring about 738,705,863.2 yuan of carbon benefits.




6. Conclusions and policy recommendations


6.1. Conclusion

The county is the bottom administrative unit at the Chinese administrative level. Protecting the ecological environment and promoting the sustainable development of green is the unswerving responsibility of county governance. With the help of the national key ecological function zone policy, the county-level data in mainland China from 2007 to 2019 was selected to discuss its impact on the green development of the county, and the mechanism path, spillover effects and additional benefits were expanded analyzed.

The following conclusions are drawn:

First, the implementation of the policy has significantly increased the green vegetation coverage area in the county, ~0.035 units of the normalized index of increased vegetation. Policy implementation can significantly increase the total amount and density of above-ground and below-ground biomass in the region and maintain the biodiversity of county ecosystems. This result remains significant after a series of robustness tests, ensuring that the conclusions are reliable.

Second, the implementation of the national key ecological function zone policy can improve the green development level of the western regions, northern regions, old revolutionary bases, counties with high-speed railways, county-level cities, and counties closest/farthest to the cities.

Third, the green development effect of the pilot counties is achieved by reducing large-scale investment by the government, improving the quality and efficiency of enterprises in the region, and increasing the area of artificial afforestation.

Fourth, policy implementation brings a significant green space overflow effect. Policy implementation can promote the green development of neighboring counties in pilot counties.

Fifth, the implementation of the policy can increase the scale of forest carbon sinks in the pilot counties. Each hectare of artificial afforestation can absorb about 130,000 tons of carbon dioxide emissions and release 98,400 tons of oxygen, which can supply about 360,000 people for oxygen respiration consumption every day. Policy implementation can bring carbon revenue of 738.71 million yuan.



6.2. Policy suggestions

One is to anchor the ecological base to increase the green area. The government should fully coordinate the integrity and linkage of green planning, grasp the limit of ecological carrying capacity, follow the principles of ecological priority and green development, and “leave white space and increase green” for county space governance. The government builds a scientific and reasonable ecosystem protection system and reduces human activities at important ecological nodes to maintain natural ecological functions. The government should focus on the requirements of achieving carbon peaking and carbon neutrality, increase forest carbon sink reserves, increase the coverage of green vegetation, and help achieve the carbon emission goal as scheduled.

The second is to cultivate ecological advantages and develop a green economy. The county government should clarify the direction of industrial agglomeration, generate new kinetic energy for green development, strengthen and optimize characteristic industries, and strictly control the threshold for enterprise access approval. The government should shift from “efficiency priority” to “promoting the all-round development of human beings,” improve the supply level of public services in the ecosystem, and broaden the value conversion mechanism for multiple types of ecological products. County governments should strengthen explicit education and guidance, and translate green concepts into conscious actions of all people. The government should give full play to the role of communication infrastructure as a channel, actively encourage the public to participate in green co-governance, and continuously promote the development of a low-carbon economy from the perspective of green economy.

The third is to rely on the ecosystem to achieve green development. The governments of the pilot counties and neighboring counties should improve and strengthen the cross-regional environmental governance mechanism, coordinate the inter-government relations, cultivate the awareness of the overall ecological situation, and form a partnership of interests for joint construction and sharing. The governments of all parties should strengthen the motivation of environmental collaborative governance, unify regional environmental protection policy standards with higher standards, and improve the interregional benefit compensation mechanism for ecological environmental protection. The governments of all parties should optimize the performance evaluation mechanism of regional environmental collaborative governance, deepen the cooperation of regional legislation, judiciary and law enforcement, and promote the sustainable operation of the collaborative governance model among local governments.



6.3. Chinese contribution and international inspiration

Ecological green development is the symbol of life and the background of nature. Ecological green development is the development of the maximum economic and social benefits at the least resource and environmental cost. Under the guidance of Xi Jinping’s new era of socialism with Chinese characteristics, China follows the path of ecological priority and green development, and has created the world’s attention ecological miracles and green development miracles. Green has become the distinctive background of China in the new era, and green development has become a significant feature of Chinese -style modernization. As the world’s largest developing country, China adheres to the concept of the community of human destiny, firmly implements multilateralism, proposes global development initiative, global security initiative, deepen pragmatic cooperation, and actively participate in global environment and climate governance.

In promoting the green development of county ecology, China has the following experience to share with countries around the world.

The first is government support. Accelerating ecological priority and green development are a major responsibility of participating in global governance and establishing a major country with a common future. China has formulated long -term planning and development strategies in promoting the development of ecological green in the county, and has strictly implemented the implementation, which is worth promoting to other countries. China gives full play to and strictly implement the leading role of major regional strategies. The national key ecological function zone is an important national strategic policy implemented by the Chinese government in the county -level administrative unit. The Chinese government has focused on building a county’s ecological green development, which can promote the overall improvement of the national ecological green level. The implementation of the policy at the county level can directly reflect the national intention to the county -level governments, reducing the degree of interference in the county -level cities and provinces to the county. Countries around the world should include the construction of ecological green development into an important agenda, and introduce specific provisions based on their own actual height. The government should also increase the support of fiscal funds and promote the improvement of enterprises to improve quality and efficiency to achieve the rapid development of the country’s green economy.

The second is regional collaboration. The implementation of the national key ecological function zone policy can promote the ecological green development of adjacent counties in pilot areas. From an international perspective, various countries around the world should work together to achieve real ecological green sustainable development. The realization of global ecological green development is inseparable from the cooperation between countries. Protecting the global green ecological environment requires all countries to work together to come up with more practical actions. On the issue of global ecological green development, it is unrealistic to solve the use of technical means in one country or several countries. Solving problems requires cooperation between countries and ethnic groups to open up and cooperate. Only by letting go of prejudice, maintaining the ecological and biodiversity environment of other countries, and through technological integration and system optimization, can we jointly solve the current challenges facing the global ecological green development. For example, all world countries should actively contribute to the United Nations in 2030.

The third is people’s response. The implementation of the policy to achieve ecological green development by increasing the area of artificial afforestation. While significantly increased the artificial forest -made area, it will also bring additional benefits to reduce regional carbon emissions. The government -led, regional collaboration and the participation of the people, the combination of natural restoration and artificial governance, the combination of legal constraints and policy incentives, so that China has taken a path to a county’s ecological green sustainable development path. At present, global ecological and environmental issues are facing severe challenges, and humans are at the crossroads of sustainable development. Climate change, sharp decrease in biodiversity, desertification, sudden natural disasters and pollution, threatened human survival and development. To solve worldwide ecological problems requires the wisdom and strength of the people of all countries. The state should actively practice the concept of green life of residents, actively practice and promote the green lifestyle of residents with practical actions, and guide people to become protectors and beneficiaries of ecological green development.
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Plantations are formed entirely by artificial planting which are different from natural forests. The rapid expansion of plantation forestry has brought about a series of ecological and environmental problems. Timely and accurate information on the distribution of plantation resources and continuous monitoring of the dynamic changes in plantations are of great significance. However, plantations have similar spectral and texture characteristics with natural forests. In addition, cloud and rain greatly affected the image quality of large area mapping. Here, we tested the possibility of applying Continuous Change Detection and Classification to distinguish plantations from natural forests and described the spatiotemporal dynamic changes of plantations. We adopted the Continuous Change Detection and Classification algorithm and used all available Landsat images from 2000 to 2020 to map annual plantation forest distribution in Guangxi Zhuang Autonomous Region, China and analyzed their spatial and temporal dynamic changes. The overall accuracy of the plantation extraction is 88.77%. Plantations in Guangxi increased significantly in the past 20 years, from 2.37 × 106 ha to 5.11 × 106 ha. Guangxi is expanding new plantation land every year, with the largest expansion area in 2009 of about 2.58 × 105 ha. Over the past 20 years, plantations in Guangxi have clearly shown a tendency to expand from the southeast to the northwest, transformed from natural forests and farmland. 30% of plantations have experienced at least one logging-and-replanting rotation event. Logging rotation events more intensively occur in areas with dense plantation forests. Our study proves that using fitting coefficients from Continuous Change Detection and Classification algorithm is effective to extract plantations and mitigating the adverse effects of clouds and rain on optical images in a large scale, which provides a fast and effective method for long-time and large-area plantation identification and spatiotemporal distribution information extraction, and strong data support and decision reference for plantation investigation, monitoring and management.
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 plantation, Landsat time series, continuous change detection and classification, Guangxi, plantation spatiotemporal dynamics


1. Introduction

Disturbance of terrestrial ecosystems can significantly affect and alter ecosystem function and structure and thus have a major impact on the spatial and temporal patterns of the terrestrial carbon cycle (Lin et al., 2022). As a major part of terrestrial ecosystems, forest ecosystems play an important role in the global carbon cycle, energy balance, and material exchange (Paul et al., 2002; Bonan, 2008; Pan et al., 2011). The main factors causing forest disturbance are climate change, natural disasters, and human activities, of which human activities are the most significant (Foley et al., 2005; Song et al., 2018; Trisasongko and Paull, 2020).

China is a country with large forest resources and a large population, and the number of forest resources owned per capita is at a low level in the world. During vigorous industrial development, the destruction of forests due to the long-term over-harvesting of natural forests has led to increasing ecological degradation (Zhang et al., 2000; Deng et al., 2014). Deforestation for timber, farming or urban expansion has exacerbated environmental problems such as land desertification, soil erosion, and a sharp decline in biodiversity (Foley et al., 2005). In addition, forest resources, especially those available for logging, were in severe shortage. To restore the ecological environment, China has been developing ecological projects since the 1970s, conserving and restoring natural forests and expanding forest plantations. Plantations are a completely different forest type from natural forests. Plantations are formed entirely by artificial planting, while natural forests grow naturally or regenerate through human promotion. Plantations are characterized by short rotation periods, good materials, and high survival rates. Guangxi Zhuang Autonomous Region of China, a province with rich forest resources, has undergone a large amount of deforestation and land reclamation for economic development, resulting in a sharp decline in forest resources. With the launch of the “Coastal Shelterbelt” Program in 1991 and the “Grain-for-Green” program in 1999 (Deng et al., 2014), Guangxi began planting large areas of forest plantations and has created a large amount of forestry output through rotational logging and replanting.

Plantations are currently the main raw material for timber supply in China, and the repetitive deforestation and afforestation resulting from their rotation is an important influence on changes in regional carbon sinks. Although the rapid expansion of plantation forestry can alleviate the demand for timber for social development, reduce the increasing level of carbon dioxide in the atmosphere (Bonan, 2008), and mitigate climate change to a certain extent, the rapid development in a crude manner has also brought about a series of ecological and environmental problems, which are disruptive to the balance of the original ecosystem. Furthermore, compared to the natural forests, the non-native and exotic species in plantation forestry projects can change the physical, chemical, and biological properties of the soil, which may also reduce soil quality and forest productivity. Thus, the problems caused by massive plantations should not be ignored (Jackson et al., 2005; Brockerhoff et al., 2008). Likewise, timely and accurate information on the distribution of plantation resources and continuous monitoring of the dynamic changes in plantation forests are of great significance to forestry management, economic estimation of plantation forests, ecological environmental protection, and carbon cycle research.

With the launch of satellites carrying various sensors and the rapid development of remote sensing technology, remote sensing has become an important means of monitoring plantation forests. Plantation forests and natural forests both belong to forest land cover type, so they are highly similar in many characteristics, as a result, how to distinguish between them becomes a problem worthy of research. In terms of distinguishing natural forests from plantation forests, most studies are based on the classification of land use and land cover (LULC). As for the classifier selection, the traditional classifiers of remote sensing are involved in many researches, such as Decision Tree (Han et al., 2018), Support Vector Machine (Razak et al., 2018). Recent studies have widely used random forest as the classifier (Senf et al., 2013; Wu et al., 2022), because random forest classifier can achieve higher accuracy, handle high-dimensional features and avoid overfitting. The difference mainly lies in the fact that researchers chose different classification features. Since the spectral features of plantation forests and natural forests are highly similar, it is more difficult to distinguish between them using only spectral features. Some studies have used phenological features (Senf et al., 2013). The advantages of using such features are that some plantation species, such as rubber trees, have a deciduous period, which has obvious phenological features that can be used to separate them from natural forests (Senf et al., 2013). However, methods using phenological features have limitations, because evergreen plantations, for example eucalyptus, that do not have a deciduous period may not be easily separated from natural forests using the phenological characteristics (Wu et al., 2022). Other studies use multiple features (Torbick et al., 2016; Xu et al., 2017; Fagan et al., 2018; Sun et al., 2022; Wu et al., 2022), including spectral, textural, topographic, and ancillary data. The regular planting of plantations results in different texture characteristics than natural forests, and some plantations will be planted in areas with relatively gentle slopes. These combined features can separate plantations from natural forests through multi-feature methods (Torbick et al., 2016). However, when multiple features are used, parameter selection is required to choose the optimal parameters (Wu et al., 2022).

In terms of plantation change detection and spatiotemporal distribution information extraction, there are two main methods. The first is to directly compare the differences after LULC classification, and the second is based on long time series change detection. For the first method, forest change is monitored based on LULC classification by comparing the classification results of images in different time periods, usually through the land conversion matrix (Mahmoud et al., 2011; Liu et al., 2016; Twisa and Buchroithner, 2019; Chen, H et al., 2021; Sun et al., 2021; Wang et al., 2021; Chen et al., 2023). The advantage of this method is that it can reduce the effects of light radiation differences, sensor differences, and seasonal phenology differences, and can clearly represent the land cover type conversion (Twisa and Buchroithner, 2019). The disadvantage is that there are different degrees of error in the classification results for different time phases, and in some cases the error can be even greater than the degree of change (Azizan et al., 2021). Moreover, if only optical satellites are used, it also leads to the problem of susceptibility to cloud influence and difficulty in obtaining high-quality coverage of the complete study area in certain cloudy and rainy areas, especially in large regions (Azizan et al., 2021). In contrast, methods based on long time series change detection can directly detect vegetation changes, and the problem of images being obscured by clouds can be solved by processing multi-year time series data. Breakpoint detection algorithms such as Landsat-based detection of Trends in Disturbance and Recovery (LandTrendr) and Continuous Change Detection and Classification (CCDC) can significantly reduce the effects of clouds, cloud shadows, and snow, realizing to monitor the dynamics of different land cover types. Grogan et al. (2015) used the LandTrendr algorithm to study forest disturbance caused by rubber forest expansion. The LandTrendr algorithm, proposed by Kennedy, was designed specifically for Landsat time series imagery to detect trends in forest change (Kennedy et al., 2012). Specifically, LandTrendr uses characteristic points in a time series consisting of annual synthetic values to segment long-term trends in vegetation into segments and simulate the process of vegetation change based on a segmented linear model. In this method, several complex control parameters are necessary and need to be constantly changed depending on both signal-to-noise ratios and spectral characteristics of the different sensors (Kennedy et al., 2012). In addition, the CCDC algorithm, based on all available Landsat images, first initializes the model according to 15 cloud-free observations in each pixel’s time series and then detects changes by comparing the discrepancies between the model predictions and observations (Zhu and Woodcock, 2014). The algorithm can detect a wide range of land cover changes, both gradual (e.g., changes due to vegetation growth and succession, pests, abnormal weather, etc.) and abrupt changes, which also can be applied to improve land cover classification accuracy. Besides, as the CCDC algorithm makes use of all available Landsat images, its change detection results are more comprehensive than that of using only annual composite images and are particularly effective in gradual change detection (Vogelmann et al., 2016). The cost of data storage has fallen dramatically in recent years and we have witnessed a rapid increase in computing power, which has laid the foundation for time series analysis using Landsat data (Zhu, 2017), especially with the advent of the Google Earth Engine (GEE) cloud platform, which provides an efficient solution for the spatial and temporal dynamics analysis of plantations using medium resolution long time series Landsat imagery in large scale.

The objectives of our study are to: (1) explore the possibility of using the CCDC algorithm to discriminate plantations from natural forests through plantations’ temporal features of rapid growth and harvest rotation in a large area of cloudy and rainy conditions, (2) describe the spatiotemporal dynamic changes of plantations from different perspectives, including area changes, expansion years, and expansion times. Based on the above background, we adopted the CCDC algorithm and used all available Landsat images from 2000–2020 to map annual plantation forest distribution in Guangxi Zhuang Autonomous Region and analyze their spatial and temporal dynamic changes. The values and contributions of this study are: (1) using the fitting parameters of CCDC as classification features to extract information on the rapid growth of plantation forests and distinguish them from natural forests, which provides a fast and effective method for long time and large area plantation forest identification and spatio-temporal distribution information extraction and (2) revealing the spatio-temporal distribution information and change characteristics of plantation forests in Guangxi within 20 years, which can provide data support and decision reference for plantation forest resource investigation, management and rotation time adjustment.



2. Materials and methods


2.1. Study area

Guangxi Zhuang Autonomous Region (104°28′-112°04′ E, 20°54′-26°23’ N, Figure 1) is a provincial-level administrative region in China, located in South China, with a land area of 2.38 × 105 km2. The terrain is high in the northwest and low in the southeast, surrounded by mountains and plateaus, known as “Guangxi Basin.” It belongs to subtropical monsoon climate and tropical monsoon climate, with warm climate, abundant precipitation and sufficient light. Guangxi has superior hydrothermal conditions and long tree growth season, which is suitable for the growth of various trees. Guangxi are rich in forestry land resources, and the natural conditions for the development of plantations are superior.

[image: Figure 1]

FIGURE 1
 Location of the study area.


In the mid-1980s, Guangxi’s forest coverage rate was only 22%. Over the past 30 years, Guangxi has been reforesting an average area of about 2,666 km2 annually. Since 2012, Guangxi has continuously planted 2,000 km2 of trees every year. The forest stock volume increased from 6.40 × 108 m3 in 2012 to 9.78 × 108 m3 in 2021, with an average annual growth rate of 12.5%. The annual output of timber increased from 2.1 × 107 m3 in 2012 to 3.9 × 107 m3 in 2021, with an average annual growth of 7.1%, which made Guangxi the largest timber producing area in China. The total output value of forestry industry increased from 219.4 billion yuan in 2012 to 848.7 billion yuan in 2021, with an average annual growth rate of 16.2%. In 2018, the forest area of Guangxi is 1.48 × 105 km2, with the forest coverage rate reaching 62.55%, nearly twice the national average forest coverage rate. Over 30 years, the forest area has increased by 96,000 km2 (mostly plantations), with the increase equal to nearly twice the original stock. Eucalyptus (evergreen forests) is the main type of plantations in Guangxi. Eucalyptus timber production accounts for about 70% of China. Given the abundant precipitation, the rapid increase in the evergreen plantations and the existence of a large timber industry (plantation forest logging rotation), Guangxi is very suitable to test method using plantations’ temporal features of rapid growth and harvest rotation to distinguish plantations and natural forests in rainy areas.



2.2. Data source and preprocessing

Table 1 shows the data used in this study. The imagery data used in this study were acquired from Landsat series of satellites including Landsat 5, 7, and 8 images with a total number of 15,522 from 2000-01-01 to 2020-12-31. All of the images are surface reflectance products, which contain four visible and near-infrared bands, and two short-wave infrared bands, and were processed to orthorectified surface reflectance.



TABLE 1 Data used in this study.
[image: Table1]

The two sets of samples used in this study were derived from GlobeLand30 and Global Forest Cover, consisting of a land cover sample set and a plantations/natural forests sample set. The land cover sample points were sampled from the GlobeLand30 of 2000 and 2010 using the stratified random sampling method. GlobeLand30, a 30 m spatial resolution global land cover dataset (Chen, J et al., 2021), includes a total of 10 primary types, namely: cultivated land, forest, grassland, shrubland, wetland, water bodies, tundra, artificial surfaces, bareland, and permanent snow and ice. The dominant land cover in Guangxi is forest, followed by cultivated land. Grassland and shrubland account for a small amount in Guangxi, and water bodies and artificial surfaces are even less. Wetlands, tundra, bareland, and permanent snow and ice are almost non-existent in Guangxi. Moreover, the main object of this study are plantations which are one type of forests, therefore in the land cover classification section, the samples from GlobeLand30 were simply divided into five categories: farmland, forest, grassland, water, and artificial surface.

Samples of plantations and natural forests were obtained using the Global Forest Change product (Hansen Global Forest Change v1.9 2000–2021, GFC) developed by M.C. Hansen’s team at the University of Maryland (Hansen et al., 2013). The method for generating pre-selected sample points using the GFC is shown in the top right of Figure 2. First, the “treecover” band of the GFC product was used to produce a mask of the forest coverage. Second, the forest coverage area was divided into two complementary class layers by intersecting the “loss” band and the “gain” band. The two class layers are “Both Loss&Gain” (logging rotation will result in both “loss” and “gain” in plantation areas) and “Not Both.” Third, a stratified random sampling method was applied to generate two types of pre-selected sample points. Finally, the sample points were filtered and validated based on high-resolution satellite imagery from the Google Earth Pro platform. Combined with priori knowledge from ground surveys, plantation sample points were identified on the basis of three characteristics: (1) signs of logging rotation (“plantation – bare soil – plantation” time serial characteristics), (2) regular plantation characteristics, and (3) signs of artificial work.

[image: Figure 2]

FIGURE 2
 Workflow of plantation extraction.




2.3. Methods

The research framework (Figure 2) was divided into four steps: (1) spectral indices calculation: de-clouding and index calculation of Landsat surface reflectance data, (2) CCDC breakpoint detection and segment fitting: temporal segmentation and segment fitting at the pixel level using the CCDC algorithm, (3) classification of segments: classifying land cover types to generate annual forest extent, and then masking with forest extent to annually classify plantations and natural forests, and (4) validation of the accuracy of the plantations’ extraction results.


2.3.1. Spectral indices calculation

The Landsat images were pre-processed on the GEE platform, which is the world’s most advanced cloud computing platform dedicated to processing geospatial observations such as satellite imagery. Firstly, clouds, cloud shadows, water vapor and snow in the Landsat images were removed by using pixel_qa, radsat_qa, and sr_aerosol quality bands. Normalized Difference Vegetation Index (NDVI), Normalized Burn Ratio (NBR), and Normalized Difference Fraction Index (NDFI) were then calculated and integrated into the Landsat surface reflectance datasets.

NDVI (Eq. 1) is the most commonly used vegetation index, reflecting the background effects of the plant canopy, such as soil, wet ground, snow, dead leaves and roughness. The value of NDVI raises with the increasing of vegetation coverage. NDVI was widely employed to characterize vegetation phenology for mapping plantation (Wu et al., 2022). NBR enhances larger areas of fire, and is calculated similarly to NDVI (Eq. 2). Duan et al. (2022) proved that NBR outperformed NDVI, EVI, NDMI in short-rotation plantation identification. NDFI can be used to express the degree of degradation of forest vegetation and the health of the forest. The four components of NDFI were calculated through Spectral Mixing Analysis (SMA model). The SMA model assumes that the image spectra are formed by a linear combination of four pure spectra (i.e., endmembers) (Souza et al., 2005). The Landsat surface reflectance of each pixel can be decomposed into fractions of GV, NPV, Soil and Shade through SMA model, and then NDFI can be calculated by these four endmembers (see in Eqs 3, 4). NDFI enhances the degradation signal caused by selective logging and is sensitive to forest disturbance detection using CCDC (Zhang et al., 2022). As we were trying to discriminate plantations from natural forests through plantations’ temporal features of rapid growth and harvest rotation, NDFI was selected as one of the features in this study.
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where [image: image] is the surface reflectance of the near-infrared red band, [image: image] is the surface reflectance of the red band, [image: image] is the surface reflectance of short wave infrared red band, [image: image] is the green vegetation endmember, [image: image] is the shadow endmember, [image: image] is an intermediate variable for the calculation of [image: image] in equation 4, [image: image] is the non-photosynthetic vegetation endmember and [image: image] is the soil endmember (Erith et al., 2020).



2.3.2. Breakpoint detection and segment fitting

CCDC algorithm was adopted as the main algorithm for plantation extraction. The CCDC algorithm, a change detection algorithm proposed by Zhu and Woodcock (2014) in 2014, uses a harmonic model with variable coefficients to fit and predict each band or spectral index of Landsat time series at a pixel level for a given date (Figure 3). The harmonic model has three modes (four, six, and eight parameters, see Eq. 5). When the model fitting prediction differs significantly (greater than three times the RMSE) from the actual observation, anomalous slopes occur, or the first or last observation differs by three standard deviations from the model prediction during model initialization, the point is identified as a breakpoint (Zhang et al., 2022). The CCDC algorithm divides the time series of the image into a finite number of segments based on breakpoints. Each segment contains three types of coefficients: the harmonic model fitting coefficients, the spectral phase coefficients, and the breakpoint indication coefficients (Table 2). Different land cover types correspond to different CCDC coefficients, based on which plantations were extracted. The CCDC algorithm has been integrated into the API on the GEE platform and the corresponding parameters can be set to obtain the information for each segment. Table 3 explains the input parameters and the specific values for the CCDC algorithm applied in this study.
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where [image: image] is the Julian date, [image: image] is the ith Landsat band or vegetation index, [image: image] is the number of days per year (i.e., 365), [image: image] is the coefficient for overall value for the ith Landsat band or vegetation index, [image: image] is the coefficient for inter-annual change for the ith Landsat band or vegetation index, [image: image], [image: image], [image: image], [image: image], [image: image] and [image: image] are coefficients for intra-annual change for the ith Landsat band or vegetation index and [image: image] is the predicted value for the ith Landsat band or vegetation index at Julian date x. The equation 5 has three modes (four, six, and eight parameters). In the four-parameter mode, [image: image], [image: image], [image: image] and [image: image] are set to zero. In the six-parameter mode, [image: image] and [image: image] are set to zero. In the eight-parameter mode, all of the eight parameters are used. We chose the eight-parameter mode in this study.

[image: Figure 3]

FIGURE 3
 Diagram of CCDC temporal segmentation.




TABLE 2 Segment coefficients of CCDC.
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TABLE 3 Input parameters of CCDC.
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2.3.3. Classification and validation

The random forest classifier was adopted for land cover classification and then plantation extraction. The features in Table 4 were used as features for the classification. As CCDC algorithm generated a fitted model for every band or index, there were 154 features used for classification (the number of band/spectral indices multiplies the number of CCDC coefficients and adds the number of auxiliary bands).



TABLE 4 Classification features.
[image: Table4]

Land cover classification was first performed to generate annual forest extends, with sample points from five categories (farmland, forest, grassland, water and artificial surface) in 2000 as the training set and those in 2010 as the validation set. The forest extent mask was then used to extract forest coverage. Plantations and natural forests were classified in the forest extent. The plantations/natural forests samples were divided by the proportion of 7:3 into training and validation sets. As the timestamps for all the plantation and natural forest samples were 2016, the result accuracy of the plantation extraction in 2016 were validated by confusion matrix.





3. Results


3.1. Validation of land cover classification and plantation extraction

To test the applicability of CCDC for plantation forest extraction, we evaluated the accuracy of the classification results. Table 5 is the confusion matrix of land cover classification results in Guangxi in 2010. As shown in Table 5, the overall accuracy is 87.83%, among which the user accuracy of the forest type is 90.54%, and the producer accuracy of the forest type is 94.77%. The accurate forest extraction can provide an effective forest range mask for plantation extraction. Table 6 shows the accuracy evaluation of plantation extraction results in 2016. The overall accuracy of the plantation extraction results is 88.77%, with the user accuracy of 92.21% and the producer accuracy of 83.85%, both of which are relatively high. The validation results indicate that the plantation extraction method adopted in this study has high accuracy and can provide strong support for the subsequent analysis of the spatiotemporal distribution of plantation forests.



TABLE 5 The confusion matrix of land cover classification in 2010.
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TABLE 6 The confusion matrix of plantation extraction in 2016.
[image: Table6]



3.2. Distribution pattern of plantations

In order to investigate the changes in the distribution pattern and area of plantation forests, we annually mapped land cover from 2000 to 2020 and then calculated the area of each type, five maps of which were shown in this paper. In addition, the changes from 2000 to 2020 were also mapped. Figures 4A–E are land cover classification maps of Guangxi in 2000, 2005, 2010, 2015, and 2020, and Figure 4F shows the land cover conversion from 2000 to 2020. Figure 4 shows that the dominant land cover types in Guangxi are natural forest, farmland and plantations. Figure 5A is the annual area ratio graph of 6 land cover types. Figures 5B,C show the area changes of all the land cover types. As shown in Figure 5, from 2000 to 2020, the area of natural forests was the largest, followed by the area of farmland, both of which decreased year by year. On the contrary, the area of plantations was increasing in the general trend, except for the last year which decreased. The area changes of grassland and water land cover types are not obvious, while the area of artificial surface has increased a little.

[image: Figure 4]

FIGURE 4
 The land cover classification maps and the land cover change map in Guangxi from 2000 to 2020. (A) The land cover classification map in 2000. (B) The land cover classification map in 2005. (C) The land cover classification map in 2010. (D) The land cover classification map in 2015. (E) The land cover classification map in 2020. (F) The land cover change map from 2000 to 2020.


[image: Figure 5]

FIGURE 5
 The area change graphs of 6 land cover types in Guangxi from 2000 to 2020. (A) The area ratio of 6 land cover types from 2000 to 2020. (B) The area change graph of grassland, water and artificial surface. (C) The area change graph of farmland, natural forest and plantation.


As shown in Figures 4A–E, the forest (natural and plantation forests) coverage rate of Guangxi is high and increasing year by year, with the forest distributed around the border of Guangxi and gradually extending to the central part of Guangxi. The farmland is radially distributed from the central part of Guangxi to the surrounding area. Over the past 20 years, the area of farmland has gradually reduced from 8.29 × 106 ha in 2000 to 6.90 × 106 ha in 2020 (shown in Figure 5C). Accordingly, Figure 4F shows that a large number of farmland and natural forests were transformed into plantations, which is closely related to the “Grain-for-Green” program and logging rotation in Guangxi.

In 2000, plantation forests were mainly distributed in central, southern and eastern parts of Guangxi, a small number of which were in the north, with a total area of 2.37 × 106 ha. In 2005, the density of plantation forests in the central and southern Guangxi increased a bit on the original basis, with the area increasing to 2.87 × 106 ha. In 2010 and 2015, plantations distributed in the central, southern, and eastern parts significantly increased and extended to the north, with the area of 3.86 × 106 ha and 4.70 × 106 ha, respectively. By 2020, the area of plantations has reached 5.11 × 106 ha, which is 2.16 times that of 20 years ago.



3.3. Analysis of spatiotemporal changes in plantations

To describe plantations in a finer perspective, we mapped the year and frequency of plantation expansion. Figure 6 shows the annual distribution map of the initial expansion years of plantations from 2000 to 2020. The values in the map indicate the year when the land cover of the pixel was first converted into plantations. Among them, the value of 2000 represents the surviving plantations in Guangxi as of 2000. Over the past 20 years, plantations in Guangxi have clearly shown a tendency to expand from the southeast to the northwest. As of 2000, plantations were mainly distributed in the central and southeastern parts of Guangxi, which were in a larger density and distributed in patches. By contrast, the degree of fragmentation of plantations in the north and northwest was higher, because the northwest and northern regions are characterized by karst terrain, rocky desertification, and fragile ecological environment, which is not conducive to the growth of plantations. After 2000, the plantations in the central, southern, and eastern regions continued to increase on the basis of the original plantations, while the plantation forests in the northern and western regions grew in a scattered and slow manner.
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FIGURE 6
 Plantation expansion map in Guangxi from 2000 to 2020.


Figure 7 shows the chart map of the expansion area of Guangxi’s plantations from 2000 to 2020, representing the total area of plantations which first expanded in that year. In the past 20 years, the year with the least expansion area of plantations was 2002, with about 4.99 × 104 ha, and the year with the most expansion area was 2009, with about 2.58 × 105 ha. The area of the first expansion into plantation forests shows a fluctuating state, but all are positive, indicating that in addition to the original plantation forests, new plantation forest land in Guangxi expanded every year.
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FIGURE 7
 Area of plantation expansion in Guangxi from 2000 to 2020.


Figure 8 shows the number of times the land cover type changed to plantation forests from 2000 to 2020. If this value is greater than 1, it corresponds to the number of logging-and-replantation events in the past 20 years. For instance, value 2 indicates that the pixel was once harvested as plantations and replanted subsequently, and value 3 indicates such events happened twice. Logging-and-replantation most frequently occurred in central, southern and eastern Guangxi, which is consistent with the areas where plantation forests are distributed in patches shown in Figure 4, indicating that logging rotation events more intensively occur in areas with dense plantation forests. Figure 9 shows the percentage of plantation expansion times. The expansion frequency value of 1 indicates that an area of 3.93 × 106 hm2 of land has been converted to plantations once in 20 years, accounting for 70% of all plantation areas. The value 2 indicates that an area of 1.25 × 106 hm2 of land has been converted to plantations 2 times, showing one logging-and-replantation event. As shown in Figure 9, 30% of the land that has been converted to plantation forests was transformed into plantations at least 2 times, which means that 30% (1.71 × 106 hm2) of plantation forests have been harvested and replanted at least once over 20 years.

[image: Figure 8]

FIGURE 8
 Plantation expansion frequency map in Guangxi from 2000 to 2020.


[image: Figure 9]

FIGURE 9
 Percentage of plantation expansion frequency in Guangxi from 2000 to 2020.





4. Discussion

In this paper, based on the CCDC algorithm, we used all available Landsat data from 2000 to 2020 to distinguish between plantations and natural forests in Guangxi and describe the expansion years and replanting times of plantations. Applying the CCDC algorithm to plantation forest extraction has the following advantages: (1) The characteristics to discriminate plantation forests from natural forests are derived from the parameters of the CCDC fitting curve, which are different from the spectral, textural or phenological features used in most previous studies. Plantations and natural forests both belong to the forest land cover type, therefore, little difference in spectral or texture features can be detected when using medium-resolution optical satellite data, resulting in hard work to difference the two types. Hence, in previous studies of small areas, high spatial resolution images or optical images fused with LiDAR were frequently used (Fagan et al., 2018; Wu et al., 2022). In large-area studies using only medium-resolution satellites, phenological features are commonly used to extract plantation forests with significant deciduous periods such as rubber forests (Li et al., 2015; Xiao et al., 2019; Yang et al., 2021; Xiong et al., 2022). In contrast, the plantation forests in Guangxi are mainly evergreen forests such as fir, horsetail pine, and eucalyptus, thus they do not have obvious phenological characteristics enough to distinguish them from natural forests. Fortunately, plantation forests are characterized by rapid inter-annual variation in growth due to artificial planting, which is very different from the more slow-growing natural forests. The CCDC algorithm can precisely describe the change trend of pixels (Zhu and Woodcock, 2014), which can be used to more accurately identify plantations, (2) The CCDC algorithm uses all available images with less cloud at the pixel scale, which can greatly improve the utilization of partially cloudy images and reduce the influence of clouds and rain on the classification, thus resulting in more conducive recognition of plantation forests in large areas. Cases are often mentioned in previous studies sorely using optical satellites that cloud and rain contaminated pixels lead to less available data and limitations in classification accuracy and study regions (Wu et al., 2022), and (3) The entire experiment ran on the GEE platform, including preprocessing, segmentation, classification and spatiotemporal distribution description. GEE platform is the world’s most advanced cloud computing platform dedicated to processing geospatial observations such as satellite imagery. The GEE cloud database integrates nearly 40 years of historical archived data from the Landsat series of satellites, providing individual users with strong computing power and cloud storage, as well as a fast and easy JavaScript language API interface for data processing, algorithm implementation, and result analysis (Dong et al., 2016; Gorelick et al., 2017). The area of Guangxi is 2.38 × 105 km2, and a total of 15,522 Landsat images were used. In this study, GEE platform’s massive cloud storage and fast calculation speed provided much support to process such a large volume of data.

To further improve the classification accuracy and provide a finer description of the dynamic change of plantations, improvements can be made in the following directions: (1) In this study, plantation and natural forest samples from 2016 were used for classification training and accuracy validation of plantation extraction, while the study period in this paper is up to 20 years, and using samples from one single year may affect the classification accuracy due to inadequate samples. Therefore, samples of plantation forests and natural forests in different years should be added to improve the completeness of the samples in future research work and (2) We discussed the inter-annual variation of plantation forests in this paper. Actually, the fitted model of CCDC algorithm can describe the intra-annual variation, and thus the time of plantation expansion can be further accurate to months. Therefore, the changes of plantation forests on a regular basis of every 6 months or every month can be explored.



5. Conclusion

In this study, the CCDC algorithm was used to extract plantations in Guangxi and explore their spatial and temporal dynamic changes from 2000 to 2020. The following conclusions are obtained:

1. The overall accuracy of the plantation extraction is 88.77%, with the user accuracy of 92.21% and the producer accuracy of 83.85%, which proves that CCDC fitting coefficients are effective to discriminate plantations from natural forests.

2. Plantations in Guangxi increased significantly in the past 20 years. The area of plantations in Guangxi has increased from 2.37 × 106 ha in 2000 to 5.11 × 106 ha in 2020, 2.16 times that of 20 years ago.

3. Guangxi is expanding new plantation land every year. The year with the most expansion of plantations was 2009, about 2.58 × 105 ha. Plantation harvest rotation events occurred more frequently in densely distributed areas. Over 20 years, 30% of plantations have experienced at least one logging-and-replanting rotation event.
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Tourism ecological security (TES) is an important index reflecting the sustainable development of the regional economy. The construction of the China and ASEAN Free Trade Area has increased the total tourist consumption of Guangxi province by 36.48%. Unfortunately, overconsumption of resources, air pollution, disturbance of indigenous life, and other environmental degradation problems emerged due to the significant increase in tourists. Measuring the resilience of the tourism ecosystem is an urgent need to promote the high-quality development of tourism in Guangxi. To explore the dynamic changes in TES and its driving mechanism, the DPSIR (driver–pressure–state–impact–response) model for the tourism ecosystem was developed. The dynamic changes in TES and its driving mechanism from 2010 to 2019 were analyzed using fuzzy matter-element analysis, Markov chains, Geodetector, and other methods. The results show that: (1) the TES value increased steadily by 72.73%; the improvement speed was Northeast > Southwest > Southeast > Northwest; (2) TES was negatively correlated with location, 14 cities developed independently; (3) the TES has a smaller probability to shift the lower level; (4) urbanization, water consumption, green area, tourism revenue, and the number of students in colleges had significant effects on TES. Four policies were proposed to improve TES: (1) developing forest tourism; (2) implementing greening projects in abandoned mining areas; (3) increasing tourism technical personnel; and (4) reducing clearance time for inbound tourists.

KEYWORDS
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1. Introduction

Tourism ecological security (TES) is the key to ensuring the sustainable development of tourism (Tepelus and Córdoba, 2005; Liu et al., 2009). One requirement for the sound management of tourism as an intermediary between tourists and destination ecosystems is the need to ensure the sustainability of the resources on which they depend (Sati, 2018; Chiaka et al., 2022; Liang et al., 2023). In 1995, the Charter for Sustainable Tourism was adopted at the First World Conference on Sustainable Tourism (Gateway, 2008), which emphasized that the development of tourism must be based on the carrying capacity of the ecological environment. Tourism has always been considered an “environmentally friendly” industry (McCool and Lime, 2001; Li and Zhang, 2022), and tourism nature resource consumption dictates a dichotomy between tourism and the ecological environment (Hsiao et al., 2021). Tourism activities are a major proximate driver of habitat loss and fragmentation, waste discharge, resource overconsumption, and other environmental degradation, often with irreversible impacts on ecosystems (Laurance et al., 2014).

The purpose of studying TES is its importance in reconciling ecological conservation and tourism economic development (Paiano et al., 2020). In 2019, Guangxi’s tourism income was 102.44 billion CNY, accounting for 17.89% of the country’s total tourism spending. However, the percentage of days with air quality standards fell from 98.80% (2010) to 88.50% (2015), and sewage discharge reached its highest level in nearly two decades. Therefore, enhancing the tourism economy to reduce environmental pollution is an urgent problem in Guangxi. As the only province on China’s southwest border connected to the Association of Southeast Asian Nations (ASEAN) by land and sea, Guangxi is a key gateway in China’s “Belt & Road” initiative. It ranked first in China for the proportion of water quality, ecological quality of vegetation, and mangrove area. The forest coverage rate was 62.30%, while the proportion of good air quality days was 93.50%, all of which were in the higher rankings in China (Government, G, 2020). The advantages of ecological resources made it the most rapidly developing province for ecotourism in southwestern China. In 2022, the Chinese government emphasized that “Guangxi should make every effort to promote the construction of a strong cultural tourism province and a world tourism destination.” Guangxi, therefore, can serve as an example for improving the TES of the southwestern border provinces of China.

Ecological security belongs to the category of security. It was introduced by the International Institute for Applied Systems Analysis Institution in 1989 (Shi et al., 2006). Since the 1990s, research focuses on the impact of tourism on ecological security (Morrison and Selman, 1991; Ruan et al., 2019). TES is an important part of sustainable tourism development, a derivative concept introduced into tourism research by ecological security (Liu and Yin, 2022). The research initially focused on phenomenological description and relational analysis and introduced methods such as geospatial studies. Then, the research involved the evaluation and quantification of TES using several methods (Table 1). In the construction of evaluation indicators, most researchers consider refining specific indicators from the economic, social, and natural environment (Zheng et al., 2022), in particular, focussing on impact factors (Sun and Pratt, 2014; Pena-Alonso et al., 2018), spatial patterns (Ma et al., 2022), trend predictions (Xu et al., 2017), driving mechanisms (Liang et al., 2020; Biswas and Rai, 2022; Sampath et al., 2022), and integrated early warning construction (Bahraminejad et al., 2018; Jiao et al., 2021; Zou et al., 2022). Notably, as TES-related research is still in its infancy, there are some shortcomings in the above study. First, ignoring the comprehensive indicators and dynamic development (Tang et al., 2018), the results were unilateral. Second, exploring influences can identify barriers to TES, but there were fewer of such studies (Peng et al., 2018; Tang et al., 2018). Third, the systematic construction of driving mechanisms remains an unresolved issue.



TABLE 1 Partial listing of research methods and models for tourism ecological security.
[image: Table1]

The necessity of this study to explore the innovation and key driving mechanism of the TES evaluation method was that the limitation of a single indicator was broken through and the problem of incompatibility among indicators was solved. Therefore, we used the DPSIR model that can objectively reflect the interaction and impact between tourism activities and the ecological environment (Kagalou et al., 2012; Asmelash and Kumar, 2019; He et al., 2022; Quevedo et al., 2023). It fully reflects the affinity between tourists, tourist destinations, and the environment, evaluating the multilevel characteristics of evaluation factors and paying attention to the characteristics of the dynamic development of the system. In addition, the fuzzy matter-element model used the fuzzy mathematical theory of affiliation to convert uncertainty into certainty, which can also be used in the TES (Xu et al., 2021). The model was used by our study to avoid the effects of uncertainty in the TES evaluation criteria and is important to estimate the inputs and outputs of tourism activities to the ecosystem. Finally, this study used the Geodetector to identify the core influencing factors of TES and constructed the driving mechanism of TES based on the DPSIR model in an all-round and multilevel manner, which is a key contribution.

The research objectives of this study were as follows: (1) developed the DPSIR model adapted to Guangxi province, combined with economic, social, ecological factors, and constructed an evaluation system for TES; (2) quantified the spatial and temporal evolution patterns, spatial correlation, and transfer laws of TES; and (3) analyzed the main influencing factors related to policy implementation and construct a driving mechanism for TES.



2. Materials and methods


2.1. Study area

Guangxi province is the intersection of the South China Economic Circle, the Southwest China Economic Circle, and the ASEAN Economic Circle. It is located on China’s southwestern border and serves as an important bridge between China and Southeast Asia (Figure 1). There are 14 cities in Guangxi, which are Nanning, Liuzhou, Guilin, Wuzhou, Beihai, Fangchenggang, Qinzhou, Guigang, Yulin, Baise, Hezhou, Hechi, Laibin, and Chongzuo. The administrative area covers 237,600 km2. In 2019, there were 49,820 thousand people in Guangxi, a gross domestic product (GDP) of 2,124 billion CNY, and 557 scenic spots of grade A and above. Guangxi has 29 longevity villages, the most in China, because of its rich natural resources and unique environmental advantages. Ecological tourism is the focus of tourism development in Guangxi.

[image: Figure 1]

FIGURE 1
 Location and DEM of the study area.




2.2. Index selection

The DPSIR model was improved and developed from the PSR model proposed by the European environment agency and includes the driver (D), pressure (P), state (S), impact (I), response (R) sub-systems (Svarstad et al., 2008; Ness et al., 2010; Benitez-Capistros et al., 2014). The model was comprehensive and logical (Ehara et al., 2018), which could effectively measure the operation of the tourism ecosystem in Guangxi. The ecological models and ecosystem theory stressed that the internal elements of tourism ecosystems were functioning in a state of interaction and cyclicality. The response sub-system should be based on the principle of sustainable development, emphasizing the maximum use of resources and minimum damage to the ecosystem, which in turn has a cyclic feedback effect on the driver, pressure, state, and impact sub-system (Qiu et al., 2022). By upgrading or controlling the key factors, each sub-system ensures the stable operation of local TES as a whole (Xu et al., 2022).

Because Guangxi was located on the southwest border of China, 26 factors that could reflect its ecological environment and tourism development were selected from three dimensions of social, economic, and tourism development to construct the TES comprehensive evaluation system, while generic factors, such as disposable income per capita and national A-grade scenic spots, could be ignored in the selection of indicators (Table 2) (Liu N. et al., 2023).



TABLE 2 Guangxi tourism ecological security DPSIR model.
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2.3. Methods

The DPSIR model was used as the core of this study, and five research methods were adopted to measure the Guangxi TES evaluation system, among which Criteria Importance Through Intercrieria Correlation (CRITIC) was used to reduce the limitations brought by statistical data and calculate the comprehensive weight of each index of TES evaluation system (Diakoulaki et al., 1995; Zhong et al., 2023); the fuzzy matter-element model was utilized to solve the problem of incompatibility among individual indicators (Cai, 1999; Gong et al., 2012; Zhang et al., 2017), and its results characterize the composite index of TES to the degree of the Euclid approach (Han et al., 2019); Moran’s I was employed to explain its internal spatial correlation (Zhang et al., 2023); Markov chains measured its horizontal transfer probability and revealed the dynamic transfer characteristics (Mu et al., 2022). The Geodetector was mainly adopted to detect the differences in geographical elements and the influencing factors of spatial distribution and to measure the degree of influence of each index within the system on the TES of Guangxi through q-values (Wang and Xu, 2017; Liu K. et al., 2023).


2.3.1. Ecological security measurements

The TES was measured in five steps. First, the comprehensive weight of TES in Guangxi was calculated using the CRITIC method (Figure 2). Second, according to the matter element formula [image: image], construct the compound fuzzy object element [image: image]. Third, the values of each index were normalized depending on the principle of subordinate affiliation, from which the optimal fuzzy membership matrix [image: image] can be constructed. Fourth, maximum and minimum values for each evaluation index affiliation in the optimal fuzzy membership matrix [image: image] form the standard substance element matrix [image: image]. Fifth, the standard deviation squared fuzzy matter-element matrix [image: image]was to calculate the variance components of each of the optimal fuzzy membership matrix and standard matter element. Then, the Euclid approach degree of TES was calculated based on the results of [image: image] matrix by the formula. The above were calculated by the equations in Figure 2.

[image: Figure 2]

FIGURE 2
 Equations for CRITIC and fuzzy matter-element model.




2.3.2. Spatial–temporal pattern measurement

The global spatial autocorrelation was used to measure the spatial agglomeration characteristics of TES in Guangxi, and Moran’s I was employed to show the results (Michael, 2002). Refer to Eqs 1 and 2:

[image: image]

[image: image]

The n in the equations denotes the total number of grids, [image: image] is the spatial weight matrix, Xi and Xj are the attribute values on the i and j study units, respectively; [image: image] is the average value, and Moran’s I value ranges from [−1,1], where positive values indicate a positive correlation, negative values indicate a negative correlation, and 0 indicates random distribution.

Using Markov chains, TES data were discretized into k types, and then, the probability distribution and transfer of each type were calculated. The probability distribution of TES types in year t is expressed as a [image: image] state probability vector [image: image], denoted as [image: image], and the transfer between TES classes in different years can be represented by an [image: image] of the matrix [image: image] to represent. The composite matrix was as shown in Eq. 3:

[image: image]

where [image: image] is the probability that the city of type [image: image] in the year [image: image] moves to type [image: image] in the year [image: image].



2.3.3. Driving factor analysis

The Geodetector is mainly used to detect differences in geographic elements and factors influencing their spatial distribution. The degree of influence of the independent variable on the dependent variable can be calculated by using the divergence and factor detection modules. Using the q-value metric (Wang and Hu, 2012), the larger the q-value, the more influential the factor is on the DPSIR model, the expression is as shown in Eq. 4:

[image: image]

where [image: image] denotes the sample size of the whole region, [image: image] denotes the sample size of the stratum [image: image], [image: image] denotes the variance of TES of the whole region, and [image: image] denotes the variance of TES of the stratum [image: image].




2.4. Data sources and processes

In 2010, the China and ASEAN Free Trade Area was launched in Guangxi, and tourism began to develop rapidly. However, the advent of COVID-19 in 2020 had a great impact on tourism, which came to a halt. Given that TES should reflect the characteristics of its system operation, 2010–2019 was chosen as the study period. Air quality data were collected from the China Air Quality Online Inspection and Analysis platform.1 The natural population growth, rate urbanization rate, green covered area as % of completed area, industrial wastewater discharge, industrial SO2 emissions, and the comprehensive utilization rate of industrial solid wastes were collected from the Chinese urban statistical yearbook (2010–2019).2 Land area, GDP per capita, total population, per capita daily water consumption, GDP, tertiary industry GDP, tourism earnings (earnings from international tourism and earnings from domestic tourism), area of parks and green area, central public budget expenditure, treatment rate of polluted water, rate of garbage no harmful disposal, and the number of students in ordinary higher schools were collected from the Guangxi statistical yearbook (2010–2019).3 The tourism income growth rate, tourist growth rate, and GDP growth rate were calculated based on the growth rate formula “growth rate = incremental volume/original total”. Population density and tourist density were calculated by the formula “population density = the number of people/land area”. The per capita tourism income was calculated by “per capita tourism income = tourism earnings/population”. Missing data in “industrial SO2 emissions” and “percentage of days with air quality at level 2 or higher” were supplemented by linear interpolation.

A global autocorrelation analysis was performed using the spatial autocorrelation (Moran’s I) module in ArcGIS10.9; the spatial module was used for visualization as well as for data discretization; MATLAB R2022a software was used for Markov chains analysis; the impact factor q-values were calculated with the help of factor detector block of the Geodetector.

TES was divided into seven levels, namely, deterioration, risk, sensitive, critical safety, general safety, comparative safety, and very safe (Table 3) (Xu et al., 2017). This was the same in Guangxi in this study.



TABLE 3 Tourism ecological security level standard.
[image: Table3]




3. Results and analysis


3.1. Spatiotemporal patterns


3.1.1. Spatial and temporal characterization

From 2010 to 2019, the TES in Guangxi steadily increased by 72.73% from 0.20–0.30 to 0.30–0.40 (Figure 3). Economic growth and the emphasis on environmental protection have led to an increase in the TES level. By 2019, the total tourism consumption in Guangxi (1024.14 billion CNY) increased by 34.40% compared to 2018 (761.99 billion CNY). The ratio of good days of urban air quality was 91.70%, the rate of harmless urban domestic waste disposal was over 99.00%, and the TES of all cities had reached the risk tier and above. Meanwhile, the TES index was an obvious difference among 14 cities (Figure 4). More economically developed Nanning and Guilin had a higher TES index, showing a decreasing trend outward from the two cities.
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FIGURE 3
 Box map for tourism ecological security in Guangxi.


[image: Figure 4]

FIGURE 4
 Spatial patterns of tourism ecological security in Guangxi from 2010 to 2019.


As an ethnic autonomous region in China, Guangxi was able to develop its economy rapidly with the support of the government’s superior ethnic policies, such as prioritizing construction projects, increasing financial support, and preferential taxation. Due to Nanning’s location in the capital of Guangxi, and the construction of the China and ASEAN Free Trade Area, the economic development rate is higher than that of other cities, and the per capita GDP was 44.32% higher than the average of Guangxi (42,778 CNY cap−1). The TES index of Nanning had been at the highest level in Guangxi, increasing from 0.34 to 0.49. Followed by Guilin, which increased from 0.30 to 0.48, a higher increase than Nanning. Guilin had a greater impact on TES in the surrounding areas than Nanning. With the “creating an international tourism mecca in Guilin” policy issued by the Chinese government (Government, C, 2009), Guilin’s total consumption of tourism has increased tenfold from 16.83 to 187.43 billion CNY. The rapid rise of tourism led to the development of related industries in the surrounding cities. Beihai and Fangchenggang, located in the coastal area, have rapidly improved their TES, while Beihai increased by 66.67% from 0.24, and Fangchenggang increased by 95.00% from 0.20. In 2017, the Chinese government released the “Beibu Gulf urban cluster development plan” under the “Belt & Road” initiative, Beihai and Fangchenggang, as the major cities in the China–ASEAN port city cooperation network, rapid economic development has been accompanied by a great improvement in TES. Industrial waste has been ranked as a highly environmentally unfriendly source of pollution that tends to limit the growth of some cities. The TES of environmentally unfriendly cities such as Baise was at the lowest level and increased slowly in Guangxi. Since the eleventh five-year plan of China, the comprehensive utilization rate of industrial solid waste in Baise (17.32–58.43%) has been the lowest in Guangxi, which was greatly lower than the other 13 cities (>90%). In addition, tourism resources also limit the improvement of TES in some cities, for example, Guigang had relatively few tourism resources and the total tourism consumption only accounted for 34.77% of GDP (2019), which was lower in Guangxi. The lack of tourism attractiveness leads to a tourist reception-to-population ratio of only 8.59% (2019), which was much lower than the average value of 22.09% in Guangxi.

Notably, TES in Guangxi was rising faster in the plains than in the mountains, along the coast than inland, and in capital cities than other areas. Therefore, the tourism development in each region was ranked as follows: Northeast (Guilin, Liuzhou, Laibin) > Southwest (Nanning, Chongzuo, Qinzhou, Beihai, Fangchenggang) > Southeast (Hezhou, Guigang, Yulin, Wuzhou) > Northwest (Baise, Hechi).

The results showed that the degree of TES in Guangxi all between grades I (deterioration) − IV (crucial safety). From 2010 to 2011, the TES level was dominated by deterioration, accounting for 85.71% of the total area. However, there was no longer a deterioration level area in 2018, the risk level area rose to 57.14%. Fortunately, Nanning and Guilin cities reaching the crucial safety level. In 2019, the coastal cities of Qinzhou, Guigang, Hezhou, Hechi, and Laibin were at the risk level; the seven inland cities of Liuzhou, Wuzhou, Beihai, Fangchenggang, Yulin, Baise, and Chongzuo were in the sensitive level; and the two economically good cities of Nanning and Guilin were in the crucial safety level. The overall level of TES has improved significantly since 2010 and has been raised to level II (risk).

To reflect the general change trend of TES in Guangxi, the natural fracture method was used to analyze the nuclear density of TES in 2010, 2013, 2016, and 2019 (Figure 5). It showed that the center of the overall distribution curve and the change interval moved to the right, which indicated that the TES improved steadily every year and without a declining stage. In 2010, the right-trailing characteristics of the curve were obvious, which showed that most of the cities gather in low-value TES and a small number of cities are close to high-value TES. From 2013 to 2019, the right tail of the core density curve of TES in Guangxi increased slightly, indicating that the higher level units of TES had an expanding trend. In 2019, the height of the main peak of the curve decreased and the wave peak widened, indicating that the TES was in a gradual smooth trend, and the gap between the values of TES in various cities narrowed.

[image: Figure 5]

FIGURE 5
 Kernel density estimation for tourism ecological security in Guangxi.




3.1.2. Global spatial autocorrelation

The values of Moran’s I for TES in Guangxi were negative (Table 4) and the normal statistics of values for all years were not significant (Li et al., 2018). The fluctuation of Moran’s I value with time evolution indicated that TES showed a random distribution of spatial characteristics from 2010 to 2019. Its distribution trend fluctuates and changes with time, and the spatial correlation effect was negative. There were significant differences in the economic, social, and environmental development of the cities in Guangxi province, which also affected the overall TES. For example, Nanning was the most economically developed city in Guangxi, and the TES value was always at the highest level in Guangxi, while its impact on the surrounding cities was not significant. Nanning increased by 20.59% from 0.34 to 0.41 between 2010 and 2014. The TES level of Qinzhou and Guigang, which were adjacent to Nanning, was always in the I level. The value of Qinzhou was increased from 0.19 to 0.23, while Guigang was increased from 0.20 to 0.22. As a result, it was the municipalities’ resource allocation and economic development that was the key factor in TES, rather than spatial location. This was due to improved transportation and changes in consumption habits in the tourism market. The TES level in Guangxi was less influenced by the surrounding areas, the internal circularity was stronger, and no spatial spillover effect occurred during the study time.



TABLE 4 Overall Moran’s I index of tourism ecological security in Guangxi from 2010 to 2019.
[image: Table4]



3.1.3. Markov transition probability matrix

The values on the diagonal in the Markov chains (Table 5) indicated the probability of no shift in the TES level, and the values on the non-diagonal indicate the probability of a shift in the security level.



TABLE 5 Markov transition probability matrix of tourism ecological security types in Guangxi from 2010 to 2019.
[image: Table5]

From the matrix of Guangxi TES transfer in the table, the values of I level (Deterioration) and IV level (Crucial Safety) on the diagonal line (0.686, 0.984) were larger than the non-diagonal line, which means that both levels I and IV have “path dependence” and “self-locking” effects. It means that if the TES level of a region was at level I and level IV, the probability of maintaining this level at a later stage was as high as 68.60 and 98.40%, respectively. This can also explain the fact that from 2010 to 2011, the areas in level I accounted for 85.71% of all Guangxi, while until 2014, the areas in level I still accounted for 35.71%, which was improved slowly.

The probability of positive transfer of diagonal values was greater than the probability of negative transfer, indicating that the overall level of TES in Guangxi was more likely to be raised, with the probability of upward transfer of level III being 57.10%, reflecting the urgency of upward upgrade of TES in level III cities. By 2019, a total of seven cities in Guangxi, including Liuzhou, Wuzhou, Beihai, Fangchenggang, Yulin, Hezhou, and Chongzuo, had reached the TES level of III, which means that more attention should be paid to the systematic and synergistic development of special planning, ecological environmental protection, and territorial spatial development planning in these regions.

Elements equal to 0 were far from diagonal. On this chart, the diagonal values showed the probability of staying at the same level. The value, which was adjacent to and on the next higher level of the diagonal value, was higher than values on other levels. For example, if a city was in level II, the probability of remaining at level II was 28.60%, transferring to level III was 35.70%, transferring across ranks to level IV was 21.40%, and transferring to level I in the opposite direction was 14.30%. It indicated that the TES level of Guangxi was usually shifted between adjacent levels. The probability of cross-grade transfer was low, and the probability of reverse transfer was extremely low.




3.2. Driving mechanism


3.2.1. Factor detection

To investigate its driving mechanism and influencing factors, this study examined the influence effects of 26 evaluation indicators in the DPSIR model of TES in Guangxi (Figure 6).

1. Driver consists of indicators D1 to D6, with the largest changes in D1 (tourism income growth rate) and D5 (natural population growth rate). The q-value of D1 reached the lowest point of 0.024 in 2014, then peaked at 0.741 in 2015, indicating that the impact of D1 on TES in Guangxi was the highest in 2015, and then gradually decreased. In 2015, Guangxi, a major province of the Chinese tourism economy, took the initiative to integrate itself into the Chinese “Belt & Road” initiative, and the tourism industry in various cities has since developed rapidly. The tourism economy promotes the willingness of these regions to invest more resources to keep the tourism ecosystem in good working order. The degree of impact of D5 fluctuates upward, from 0.076 in 2010 to 0.690 in 2016, and then begins to fall again, reflecting the support or coercion of population growth on the ecosystem maintenance of tourist sites. While the q-value of D3 (GDP growth rate) decreased from 0.532 in 2010 to 0.124 in 2019. These indicate that the economic dynamics have a diminishing impact on the TES of Guangxi, while the social drive was gradually increasing. D6 (urbanization rate) kept a high impact indicating that the rapid expansion of cities has brought great impact and influence on TES.

2. Pressure was made up of indicators P1 to P5. The q-value of P3 (industrial SO2 emissions) reached the highest level of 0.719 in 2014. Air quality caused great concern in China after the Copenhagen Summit. Data released by the Guangxi Environmental Protection Department revealed that the annual average concentration of respirable particulate matter (PM 10) in ambient air in Guangxi rose by 7.81% in 2014 (0.069 mg m−3) compared with 2013 (0.064 mg m−3) (Bureau, 2015). However, with the improvement of environmental protection, air quality has not become a constraint for tourists to travel. The q-values of P1 (per capita daily water consumption) and P5 (tourist density) were relatively large. Tourist density reflects the number of visitors to the city, once the tourist density exceeds the maximum carrying capacity of the destination environment, it will cause a local ecological imbalance. Tourists are an uncontrollable variable with subjective consciousness in the tourism ecosystem. For example, due to an individual’s conscious or unconscious demand, some tourists will deviate from the norm, which may cause environmental pollution and will cause a series of knock-on effects on the local tourism ecosystem. In addition, the per capita daily water consumption reflected the level of local water consumption, and its increase would put pressure on the local ecological environment.

3. State was composed of indicators S1 to S4. The q-value of S1 (proportion of tertiary industry in GDP) decreases from 0.734 (2010) to 0.443 (2019). The tertiary sector of the economy is less constrained by resources such as land and has a larger capacity for employment. In 2010, Guangxi’s TES began to improve in general, and the tertiary industry began to develop rapidly, with S1 having a greater influence on it. With the steady improvement of TES, the influence of each factor tends to be balanced, and the influence of S1 gradually weakens. The park green area has a significant contribution to the tourism ecosystem, and its increase in quantity helps to guarantee ecological balance. Urban green space can play the function of purifying air, regulating atmospheric temperature, absorbing dust and sterilizing, reducing noise, and other functions. Therefore, S3 (area of parks and green area) has a greater influence on the TES of Guangxi.

4. Impact was composed of indicators I1 to I5. The q-values of most impact factors showed a decrease. However, the q-value of I4 (earnings from international tourism) improved by 229.00% from 0.383 to 0.876. This meant that the cross-border tourism in Guangxi’s TES impact could not be ignored. Tourism economic development was still an important driving force affecting TES, which was reflected in I3 (earnings from domestic tourism) maintaining a high q-value. Guangxi is trying to build an international tourist destination, in which each city has distinctive tourist attractions and products, and tourism revenues have increased significantly in the context of industrial structure reform and innovative development.

5. Response consists of indicators R1 to R6. The degree of influence of all impact factors in this sub-system was lower, and the q-values were smaller compared to the others. Only R5 (the number of students in ordinary higher schools) accounts for a higher percentage, reflecting the significant role of talent investment in improving TES and promoting the green transformation of the tourism industry. The cultivation of talents will not only affect the application of ecological management and innovative technology but also indirectly improve the environmental awareness and social responsibility of tourists. In recent years, as Guangxi attaches great importance to the training of talents, the training of tourism professionals has gradually increased, and the influence on TES has gradually increased.
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FIGURE 6
 Guangxi tourism ecological security impact factor q-values detection.




3.2.2. Driving mechanism

Based on the DPSIR model and the detection of its influencing factors, the driving mechanism of TES in Guangxi was derived (Figure 7). The internal elements of the Guangxi tourism ecosystem were in a state of mutual influence and cyclic operation, and the enhancement or control of key elements was helpful to maintain the stable operation of the tourism ecosystem. Driven by the level of economic development and the growth of the tertiary industry in Guangxi cities, the driver sub-system (D) has changed the speed of regional tourism development. With the rapid development of tourism, a series of resource consumption, and pollutant emissions caused by tourism activities have also brought about population, resource consumption, and environmental pressure. Pressure sub-system (P) internal structure and state changes produce disturbance and impact on the state sub-system (S) of the Guangxi tourism ecosystem, like the total tourism income and park green area. The change of state sub-system (S) has many impacts (I) on Guangxi’s TES, which caused the increase or decrease of factors such as the tourism revenue growth rate. To continue the positive effect and preserve the sustainable development of tourism and the ecological environment, positive responses (R), such as increasing financial investment, improving the rate of pollutant treatment, and increasing the training of tourism talents, have been adopted by the Guangxi provincial government. The response sub-system, however, in turn, impedes or regulates pressure while improving or inhibiting the driver sub-system’s results. In addition, the implemented response policy might have the effect of maintaining or enhancing the factors in the state sub-system. Driver, pressure, state, impact, and response individual sub-system and through the internal integration of each element produced Guangxi TES overall system to produce a virtuous cycle.

[image: Figure 7]

FIGURE 7
 Driving mechanism of tourism ecological security system based on the DPSIR model.






4. Discussion


4.1. Model uncertainties

The study provided a DPSIR model to adapt to the TES of Guangxi. We explored the spatial and temporal distribution patterns and key drivers of its TES level and constructed a model of the driving mechanism of TES development. Our results can contribute to TES management and reduce key influencing factors for environmental damage in tourism activities while serving as a model for other areas. However, our model has uncertainties in the following aspects. First, we only choose the most representative 26 indicators according to the characteristics of Guangxi tourism development in the DPSIR model, while the number of hotels and scenic spots was ignored. Second, as some data from the statistical yearbook were missing, we supplemented the data using linear interpolation.

Reducing the uncertainties will use the comparative method. In terms of the output results and trends of TES, the output results were similar to other studies (Li et al., 2017a,b; Liu and Yin, 2022), which proves the reliability of our model. Furthermore, we found that TES in Guangxi showed an increasing trend, which was similar to the other tourism provinces in China, such as Yunnan and Guizhou (Qin and Cheng, 2019; Zhao et al., 2021). This is related to the development of tourism in Guangxi province following the ecological tourism resources of different places to create unique tourist attractions. The ecological region centered on Guilin focuses on the development of forest land ecotourism relying on scenic spots; the ecological region centered on Nanning focuses on the protection of tourism natural resources and the development of coastal ecotourism; and the ecological region centered on Baise focuses on the development of ecotourism to limit high water consumption and reduce pollution (Government, G, 2007). Of course, our results are within the range of the results of other studies (Li et al., 2017; Liu and Yin, 2022). In addition, the economic development, social effects, environmental governance and protection, and system response had significant positive effects on TES in Guangxi, this is similar to the other studies (Castellani and Sala, 2012; Li et al., 2014; Peng et al., 2018; Xu et al., 2021).



4.2. Policy implications

Government policies improved the level of TES and stimulated the transformation of the tourism industry, with four types of policies playing a role. First is the development of forest tourism resources, with Guangxi government implementing the “Forest Tourism Development Strategy” (Government, G, 2022). Forestry ecotourism resource richness has more attraction compared with others. Adding one forest ecotourism area will bring 1.61 million tourists and increase 1.67 billion CNY tourism revenue. The development of forest tourism also has three benefits, which are to disperse urban tourists, reduce the pressure on other urban scenic spots, and improve the TES. The second policy is the greening of abandoned mines. In 2019, Guilin has completed the ecological restoration of 42 abandoned mines, including 21 greening mines in the Lijiang area, which increased tourism revenue by 12 million CNY. Greening of abandoned mines has also increased the built-up areas, which has a positive impact on enhancing the regional TES. By 2022, Guangxi still had 237 km2 of abandoned mines (Daily, 2023), and the space for ecological restoration and enhancement is enormous. The third policy is training tourism technical personnel. Tourism ecosystem drivers were shifting from GDP growth to population growth rates. Impact and response factors further corroborate that talent development was a key measure of TES. Policies should be based on short-term environmental inputs and long-term talent outputs. Only approximately ten thousand people were employed in star-rated hotels and A-grade scenic spots in Chongzuo in 2019, while the tourism reception was 460.72 million people. Each tourism technical personnel could ease the local tourism reception pressure of 4,600 people and promote the growth of the tourism economy. Therefore, accelerating the establishment of a long-term talent pool and strengthening education and training and human resource management are the keys to promoting the improvement of TES in Guangxi. The fourth policy is to reduce clearance time for inbound tourists. Earnings from international tourism became one of the most influencing factors on the TES of Guangxi. The increase in inbound tourists can increase earnings from international tourism and TES level. This study focuses on the evolution of TES in Guangxi from 2010 to 2019, while COVID-19 had impacts on tourism in 2020 that brought tourism to a standstill. However, with the changing entry policy of the Chinese government, reducing the clearance time for tourists has become an effective way to revive inbound tourism. Fangchenggang Dongxing Port implemented a new clearance process on June 18th, 2018, which shortened the clearance time to less than 30 minutes (Government, G, 2018). The policy was implemented with an increase of inbound tourists of 11,485 per day compared with 2017.



4.3. Limitations and future research

The limitations of this study include the following. First, limited by the blurred boundaries and high crossover of the tourism industry, it is difficult to strip out the data on environmental pollution and ecological damage directly caused by tourism. The future study can improve the basis of index selection, broaden the research data sources, and explore how to establish a more standardized and effective evaluation mechanism based on the operational characteristics of TES. Second, due to lack of data, this study only takes province and city scales, however, the driving mechanisms of TES that may interact between tourism ecosystems at the county level may be more pronounced. Future research can investigate the spatial correlation and driving mechanisms of the county scale of TES. In addition, the Geodetector was used in this study to carry out the test of key drivers of TES in Guangxi, and a theoretical model of its driving mechanism was established. However, the conduction channels and the mechanism of action among the elements of the Guangxi tourism ecosystem have not been thoroughly tested. The model is still in a hypothetical state and will be validated using structural equation modeling (SEM) in the future. It is worthwhile to note that tourism activities were tourist-oriented, relying on statistical data alone cannot thoroughly quantify the damage to the ecological environment in tourism activities due to the uncertainty of behavior caused by the autonomy of tourist groups. Adding questionnaire data in future studies will make the results more reasonable to facilitate the prediction and early warning of TES, and the development of corresponding control strategies.

Notably, previous studies focused on improving TES in terms of ecological conservation and ignored the impact of tourism itself. Our study took into account tourism sustainability and paid attention to ecological conservation while adopting effective methods to maximize the tourism economy within the tourism carrying capacity. In future studies, the model could be used to provide a measure of the level of TES and serve as an example for other regions in China.




5. Conclusion

In this study, the spatial–temporal pattern measurement evolution characteristics and driving mechanisms of TES in Guangxi were systematically and thoroughly studied. Based on the DPSIR model, we used the fuzzy matter-element model to measure TES in Guangxi from 2010 to 2019. The results showed that TES in Guangxi improved annually, but the overall development was unbalanced, which was related to the different geographical positions and development priorities.

1. Spatial–temporal evolution: The overall TES in Guangxi was improved continuously, but there were differences in the enhancement speed of each city. The speed of upgrading was Northeast > Southeast > Southwest > Northwest. Guilin had a greater impact on neighboring cities than Nanning, while coastal cities improved more quickly than inland cities. The biggest change was in Fangchenggang, followed by Guilin. Baise and Guigang had the least significant change. By 2019, the TES level of Guangxi had been upgraded to II (risk).

2. Global spatial autocorrelation: For the random distribution of spatial characteristics of TES in Guangxi, Moran’s I was negative and insignificant. Description of the inputs and outputs in the internal system of TES indicates less influence and disturbance by the external ecosystem. The spatial location was not the main reason to restrict the TES, however, economic development, environmental protection efforts, and the resource allocation of each city were the key factors to influence the TES.

3. Dynamic transfer: The probability of Guangxi TES’s gradual upgrading was high and would hardly decline. The TES with levels (I, II) will maintain the present state while level III will be raised to the next state.

4. Driving mechanism: There were significant differences in the decision-making levels of TES impact factors. The key influencing factors include tourism income growth rate, natural population growth rate, per capita daily water consumption, tourist density, area of parks and green area, earnings from domestic tourism, earnings from international tourism, and the number of students in ordinary higher schools. Economic and ecological indicators have a significant positive impact on the TES of Guangxi, and not only short-term investment in ecological construction but also talent training must be areas of focus.

Driver (D) was composed of both economic and social aspects and generates a series of environmental pressures, pressure (P) changes the state (S) of the TES of Guangxi, thus causing a series of impacts (I) on it, and each stakeholder of Guangxi tourism further responds (R) according to the impacts. Response policies adopted by the government can effectively improve the driving force while reducing the pressure, making the TES system a virtuous cycle.
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Human demand for ecosystem services dominates ecosystem changes and impacts the temporal–spatial patterns of ecosystem services and their trade- offs. In the process of urbanization, the supply service, regulation service, and cultural service of the ecosystem are difficult to improve in synergy in the city and its surrounding areas, which is tough for urban construction and development. This study took the Chaobai River basin located in the Beijing-Tianjin-Hebei urban megaregion in northern China as the research area. The temporal and spatial changes from 2000 to 2015 of three typical ecosystem services in the study area, including food production, water conservation, and recreation, were evaluated and analyzed through modeling. The ecosystem service hotspots, service-gain areas, and service-loss areas were identified based on spatial analysis. The dynamic change mechanism of ecosystem services was explored from the perspective of land use change and hotspot analysis. The results showed that (1) recreation and food production services showed an increasing trend, while water conservation showed a fluctuating increasing trend. (2) The service-gain area was significantly larger than the service-loss area. (3) The main land use change form in the study area during the study period was the regional conversion of cultivated land to forest land and construction land, which led to the increase in water conservation services and the reduction of food production services in the corresponding patches. However, this conversion did not affect the overall improvement of the three ecosystem services in the study area. (4) Ecosystem service hotspots have gradually changed from being single-service dominant to two co-leading services. The area of food production-recreation hotspots continued to increase, indicating synergy between them. The area of water conservation-recreation hotspots continued to decrease, indicating trade-offs between them. Different types of ecosystem services improve in synergy in the Beijing-Tianjin-Hebei urban megaregion in the process of urbanization through the improvement of agricultural technology and productivity and the promotion of leisure and sightseeing agriculture. This provides an example for other cities.
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 ecosystem services, hotspots analysis, trade-offs, Chaobai River basin, Beijing-Tianjin-Hebei urban megaregion


Introduction

Ecosystem services are the benefits that human beings obtain from the ecosystem (Costanza et al., 1997). They are an important link between ecosystem processes and social well-being (Abera et al., 2021). They can better reveal the man-land relationship and have broad application prospects for ecosystem management. Therefore, ecosystem services have rapidly become the research focus and frontier of ecology and geography ever since the 1990s when they were proposed (Daily et al., 2009; Bennett et al., 2010). The “Millennium Ecosystem Assessment” carried out by the United Nations in 2000–2005 divided ecosystem services into four categories: supply services, regulation services, support services, and cultural services. It further clarified the index system and methods and evaluated global ecosystem services (Millennium Ecosystem Assessment, 2005). Current research on ecosystem services mainly focuses on the evaluation and pricing of ecosystem services (Vemuri and Costanza, 2006; Fleskens et al., 2009; Costanza et al., 2014), trade-offs (Dymond et al., 2012; Lu et al., 2014; Jia et al., 2022), relationship with human well-being (Engelbrecht, 2009; Xu et al., 2020), and ecological management policy design (Ouyang et al., 2016; You et al., 2017). These studies have improved the research depth and theoretical basis of ecosystem services and promoted the enhancement of ecological management based on ecosystem services.

Land use change analysis is the basic means to assess the impact of human activities on ecosystem services (Wang et al., 2023). The assessment and trade-offs of ecosystem service and regional ecosystem management based on land use have become the focus of ecosystem services research (Shi et al., 2018; Shu et al., 2022). At present, scholars have studied the impact of land use change on ecosystem services and their trade-offs at different scales (Estoque and Murayama, 2016; Yu et al., 2017; Jia et al., 2022). However, the impact of urbanization on ecosystem services in rapidly urbanized areas is relatively lacking (Liu et al., 2018a,b). It is difficult to coordinate the improvement of supply services, regulation services, and cultural services in cities and surrounding areas, which is a Gordian knot for urbanization. The Beijing-Tianjin-Hebei urban megaregion is not only the political, cultural, and international exchange center of China but also one of the fastest-growing growth poles in terms of regional economic and social development. At the same time, it is located on the Huang-Huai-Hai Plain which is an important grain production area in China (Lei et al., 2018). The rapid urbanization and intensive urban expansion in this region have greatly changed the land use. The socioeconomic and ecological conditions have undergone drastic changes in this area (Liu et al., 2018a,b). Scientific assessment of the impact of land use change on ecosystem services will play an important role in the sustainable development in this region.

There are multiple nonlinear relationships among different ecosystem services, mainly manifested as trade-offs and synergies. Related studies either analyzed the spatial distribution of ecosystem services supply through spatial analysis and mapping (Kandziora et al., 2013) or analyzed the relationship among different ecosystem services by means of correlation analysis or local statistical analysis (Li et al., 2020). Some researchers have focused on the identification and analysis of the distribution of ecosystem service hotspots (Gao et al., 2020). The identification of tradeoff hotspots could help us to make a preliminary analysis of the tradeoff between two ecosystem services (Zheng et al., 2016). Based on hotspot analysis, the spatial combination patterns of high-value samples of ecosystem services were identified, thereby integrating differentiated management methods at the grid scale (Li et al., 2016). However, an analysis of the temporal changes of ecosystem service hotspots is missing. Thus, the association between hotspots and the relationships among ecosystem services could not be established. Therefore, taking the Chaobai River basin in the Beijing-Tianjin-Hebei urban megaregion as the study area, this article analyzed the dynamic change mechanism of ecosystem services from the perspective of land use change and hotspot analysis to deeply understand the impact of land use changes and policy measures on ecosystem services and their spatial patterns in a rapid urbanization region.



Materials and methods


Study area

The Chaobai River basin was taken as the representative area of the Beijing-Tianjin-Hebei urban megaregion in this study. As a special area stretching across Beijing, Tianjin, and Hebei Province, it is not only an important development zone for the coordinated development of Beijing, Tianjin, and Hebei but also an ecological barrier for the capital, Beijing. With the promotion of the coordinated development of Beijing-Tianjin-Hebei, the industrial layout between urban agglomerations has been gradually optimized, and the spatial compactness is constantly increasing. Many non-capital functions are gradually being dispersed to Tianjin and Hebei. The Chaobai River basin relieves a portion of Beijing’s non-capital functions. In addition, as the intersection of the Beijing-Tianjin-Hebei urban megaregion, it is gradually becoming an important connection point for the coordinated development of the urban megaregion. The improvement of transportation inevitably occupies land resources in the surrounding areas of cities and also forces the restructuring and integration of land use structures within the region. Therefore, the coordinated development of Beijing-Tianjin-Hebei poses certain challenges to the rational layout and optimization of land use in this region, which in turn affects regional ecosystem services (Song et al., 2019). A study of the temporal–spatial dynamic of typical ecosystem services and their response to land use changes in this area can reflect the impact of coordinated development and the relieving of non-capital functions on the land use and ecosystem services at the watershed scale.

The Chaobai River flows through Hebei, Beijing, and Tianjin, with a total length of 458 km and a drainage area of 19,500 km2 (Figure 1). The average elevation of the basin is approximately 1,500 m. The west and north are dominated by middle-sized mountains, and the southeast is dominated by low mountains, hills, and plains. It is situated in the transition area between a middle temperate zone and a warm temperate zone, as well as a semi-arid zone and a semi-humid zone with the climate of continental monsoon. The average annual precipitation is approximately 500 mm. Brown soil and cinnamon soil are widely distributed in the basin. High vegetation coverage and rich vegetation types (mainly coniferous and broad-leaved mixed forest) appear in this area.
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FIGURE 1
 Location of the study area.




Data sources

The datasets employed were land use, NDVI, meteorological, elevation, scenic spots, and tourist numbers. The land use data were obtained from the Institute of Geographic Sciences and Natural Resources Research, Chinese Academy of Sciences, with a resolution of 30 m. The NDVI data were derived from MOD13Q1 NDVI dataset1 with a resolution of 250 m. The meteorological data was obtained from the Chinese National Meteorological Information Center.2 The elevation data were obtained from the NASA/USGS published SRTM Global DEM.3 The scenic spots and tourist numbers were selected mainly from the National Bureau of Statistics.



Quantification of forest ecosystem services

The Chaobai River basin is located in the Huang-Huai-Hai Plain, one of China’s important grain production areas. The cultivated land in the region has important food production functions (Su et al., 2020). Upstream of the Chaobai River is the catchment area of the Miyun Reservoir, which is the source of domestic water for Beijing and Tianjin. Therefore, the water conservation function of the Chaobai River basin is of great significance to ensure the ecological security and coordinated development of the Beijing-Tianjin-Hebei urban megaregion. Moreover, it is located in the core area of the Beijing-Tianjin-Hebei urban megaregion with a large population density, rich tourism resources, and strong tourism demand, which leads to outstanding entertainment and leisure services. This study evaluated the three ecosystem services including water conservation, food production, and recreation in the study area, representing regulation services, supply services, and cultural services, respectively.


Water conservation

In this article, assuming that the interaction between surface water and groundwater was negligible, the water conservation capacity can be defined as the amount of water retained by the ecosystem, which can be calculated by the water balance equation (Lan et al., 2019; Yang et al., 2019) as follows:
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where WC is water conservation capacity (mm), P is precipitation (mm), ET is evapotranspiration (mm), Ra is surface runoff (mm), and a is runoff coefficient. The water yield (P-ET) was calculated in the modified InVEST model. The InVEST model’s water conservation module, grounded in the Budyko hydrothermal coupling water balance and the average annual rainfall (Budyko, 1974; Donohue et al., 2012), while taking into account the actual amount of evapotranspiration, has the following equation for the annual production flow of water yield (Zhang et al., 2001):
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where Y(x) is the average annual yield at pixel x (mm), P(x) is the average annual precipitation at pixel x (mm), AET(x) is the actual annual evapotranspiration at pixel x (mm), and PET is the potential evapotranspiration. ET0(x) shows the evapotranspiration of the reference crops and represents the influencing factor of the specific land use/cover type transpiration. Kc(lx) is the evapotranspiration coefficient (Allen, 1998). AWC(x) indicates the effective soil water content, and Z is an empirical constant, also known as a seasonal constant, reflecting hydrogeological characteristics such as regional precipitation distribution. PAWC indicates the plant available water capacity fraction. More details can be found in the InVEST User Guide. The runoff coefficient is determined according to a related study (Du et al., 2022).



Food production

The CASA model is used to calculate the net primary productivity (NPP) of cultivated land (Potter et al., 1993), which stands for food production (Li et al., 2015; Lyu et al., 2018). The CASA model involves three basic formulas:
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where NPP(x,t) denotes the net primary productivity of pixel x at time t, APAR(x,t) denotes the incident solar radiation absorbed by the canopy at a given period (MJ·m−2), and ε(x,t) denotes the light energy utilization rate (gC·MJ−1). FPAR(x,t) denotes the proportion of photosynthetically active radiation absorbed by the vegetation canopy (Ruimy et al., 1994); SOL(x,t) denotes total solar radiation (MJ·m−2) (Li et al., 2019); f1(x,t) and f2(x,t) are temperature stress coefficients (Potter et al., 1993); w(x,t) is the water stress coefficient (Piao et al., 2001); and εmax is the maximum light energy use efficiency (gC·MJ−1) of the vegetation under ideal conditions. More details about the CASA model can be found in previous studies (Zhu et al., 2007).



Recreation

In this study, the annual tourist arrivals, scenic spot density, distance from scenic spots, distance from roads, distance from rivers, and distance from residential areas in the study area were considered as the main influencing factors for recreation service in the study area. The distribution of each factor was obtained through ArcGIS spatial analysis based on statistical yearbook data and GIS vector data. The maximum normalization method was adopted to normalize the spatial distribution data of each factor. The recreation service was calculated according to the normalized data and weight determined. The weight of each factor and the calculation formula for recreation service are as follows.
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where Sre is the value of recreation service and Np, Ds, Sd, Dro, Dri, and Dse are the normalized data of annual tourist arrivals, scenic spots density, distance from scenic spots, distance from roads, distance from rivers, and distance from residential areas, respectively.

This method can identify the spatial distribution characteristics of tourism activity intensity, which represents the recreation service, based on the geographical location and tourist arrivals of scenic spots supplemented by geographical information elements such as roads and residential areas using the ArcGIS spatial analysis module. This method can not only avoid the uncertainty of traditional questionnaire survey methods but also reflect the tourism activity intensity in the non-scenic areas to some extent.




Impact of land use change on ecological services

Based on the evaluation results of three ecosystem services, the value differences in the three services from 2000 to 2015 were calculated using a raster calculator in ArcGIS. The distribution areas with positive values were regarded as service-gain areas. The distribution areas with negative values were regarded as service-loss areas. The land use change process from 2000 to 2015 was analyzed according to land use data. The main land use transformation types were identified. The spatial overlay analysis of the main land use transformation types and the gain and loss areas of the three ecosystem services were carried out to analyze the response of ecosystem services to land use change.



Hotspots analysis of ecosystem service

Firstly, the average value of each ecosystem service was calculated, and the regions with values greater than the average value were considered the hotspot areas for each ecosystem service. Then, the hotspot areas of three ecosystem services were spatially overlaid to create the overall ecosystem service hotspots in the study area. Hotspot areas with a single ecosystem service type were defined as Class I service hotspots. Hotspot areas with two ecosystem service types were defined as Class II service hotspots. Hotspot areas with three ecosystem service types were defined as Class III service hotspots. The spatial distribution characteristics of ecosystem service hotspots were analyzed. Furthermore, the temporal changes of the areas of different types of hotspots were analyzed to illustrate the trade-offs and synergy between different ecosystem service types.




Results


Temporal dynamic of typical ecosystem services

The recreation and food production services showed an increasing trend from 2000 to 2015. The water conservation service showed a fluctuating trend (Table 1). High-value areas of water conservation service were mainly distributed around the Miyun Reservoir. The water conservation capacity upstream of the Chaobai River basin was much higher than that in the middle and lower reaches. The cultivated land was mainly distributed in the plain areas in the middle and lower reaches of the basin, as well as the river valley areas in the upper reaches of the basin. The NPP of cultivated land in the middle and lower reaches of the basin was higher than that in the upper reaches. High-value areas of recreation service were mainly distributed around the urban area (Supplementary material).



TABLE 1 Changes in ecosystem services from 2000 to 2015.
[image: Table1]



Spatial dynamic of typical ecosystem services

The service-gain area was significantly larger than the service-loss area. The service-gain area occupied 91.05, 89.67, and 85.14%, for food production, water conservation, and recreation ecosystem services, respectively. The service-loss area for food production services was mainly distributed in the central area of the lower reaches of the basin. The service-loss area for water conservation services was mainly distributed in the lower reaches of the basin and northwest of the upper reaches of the basin. The service-loss area for recreation services was mainly distributed in the central and eastern parts of the study area (Figure 2).

[image: Figure 2]

FIGURE 2
 Spatial distribution of ecosystem service changes.




Land use change analysis

The land use change process was analyzed based on the land use data of 2000, 2005, 2010, and 2015. It was found that the area of forest land was the largest, accounting for about 65% of the total area, followed by the cultivated land and grassland, accounting for about 20% and about 10%, respectively. The areas of other land use types were relatively small. The area of cultivated land in the study area has been continuously decreasing, while the area of construction land increased continuously on the contrary. The areas of other land use types have no significant changes (Table 2).



TABLE 2 Land use composition from 2000 to 2015 (%).
[image: Table2]

The upper reaches of the Chaobai River basin are mainly occupied by forest land, with a certain area of cultivated land and grassland distributed in the river valley area. The middle and lower reaches of the basin are mainly occupied by cultivated land, with a certain area of construction land and a water area (Figure 3). According to the land use transfer matrix analysis, the main land use conversion direction was cultivated land to forest land and construction land from 2000 to 2015, with conversion areas of 343.54 km2 and 240.89 km2, respectively (Table 3).

[image: Figure 3]

FIGURE 3
 Land use map of the study area in 2000, 2005, 2010, and 2015.




TABLE 3 Land use transfer matrix from 2000 to 2015 (km2).
[image: Table3]



Response of ecosystem services to land use change

Based on the results of the land use transfer matrix analysis, we analyzed the impact of land use change on ecosystem services, focusing on cultivated land change. First, the conversion areas of cultivated land to forest land and construction land from 2000 to 2015 were identified. Then, these identified areas were overlaid with the gain and loss areas of the three ecosystem services to illustrate the response of ecosystem services to land use change.

It was found that the spatial distribution of patches converted from cultivated land to construction land widely overlapped with the service-loss areas for food production and water conservation, with the overlapping areas accounting for 93.18 and 82.79%, respectively. The spatial distribution of patches converted from cultivated land to forest land widely overlapped with the service-loss areas for food production and the service-gain areas for water conservation, with the overlapping areas accounting for 91.36 and 72.67%, respectively (Figure 4). Therefore, the conversion of cultivated land to construction land can lead to the loss of food production services and the decrease of water conservation services. Although the conversion of cultivated land to forest land led to the loss of food production services, the regional water conservation services can be improved. Under the comprehensive consideration of the temporal variation of the three ecosystem services, it can be seen that the land use change only affected the ecosystem services on a regional patch scale, and did not affect the overall improvement of the three ecosystem services in the study area during the research period.

[image: Figure 4]

FIGURE 4
 Spatial overlay of main land use change types and ecosystem service changes.




Hotspot analysis of ecosystem service


Area statistics and spatial distribution of ecosystem service hotspots

The Class I service hotspots had the largest distribution area, occupying more than 60% of the total area. The Class II service hotspots occupied approximately 1/3 of the total area and the Class III service hotspots accounted for only approximately 1% of the total area. Among the Class I service hotspots, the area of water conservation service hotspots was the largest, accounting for approximately 60%; the recreation service hotspots accounted for approximately 1/3; the food production service accounted for only approximately 5%. Among the Class II service hotspots, the area of the water conservation- recreation hotspots was the largest, accounting for approximately 80%, followed by food production- recreation hotspots, accounting for approximately 20%. The area of water conservation-food production hotspots was the smallest, accounting for only approximately 3% (Table 4).



TABLE 4 Area statistics of ecosystem service hotspots.
[image: Table4]

The Class I service hotspots were widely spread in the study area. The Class III service hotspots were concentrated in a certain part of the lower reaches of the basin. As for the Class II service hotspots, the water conservation-recreation hotspots were mainly distributed in the eastern part and middle reaches of the basin, especially in the areas around the Miyun Reservoir. The service hotspots for food production-recreation, as well as for food production-water conservation, were scattered in the downstream plain areas and the upstream valley areas (Figure 5).

[image: Figure 5]

FIGURE 5
 Spatial overlay of main land use change types and ecosystem service changes.




Temporal dynamic of the area of ecosystem service hotspots

From 2000 to 2015, the area of Class I service hotspots decreased continuously. On the contrary, the area of Class II service hotspots continued to increase. The area of Class III service hotspots showed a fluctuating trend (Table 4). The hotspots of ecosystem services in the study area have gradually changed from being single-service dominant to two co-leading services. Each type of Class I service hotspot showed a fluctuating trend. As for the Class II service hotspots, the area of food production-recreation hotspots continued to increase, indicating synergy between them. The area of water conservation-recreation hotspots continued to decrease, indicating the trade-offs between them.





Discussion


Variations of cultivated land and food production service

The results of this study indicate that although the cultivated land area shows a continuous downward trend, food production services improved in the study area during the study period. Lu et al. (2020) calculated the food production service in the Beijing- Tianjin-Hebei urban megaregion from 1980 to 2015 based on statistical yearbook data. They also analyzed the changes in land use and food production services. Their research found that in the past 35 years, the cultivated land in the Beijing-Tianjin-Hebei urban megaregion had continued to decrease, but more than 80% of the regional food production services had improved, which is consistent with our study. Yu et al. (2019) present a country-level comparison to understand how cropland area change contributes to cereal production variation across the world’s major cereal producers. It was found that although the cropland area had decreased from 2000 to 2010, China and USA achieved a marked increase in actual production. In contrast, Brazil, Argentina, and Nigeria have a relatively lower increase in actual production. This indicated that China better exploited cropland productivity, which is also consistent with our study. The improvement in agricultural productivity is the main reason for the increase in food production services in this area. On the one hand, during the rapid development of urbanization, great importance has been attached to the degree of cultivated land protection. Instead of sacrificing high-quality cultivated land due to the need for urbanization, basic farmland protection zones have been designated and the encroachment of construction land on basic farmland is strictly prohibited. On the other hand, the quality of cultivated land has continued to improve due to a high level of land consolidation. The promotion of farmland public infrastructure, the construction of high-standard farmland, and the development of agricultural mechanization have not only increased food production services but also farmers’ income. It can be seen that we can extricate food production service from cultivated land areas to a certain degree through agricultural productivity improvements caused by scientific management and agricultural policy-making.



Synergy between food production services and recreation services

According to the study results, there was a synergistic relationship between food production services and recreation services. This was mainly determined by the multifunction and specific location of cultivated land in the study area. Cultivated land is a comprehensive system composed of natural geographical factors and socio-economic factors. It not only has traditional food production functions, but also has the functions of regulating climate, inheriting agricultural culture, and providing recreation space (Zhou et al., 2021). The importance of the multiple functions of cultivated land has gradually become prominent with the development of society. The land use mode of cultivated land has extended from traditional and single production functions to cultural landscape functions, ecological functions, and social security functions (Xiong et al., 2021). In the Beijing-Tianjin-Hebei urban megaregion, residents in the central urban area have an urgent functional demand for tourism and leisure on cultivated land (Chen et al., 2018). The cultivated land adjacent to urban areas has unique location advantages, resulting in a gradual increase in the popularity of agricultural tourism attractions such as leisure farms, picking gardens, and agritainment. Cultivated land can not only keep its food production function but can also meet the cultural service needs of a large number of central urban residents. In the middle and lower reaches of the Chaobai River basin, based on its location advantages, leisure and sightseeing agriculture has been developed and the cultural service of cultivated land has been strengthened (Li and He, 2022). New forms of high-quality development of leisure agriculture, such as agricultural theme parks and agricultural carnivals, have been formed and developed which contributes to the synergy between food production service and recreation service. Maria et al. (2014) measured 12 ecosystem services and analyzed their interactions in the floodplain of the Piedra River in central Spain. According to their research result, there was no interaction between food production services and recreation services. It can be seen that the relationship between the two services varies in different regions.



Trade-offs between recreation service and water conservation service

The hotspots for water conservation-recreation services were mainly concentrated in the eastern part and middle reaches of the basin, especially in the areas around the Miyun Reservoir. This area is adjacent to Miyun Reservoir and has important water conservation functions. At the same time, relying on high-quality natural scenery resources, tourism activities in this region are relatively intensive. Moreover, the degree of transportation convenience plays a critical role in the release of tourism potential. After the opening of the Beijing-Chengde Expressway in 2009, tourism has developed rapidly in this area. Many tourism facilities have been built and the number of tourists has increased significantly. The study results show that the hotspot areas of water conservation-recreation services show a decreasing trend, indicating that there was a trade-off between the two which is consistent with Chen et al. (2021) as they pointed out that the trade-off between the two also appears in Beijing Bay. This reflects that the explosive development of tourism has brought certain pressure to the regional ecological environment, which ultimately affects regional ecosystem services to a certain extent. It is suggested that tourism activities should be restricted appropriately in such areas where the hotspot areas of water conservation-recreation services are significantly reduced.



Integration of ecosystem services and land use management

The Chaobai River basin is not only an important development zone in Beijing-Tianjin-Hebei urban megaregion but also an ecological barrier for the capital of Beijing. Regional development should give priority to eco-environment protection. Although different types of ecosystem services improve in synergy in this area generally, it is still necessary to pay attention to areas where trade-offs between ecosystem services appear, especially areas where both food production services and water conservation services continue to decrease. In future studies, it is recommended to incorporate ecosystem services into land use planning. Land use planning can effect changes in ecosystem services through the conduction of land use. Ecosystem services can be improved through the construction of a reasonable land use pattern. Paula and Oscar (2012) developed a methodological protocol of strategic environmental assessment to incorporate the valuation of ecosystem services in land use plans. The protocol was applied in rural land planning at Balcarce, a department representative of the Southeast Pampas Region (Argentina). How to rationally allocate land resources and balance the relationship between different ecosystem services to realize optimal ecosystem service value are the focus of future research.



Limitations and data uncertainty

Although this study chose water conservation, food production, and recreation as the key ecosystem services due to their representativeness and importance in this area, other ecosystem services such as carbon storage, heat wave mitigation, sediment retention, water purification, and flood and landslide hazard mitigation are not involved because the corresponding data was missing. Moreover, the accuracy of ecosystem services estimation needs further improvement due to the constraints in data collection. For example, the accuracy of the spatial distribution of scenic spots and annual tourist arrivals is greatly influenced by data sources. Finally, this study analyzed the response of typical ecosystem services to land use change using spatial overlaying analysis and failed to reveal the impact mechanism between them, and the relationships exhibited some degree of uncertainty.



Policy implications and suggestions

The middle and lower reaches of the Chaobai River basin are the main supply areas of food production services. Against the backdrop of the continuous reduction of agricultural land area and the increasing scarcity of high-quality farmland resources in the Beijing- Tianjin-Hebei urban megaregion, the situation of cultivated land quality and supply of food production services is becoming increasingly severe. In the future, farmland should be carefully protected to ensure that the area of farmland stops decreasing. Moreover, the level of agricultural technology needs to be further enhanced; crop variety optimization and refined management levels should be improved in order to achieve a dual harvest of high crop yield and quality. At the same time, both mandatory and incentive measures should be adopted to manage the protection of cultivated land. Cultivated land occupation must be constrained by overall land use planning from the very beginning. The occupation and compensation of cultivated land should be balanced. Furthermore, on the premise of protecting the quality of existing cultivated land, diversified planting and culture cultivation should be strengthened to promote the healthy development of the ecotourism industry to realize the coordinated development of regional ecological environment protection and economic development.

The upstream area of the Chaobai River basin is the main supply area for water conservation services. The eco-environment quality in this area has a huge impact on the safety of the water supply and regional ecology of the Miyun Reservoir. The trade-off between water conservation and recreation services indicates that tourism activities have a certain negative impact on the ecosystem. Therefore, the eco-environment should be strictly protected through comprehensive watershed management and ecological protection and restoration projects. Large-scale tourism development and construction projects should be strictly prohibited. Human interference activities should be controlled severely. The employment and income of residents in this region should be ensured through the implementation of major ecological engineering construction and ecological compensation.




Conclusion

In this study, the temporal–spatial dynamics of typical ecosystem services in the Chaobai River basin in the Beijing-Tianjin-Hebei urban megaregion were analyzed. The response of ecosystem services to land use change was analyzed by identifying the corresponding spatial position and overlap area of main land use conversion patches and ecosystem service variations. The temporal changes of the areas of different hotspot types were analyzed to characterize the relationship between different ecosystem services. The main research conclusions are as follows:

1. The recreation and food production services showed an increasing trend, while water conservation showed a fluctuating increasing trend in the Chaobai River basin in the Beijing-Tianjin- Hebei urban megaregion. The service-gain area was significantly larger than the service-loss area.

2. The main land use change form in the study area during the study period was the regional conversion of cultivated land to forest land and construction land, which led to the increase in water conservation services and the reduction of food production services in the corresponding patches. However, this conversion did not affect the overall improvement of the three ecosystem services in the study area.

3. Ecosystem service hotspots were gradually changing from being single-service dominant to two co-leading services. The area of food production-recreation hotspots continued to increase, indicating synergy between them. The area of water conservation-recreation hotspots continued to decrease, indicating trade-offs between them. The reduction of the cultivated land area did not necessarily lead to the reduction of food production services.

4. We can extricate food production services from cultivated land areas to a certain degree through agricultural productivity improvement caused by scientific management and agricultural policy-making. The high-quality development of leisure agriculture promoted synergy between food production services and recreation services. The explosive development of tourism in certain regions affected regional ecosystem services to some extent.



Data availability statement

The original contributions presented in the study are included in the article/Supplementary material, further inquiries can be directed to the corresponding author.



Author contributions

JZ: conceptualization, methodology, and writing–original draft preparation. CL: methodology. HW: data analysis. XL: software and formal analysis. QQ: supervision and writing—review and editing. All authors contributed to the article and approved the submitted version.



Funding

This study was funded by the National Natural Science Foundation of China (Grant Nos 41701209, 41601198, 41901260).



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fevo.2023.1201120/full#supplementary-material



Footnotes

1   
https://search.earthdata.nasa.gov/


2   
http://www.cma.gov.cn/


3   
https://lpdaac.usgs.gov/




References

 Abera, W., Tamene, L., Kassawmar, T., Mulatu, K., and Quintero, M. (2021). Impacts of land use and land cover dynamics on ecosystem services in the Yayo coffee forest biosphere reserve, southwestern Ethiopia. Ecosyst. Serv. 50:101338. doi: 10.1016/j.ecoser.2021.101338


 Allen, R. G. (1998). Crop evapotranspiration: Guidelines for computing crop water requirements. FAO irrigation and drainage paper: 56.


 Bennett, E. M., Peterson, G. D., and Gordon, L. J. (2010). Understanding relationships among multiple ecosystem services. Ecol. Lett. 12, 1394–1404. doi: 10.1111/j.1461-0248.2009.01387.x


 Budyko, M. I. (1974). Climate and life. Cambridge: Academic Press.


 Chen, L., Liu, J., Hao, J., Wang, H., Yin, Y., Zhux, C., et al. (2018). Comprehensive evaluation of multi-function operational effect in cultivated land in metropolitan Beijing. J. Beijing Normal Univ. (Nat. Sci.) 54, 284–291. doi: 10.16360/j.cnki.jbnuns.2018.03.002


 Chen, L., Pei, S., Liu, X., Qiao, Q., and Liu, C. (2021). Mapping and analysing tradeoffs, synergies and losses among multiple ecosystem services across a transitional area in Beijing, China. Ecol. Indic. 123:107329. doi: 10.1016/j.ecolind.2020.107329


 Costanza, R., d'Arge, R., de Groot, R., Farber, S., Grasso, M., and Hannon, B. (1997). The value of the world's ecosystem services and natural capital. Nature 25, 3–15. doi: 10.1016/S0921-8009(98)00020-2


 Costanza, R., Groot, R. D., Sutton, P., Ploeg, S., Anderson, S. J., Kubiszewski, I., et al. (2014). Changes in the global value of ecosystem services. Global. Environ. Chang. 26, 152–158. doi: 10.1016/J.GLOENVCHA.2014.04.002


 Daily, G. C., Polasky, S., Goldstein, J., Kareiva, P. M., and Mooney, H. A. (2009). Ecosystem services in decision making: time to deliver. Front. Ecol. Environ. 7, 21–28. doi: 10.1890/080025


 Donohue, R. J., Roderick, M. L., and McVicar, T. R. (2012). Roots, storms and soil pores: incorporating key ecohydrological processes into Budyko’s hydrological model. J. Hydrol. 436-437, 35–50. doi: 10.1016/j.jhydrol.2012.02.033


 Du, S., Liu, H., Zhang, M., Wang, Y., Liu, X., and Liu, J. (2022). Assessment of ecosystem services in the national key ecological function areas for water conservation. Acta Ecol. Sin. 42, 4349–4361. doi: 10.5846/stxb202103040585


 Dymond, J. R., Ausseil, A. G. E., Ekanayake, J. C., and Kirschbaum, M. U. F. (2012). Tradeoffs between soil, water, and carbon: a national scale analysis from New Zealand. J. Environ. Manag. 95, 124–131. doi: 10.1016/j.jenvman.2011.09.019


 Engelbrecht, H. J. (2009). Natural capital, subjective well-being, and the new welfare economics of sustainability: some evidence from cross-country regressions. Ecol. Econ. 69, 380–388. doi: 10.1016/j.ecolecon.2009.08.011


 Estoque, R. C., and Murayama, Y. (2016). Quantifying landscape pattern and ecosystem service value changes in four rapidly urbanizing hill stations of Southeast Asia. Landsc. Ecol. 31, 1481–1507. doi: 10.1007/s10980-016-0341-6


 Fleskens, L., Duarte, F., and Eicher, I. (2009). A conceptual framework for the assessment of multiple functions of agro-ecosystems: a case study of Trás-Os-Montes olive groves. J. Rural. Stud. 25, 141–155. doi: 10.1016/j.jrurstud.2008.08.003


 Gao, Y., Li, H., and Hou, R. (2020). Evolution analysis on trade-offs and synergies of ecosystem services in Hanjiang River basin. Resour. Environm. Yangtze Basin 29, 1619–1630. doi: 10.11870/cjlyzyyhj202007015


 Jia, G., Dong, Y., Zhang, S., He, X., Zheng, H., Guo, Y., et al. (2022). Spatiotemporal changes of ecosystem service trade-offs under the influence of forest conservation project in Northeast China. Front. Ecol. Evol. 10:978145. doi: 10.3389/fevo.2022.978145


 Kandziora, M., Burkhard, B., and Müller, F. (2013). Mapping provisioning ecosystem services at the local scale using data of varying spatial and temporal resolution. Ecosyst. Serv. 4, 47–59. doi: 10.1016/j.ecoser.2013.04.001


 Lan, X., Ye, C., Wang, Y., Zeng, T., and Sun, J. (2019). Spatiotemporal variation characteristics and its driving forces of water conservation function on the Tibetan plateau from 1995 to 2014. Acta Agrestia Sin. 29, 80–92. doi: 10.11733/j.issn.1007-0435.2021.Z1.010


 Lei, M., Kong, X., and Wang, J. (2018). Estimation of sustainable grain productivity for arable land under water balance in the Huang-Huai-Hai plain. Acta Geograph. Sin. 73, 535–549. doi: 10.11821/dlxb201803011


 Li, Y., Gong, J., Yang, J., and Jin, Q. (2015). Using vegetation net primary productivity to determine theoretical and achievable farmland productivity. Chin. J. Eco-Agric. 23, 119–126. doi: 10.13930/j.cnki.cjea.140573


 Li, X. X., and He, Z. W. (2022). Research on the high-quality development path of leisure agriculture in Beijing. Sci. Technol. Indust. 22, 253–257. doi: 10.3969/j.issn.1671-1807.2022.09.040


 Li, R., Li, R., Zheng, H., Yang, Y., and Ouyang, Z. (2020). Quantifying ecosystem service trade-offs to inform spatial identification of Forest restoration. Forests 11:563. doi: 10.3390/f11050563


 Li, H., Ren, Z., Liu, Y., and Zhang, J. (2016). Tradeoffs-synergies analysis among ecosystem Services in Northwestern Valley Basin: taking Yinchuan Basin as an example. J. Desert Res. 36, 1731–1738. doi: 10.7522/j.issn.1000-694X.2016.00049


 Li, G., Sun, S., Han, J., Yan, J., Liu, W., Wei, Y., et al. (2019). Impacts of Chinese grain for green program and climate change on vegetation in the loess plateau during 1982–2015. Sci. Total Environ. 660, 177–187. doi: 10.1016/j.scitotenv.2019.01.396


 Liu, J., Ma, S., Gao, J., Zou, C., Wang, J., Liu, Z., et al. (2018a). Delimiting the ecological conservation redline at regional scale: a case study of Beijing-Tianjin-Hebei region. China Environ. Sci. 38, 2652–2657. doi: 10.3969/j.issn.1000-6923.2018.07.035


 Liu, J., Wang, D., Zhang, L., Wang, F., and Sun, Z. (2018b). Estimation of the ecosystem service value of the Beijing-Tianjin-Hebei urban agglomeration based on multi- boundary improvement. Acta Ecol. Sin. 38, 4192–4204. doi: 10.5846/stxb201801310261


 Lu, L., Chen, F., Xu, Y., Huang, A., and Huang, L. (2020). Ecosystem services transition in Beijing-Tianjin-Hebei region and its spatial patterns. J. Nat. Resour. 35, 532–545. doi: 10.31497/zrzyxb.20200303


 Lu, N., Fu, B., Jin, T., and Chang, R. (2014). Trade-off analyses of multiple ecosystem services by plantations along a precipitation gradient across loess plateau landscapes. Landsc. Ecol. 29, 1697–1708. doi: 10.1007/s10980-014-0101-4


 Lyu, R., Zhang, J., Xu, M., and Li, J. (2018). Impacts of urbanization on ecosystem services and their temporal relations: a case study in northern Ningxia, China. Land Use Policy 77, 163–173. doi: 10.1016/j.landusepol.2018.05.022


 Maria, R. F., Francisco, A. C., and Elena, M. B. (2014). Interactions among ecosystem services across land uses in a floodplain agroecosystem. Ecol. Soc. 19, 360–375. doi: 10.5751/ES-06249-190120


 Millennium Ecosystem Assessment (2005). Ecosystems and human well-being: Synthesis. Washington, DC: Island Press.


 Ouyang, Z., Zheng, H., Xiao, Y., Polasky, S., Liu, J., Xu, W., et al. (2016). Improvements in ecosystem services from investments in natural capital. Science 352, 1455–1459. doi: 10.1126/science.aaf2295


 Paula, B. M., and Oscar, M. N. (2012). Land-use planning based on ecosystem service assessment: a case study in the southeast pampas of Argentina. Agric. Ecosyst. Environ. 154, 34–43. doi: 10.1016/j.agee.2011.07.010


 Piao, S., Fang, J., and Guo, Q. (2001). Application of CASA model to the estimation of Chinese terrestrial net primary productivity. Acta Phytoecol. Sin. 25, 603–608. doi: 10.3321/j.issn:1005-264X.2001.05.015


 Potter, C. S., Randerson, J. T., Field, C. B., Matson, P. A., and Klooster, S. A. (1993). Terrestrial ecosystem production: a process model based on global satellite and surface data. Glob. Biogeochem. Cycles 7, 811–841. doi: 10.1029/93GB02725


 Ruimy, A., Saugier, B., and Dedieu, G. (1994). Methodology for the estimation of terrestrial net primary production from remotely sensed data. J. Geophys. Res.-Atmos. 99, 5263–5283. doi: 10.1029/93JD03221


 Shi, S., Li, X., Xie, B., Hu, B., Tang, C., and Yan, Y. (2018). Change and comparison of agricultural landscape patterns and ecological service values in karst and non-karst areas: a case study of Quanzhou County. Trop. Geogr. 38, 487–497. doi: 10.13284/j.cnki.rddl.003060


 Shu, T., Xiong, K., and Chen, L. (2022). Change of land use and landscape pattern under rocky desertification control. Southwest China J. Agric. Sci. 35, 446–452. doi: 10.16213/j.cnki.scjas.2022.2.027


 Song, L., Cao, Y., and Su, R. (2019). New problems and counter measures of cultivated land protection in Chaobai River region. China Land. 26, 47–48. doi: 10.13816/j.cnki. cn11-1351/f.2019.02.016


 Su, R., Cao, Y., Wang, W., Qiu, M., and Song, L. (2020). Analysis of spatiotemporal characteristics of cultivated land use change from 2001 to 2017 in the Chaobai River basin of the Beijing-Tianjin-Hebei region. J. Agricult. Resour. Environ. 37, 574–582. doi: 10.13254/j.jare.2019.0266


 Vemuri, A. W., and Costanza, R. (2006). The role of human, social, built, and natural capital in explaining life satisfaction at the country level: toward a National Well-Being Index (NWI). Ecol. Econ. 58, 119–133. doi: 10.1016/j.ecolecon.2005.02.008


 Wang, Q., Xiong, K., Zhou, J., Xiao, H., and Song, S. (2023). Impact of land use and land cover change on the landscape pattern and service value of the village ecosystem in the karst desertification control. Front. Environ. Sci. 11:1020331. doi: 10.3389/fenvs.2023.1020331


 Xiong, C., Zhang, Y., Wang, Y., Luan, Q., and Liu, X. (2021). Multi-function evaluation and zoning control of cultivated land in China. China Land Sci. 35, 104–114. doi: 10.11994/zgtdkx.20210916.155106


 Xu, J. Y., Chen, J. X., and Liu, Y. X. (2020). Partitioned responses of ecosystem services and their tradeoffs to human activities in the belt and road region. J. Clean. Prod. 276:123205. doi: 10.1016/j.jclepro.2020.123205


 Yang, Y., Zheng, H., Kong, L., Huang, B., Xu, W., and Ouyang, Z. (2019). Mapping ecosystem services bundles to detect high- and low-value ecosystem services areas for land use management. J. Clean. Prod. 225, 11–17. doi: 10.1016/j.jclepro.2019.03.242


 You, W., Ji, Z., Wu, L., Deng, X., Huang, D., Chen, B., et al. (2017). Modeling changes in land use patterns and ecosystem services to explore a potential solution for meeting the management needs of a heritage site at the landscape level. Ecol. Indic. 73, 68–78. doi: 10.1016/j.ecolind.2016.09.027


 Yu, D., Nan Lu, D., and Fu Bojie, J. (2017). Indicator systems and methods for evaluating biodiversity and ecosystem services. Acta Ecol. Sin. 37, 349–357. doi: 10.5846/stxb201611092272


 Yu, Q., Xiang, M., Wu, W., and Tang, H. (2019). Changes in global cropland area and cereal production: an inter-country comparison. Agric. Ecosyst. Environ. 269, 140–147. doi: 10.1016/j.agee.2018.09.031


 Zhang, L., Dawes, W. R., and Walker, G. R. (2001). Response of mean annual evapotranspiration to vegetation changes at catchment scale. Water Resour. Res. 37, 701–708. doi: 10.1029/2000WR900325


 Zheng, Z., Fu, B., and Feng, X. (2016). GIS-based analysis for hotspot identification of tradeoff between ecosystem services: a case study in Yanhe Basin. China. Chin. Geogra. Sci. 26, 466–477. doi: 10.1007/s11769-016-0816-z


 Zhou, X., Shen, D., Gu, X., Li, X., and Zhang, S. (2021). Comprehensive land consolidation and multifunctional cultivated land in metropolis: the analysis based on the “situation-structure-implementation-outcome”. China Land Sci. 35, 94–104. doi: 10.11994/zgtdkx.20210826.093639


 Zhu, W., Pan, Y., and Zhang, J. (2007). Estimation of net primary productivity of Chinese terrestrial vegetation based on remote sensing. Chin. J. Plant Ecol. 31, 413–424. doi: 10.17521/cjpe.2007.0050






ORIGINAL RESEARCH

published: 19 June 2023

doi: 10.3389/fevo.2023.1164602

[image: image2]


Analysis on the effects of ecological conservation redline policies in the Pearl River Delta area, China


Xin Wang, Zhe Zhang, Haiguang Hao*, Chao Zhang and Ding Wang


Chinese Research Academy of Environmental Sciences, Beijing, China




Edited by: 

Hualin Xie, Jiangxi University of Finance and Economics, China

Reviewed by: 

Shuai Wang, Beijing Normal University, China

Yuanyuan Zhao, Beijing Forestry University, China

Minghong Tan, Chinese Academy of Sciences (CAS), China

*Correspondence: 

Haiguang Hao
 haohg@craes.org.cn


Received: 13 February 2023

Accepted: 01 June 2023

Published: 19 June 2023

Citation:
Wang X, Zhang Z, Hao H, Zhang C and Wang D (2023) Analysis on the effects of ecological conservation redline policies in the Pearl River Delta area, China. Front. Ecol. Evol. 11:1164602. doi: 10.3389/fevo.2023.1164602






Introduction

The ecological conservation redline (ECR) policies conducted in China are an important innovation to protect biodiversity, safeguard ecological security, and achieve sustainable development. The Pearl River Delta (PRD) area implemented the ECR policies in 2005.





Methods

This study examines the contrast between the 15 years before and after 2005. It also reveals the ECR policies' effects by comparing land use change, landscape pattern index, and habitat quality inside (IECR) and outside (OECR) the ECR area. 





Results and discussion

The results suggest that: (1) The ECR area has served as an ecological barrier in maintaining the stability of natural ecosystems. Over the past 30 years, the PRD area significantly changed land use types and ecosystems, mainly concentrated in the central plains and estuaries. Specifically, in the IECR, land use change was relatively stable, with a decrease of 0.05% and 0.57% in ecological land and an increase of 0.28% and 0.68% in construction land before and after 2005. In contrast, the OECR area land use changed dramatically, with a decrease of 0.37% and 1.36% in ecological land and an increase of 7.06% and 5.02% in construction land before and after 2005. (2) A general trend of landscape fragmentation exists in the study area. The contagion (CONTAG) in the IECR area is higher than in the OECR. The Shannon's diversity index (SHDI) in the IECR is lower than in the OECR area, which indicates a high degree and rapid landscape fragmentation in the OECR area. (3) Over 85% of the IECR scale had a habitat quality of 0.8–1, while the OECR area had an almost half scale with a habitat quality of 0–0.2. On the whole, the ecological stability and landscape connectivity of in the IECR area was higher than that of the OECR area. This indicates that the prohibitions on human disturbance, industrial construction, and logging activities in the IECR area allow green vegetation to succumb under natural conditions. Habitat quality in the IECR area was also higher than that of the OECR area in the PRD area, revealing that the quality of green development in the IECR area was higher. Finally, the ECR policies’ implementation has protected the environment in the PRD area and will provide experience for ecological conservation in other areas. 





Keywords: ecological conservation redline (ECR), land use change, landscape pattern index, habitat quality, Pearl River Delta (PRD) area




1 Introduction

Human activities are increasingly threatening natural ecosystems, altering the efficiency of ecosystem material cycles and leading to severe habitat fragmentation (Cai et al., 2021). Since the United Nations proposed the Sustainable Development Goals (SDGs) in 2015, ecological and environmental assessment has received more attention in sustainable development. Countries worldwide are striving to promote green and sustainable development. Currently, improving spatial governance capacity and resolving the structural contradiction between territorial spatial development and conservation is urgently necessary.

The ECR policies have been widely implemented for ecological protection and management, and the prototype of ECR policies can be traced back to the “Green Belt” in the 1938, UK (Zou et al., 2015a). The thought of “redlines” led to the establishment of environmental protection and protected areas worldwide (Stahl et al., 2005), such as Europe (Margules and Pressey, 2000; Apitz et al., 2006) and the United States (Ervin, 2003). Control Zone, adopted in the Anji Ecological Plan in 2000, is an early prototype of the Ecological Conservation Redline (ECR) in China. Delineating the ECR ploicies stimulated ecosystem protection and economic development in Anji (Zhang et al., 2022). In 2005, the Pearl River Delta (PRD) area delineated the core areas of nature reserves and key water-covering areas as “redlines” for strict protection. Shenzhen proposed and applied a basic “ecological control line”. In 2007, Kunming designated areas with sensitive ecosystems or the most critical ecological functions into “Ecological line” areas. In 2017, Supported by the policy, the delineation of “Ecological Conservation Redline” was officially carried out nationwide (General Office of the Central Committee of the Communist Party of China and General Office of the State Council, 2017).

The ECR concept has been gradually developed during regional ecological planning, management, and scientific research. ECR has been affirmed in several ways and has become a national strategy. ECR area is an area that must be rigorously protected due to its important ecological functions. ECR area is also the bottom line and lifeline of national ecological security, covering areas with important ecological functions, such as resource conservation, biodiversity maintenance, soil conservation, and sand fixation. ECR area also includes sensitive and fragile areas with water loss, soil erosion, land and rock desertification, and salinization (Zou et al., 2015b). The ECR is delineated based on the scientific assessment of the relevance of ecological conservation. The delineation of ECR can be divided into three steps: identification of protection areas, approval of redline boundaries, boundary survey, and demarcation. The ECR area has three main functions: first, to protect areas with relevant ecological functions, maintain ecosystem service functions, and support sustainable socio-economic development. Second, to protect ecologically fragile and sensitive areas, mitigate and control ecological disasters, and build an ecological barrier to the human living environment. Third, to protect key species and ecosystems, maintain biodiversity, and promote the sustainable use of biological resources. Delineating ECR and implementing permanent protection is crucial to maintain national and regional ecological security, promote sustainable economic and social development, and advance the construction of ecological civilization (Zou et al., 2015a; Gao et al., 2016). How to measure the protection of ecosystems by ECR has become a significant problem (Gao et al., 2016; Gao et al., 2020; Luo et al., 2021).

Chinese scholars have been conducting extensive research on implementing ECR policies. However, research on ECR policies has mainly focused on its concept and delineation. Due to the relatively short period of ECR delineation, research on evaluating the ecological effects of its implementation is scarce. Current studies on ECR effects on ecological conservation mostly focus on qualitative analysis, and their perspectives and methods are limited (Hou et al., 2018; Wang et al., 2021; Yang and Xie, 2021; Zeng, 2021; Yue et al., 2022). Studies have been conducted to evaluate the ecological benefit, environmental impact, human disturbance activity, and ecological security patterns by constructing indicator systems, calculating ecosystem service values, landscape pattern index, and normalized difference vegetation index (NDVI) (Bailey et al., 2021; Bai et al., 2018; Chen et al., 2021; Yang and Xie, 2021; Yang and Qiao, 2023); and to assess the ecosystem value, carbon sequestration function, water conservation, soil conservation and biodiversity, and ecosystem health after ECR delineation (Jia et al., 2018; Yu et al., 2020; Nelson et al., 2009; Jiang and Wu, 2021; Zheng et al., 2022). However, studies comparing habitat changes inside and outside the ECR and before and after ECR delineation remain lacking. This study innovatively uses two perspectives from inside and outside the ECR, based on land use change, and combines the landscape pattern index and habitat quality to reveal the dynamic changes in ecosystems. Analysis of landscape patterns and habitat quality based on land use can reveal the spatial and temporal distribution of ecological conservation effects of ECR policy implementation.

The PRD region is ecologically relevant and has been at the forefront of the country in achieving coordinated economic and environmental development. And PRD area has drawn Eco–redline in 2005. Therefore, the following considerations have attracted great public attention. How has the ECR affected land use change in the PRD area since 2005? What are the spatial and temporal changes in landscape patterns and habitat quality in the PRD area? To address these questions, this study investigated three aspects: (1) the land use change data of the PRD area between 1990 and 2020 were processed, and a land use change matrix was constructed to analyze land use changes from temporal and spatial perspectives; (2) using the Fragstats model, a landscape pattern index was calculated to analyze the process of landscape fragmentation in the PRD area; (3) based on the InVEST software, we analyzed the spatial distribution and spatial changes of habitat quality (Jiao et al., 2021). This study revealed the characteristics of land use change, landscape pattern index, and habitat quality around the ECR delineation. To a certain extent, the study results will provide a reference for future ecological conservation measures in the PRD area.




2 Study area overview and research methodology



2.1 Overview of the study area

The PRD area is located in the south-eastern Guangdong Province, downstream of the Pearl River, adjacent to Hong Kong and Macao, and across the sea from southeast Asia, with convenient transportation. The PRD city cluster consists of nine major cities and five new cities (Figure 1).




Figure 1 | Distribution of ecological conservation redline (ECR) in the Pearl River Delta.



The PRD area is ecologically relevant, with excellent ports, fisheries, oil and gas, marine energy, water resources, and tourism resources such as coastal seawater and sandy beaches. The Pearl River Estuary is the main distribution area and spawning grounds for national-level protected animals and a major migration route for some fish and migratory birds.

The PRD city cluster is one of the most dynamic economic zones in the Asia-Pacific region, generating 85% of the gross domestic product (GDP) of the province with 70% of the population of Guangdong. PRD city cluster is an advanced manufacturing and service base with global influence and is the gateway for abroad. The PRD area is the main region for the participation of China in economic globalization, is a national base for developing scientific innovation and technology research, and is an important engine for national economic development.




2.2 Data sources and processing

Land use data of PRD in 1990, 1995, 2000, 2005, 2010, 2015, and 2020 at a spatial resolution of 30 m from the Resource and Environmental Science and Data Centre of the Chinese Academy of Sciences (https://www.resdc.cn/) were used. The land use and land–cover change (LUCC) consists of seven class 1 and 26 class 2 types of agricultural, forest, grassland, water, construction, and unused lands. The types of land not covered by the PRD include the permanent glacial snow in the watershed, and Gobi, saline, bare rock, and other unused lands. The amount of grassland in the PRD is relatively small and does not demonstrate significant change, so woodland and grassland are combined as ecological land and considered together.

Land use types, including geographical alignment, cropping, merging, elimination, overlaying, attribute table assignment, classification, and zoning statistics associated with the data, were performed on the ArcGIS platform. A projection coordinate system conversion, spatial resampling, and other data processing steps were performed to make the land use consistent across the years. Calculation of the landscape pattern index was carried out in Fragstats. Calculation in the InVEST habitat quality module was performed with parameters derived from existing research and scores from experts in the field. All other statistics and calculations were performed in Excel tools.

Considering the temporal dimension of ECR effectiveness, this study used the ECR areas released by the Guangdong Provincial Government in 2005, covering 12.13% of the total land area of the PRD area (People's Government of Guangdong Province, 2005).




2.3 Research methodology

In this study, we referenced relevant studies combined with field research and then selected the land use matrix to reflect the change in land use change. We selected the patch density (PD), percentage of landscape (PLAND), largest patch index (LPI), landscape shape index (LSI), CONTAG, and SHDI to assess the landscape fragmentation. We chose habitat quality to evaluate the development quality (Zhang et al., 2020; Hu et al., 2023).



2.3.1 Methodology for calculating the land use conversion matrix

Using ArcGIS 10.8, we calculated the land change between 1990 and 2020 in the PRD separately, with the following equation:

	

where Sij is the area of the land use type i converted to type j, n is the total number of land use types, and i and j are the land use types before and after the transfer, respectively.




2.3.2 Landscape index selection and calculation method

Landscape pattern analysis is an effective tool for quantitatively characterizing landscape fragmentation (Yu et al., 2020). This study chose six typical indicators: PD, PLAND, LPI, LSI, CONTAG, and SHDI. We analyzed the spatial and temporal characteristics of landscape fragmentation in the PRD region from 1990 to 2020 at two scales: inside and outside the ECR. The calculation methods and equations are as follows:



PD is the density of patches (pcs/100 ha), which expresses the density of specific patches in the landscape and reflects the overall heterogeneity and fragmentation of the landscape and the fragmentation degree of a type.



PLAND (%) is the percentage of the patch area, which is the proportion of the total area occupied by each land type, with the largest area being the dominant landscape, thus helping us to identify the dominant landscape type in the landscape (Pang et al., 2022).



LPI (%) determines the dominant patch type in a landscape. amax (m2) refers to the area of the largest patch in a landscape or a patch type. The value of this index can determine the dominant patch type in the landscape and indirectly reflect the direction and magnitude of human activity disturbance.



where E is the total length of the boundary of all patches in the landscape, and A is the total area of the landscape. The total length of the boundary is divided by the square root of the total area of the landscape and multiplied by the square correction constant. When there is only one square patch, LSI = 1. The more irregular the shape, the larger the LSI.



pi is the percentage of the area occupied by the type i of the landscape; gik is the number of patches of type i and patches of type k adjacent to each other; m is the total number of the patch types in the landscape (0< CONTAG ≤ 100).

The CONTAG (%) indicator describes the degree of agglomeration or tendency for the different patch types to extend in the landscape. In general, the higher the CONTAG value, the higher the connectivity of the landscape and the better the connectivity of the dominant patch types in the landscape.



where A (hm2) is the total area of the landscape; NP (pcs) is the number of patches; E (m) is the total length of the boundary; gik(pcs) is the number of patches of type i and patches of type k adjacent to each other; aij(m2) is the area of the jth patch of type i in the landscape; pij is the ratio area of the patch type i to the entire landscape; and m (pcs) is the total number of patch types in the landscape. SHDI represents the heterogeneity of the landscape and is particularly sensitive to the unbalanced distribution of patch types in the landscape. The range of SHDI values was SHDI ≥ 0. When the landscape consists of only a single patch, SHDI = 0. When the SHDI increases, the number of patch types increases and each patch type is distributed more evenly in the landscape.




2.3.3 Habitat quality calculation instructions

The habitat quality module of the InVEST model takes the habitat quality as a continuous variable by combining the sensitivity of the landscape types and the intensity of external threats in a comprehensive calculation, considering factors such as the distance of influence of stressors, spatial weights, and the degree to which the land is legally protected. When conducting the assessment, we fully considered the effects of land cover patterns and changes in land cover patterns on habitat quality (Zhao et al., 2022). In this study, the habitat quality module of the InVEST 3.12.0 software was used to calculate the habitat quality index for the study area from 1990 to 2020 and to analyze the spatial and temporal evolution patterns, calculated as follows (Pang et al., 2022):



where the Dxj is the degree of habitat degradation of raster x in habitat type j; Yris the number of rasters of the threat element; R is the number of threat sources; Wr is the weight of threat source r; ry is the stress value of raster y; βx is the accessibility of the threat element to raster x (according to its degree of legal protection) and takes the value 0–1; Sjr is the sensitivity of habitat type j to threat source r; irxy is the stress value of raster y value ry to the stress level of raster x, in two categories: linear and exponential decay:

Linear decay equation:



Exponential decay equation:



where the dxy is the linear distance between grid x and grid y, and drmax is the maximum stress distance of threat source r.

Habitat quality was calculated as:



where the Qxj is the habitat quality index of raster x in habitat type j; Hj is the habitat suitability of habitat type j (0 ≤ Hj ≤ 1); z is the normalization constant, generally taking the value of 2.5, and k is the half-saturation constant, taking half of the maximum habitat degradation, generally taking the value of 0.5.

The results of the model are a comprehensive, dimensionless index with a habitat quality interval of (0,1). The higher the value, the better the habitat quality of the corresponding area. This study presents a partitioning of the habitat quality data to visualize and compare habitat quality. We used the natural breakpoint method to classify habitat quality into lower (0–0.2), low (0.2–0.4), medium (0.4–0.6), high (0.6–0.8), and higher (0.8–1). The percentage of data for each of the seven periods was calculated.






3 Results



3.1 Land use change

From 1990 to 2020, the basic scale of land use in the PRD area was ecological land and then agricultural land. Ecological land was mainly located in the hills, terraces, and remnants of Kew in the east, west, and north of the PRD area. However, the agricultural land was mainly located in the plains near the estuarine delta. It is in the central part of the PRD area. The agricultural and ecological land area decreased, while the water and construction land area increased (Figure 2).




Figure 2 | Schematic diagram of the land use and land-cover change (LUCC) in the Pearl River Delta region from 1990 to 2020.



Before and after the ECR delineation, the raster proportion of the construction land in the IECR increased by 0.28% and 0.68%, and in the OECR increased by 7.06% and 5.02% (Table 1). Before and after the ECR delineation, the ecological land in the IECR decreased by 0.05% and 0.057%, and in the OECR decreased by 0.37% and 1.36%. In conclusion, the ECR area has protected ecological land and resisted the expansion of the construction land.


Table 1 | Changes in the proportion of land use types in the Pearl River Delta from 1990 to 2020.






3.2 Landscape fragmentation

The landscape pattern index can represent the landscape fragmentation in the PRD region from 1990 to 2020. The impact of ECR delineation on patch, landscape fragmentation, and landscape diversity and richness was explored by analyzing the variation of the landscape pattern index. The results showed significant outcomings in PD, PLAND, LPI, and LSI during the past 30 decades.

Our results found that the PD of ecological and construction lands in the IECR remained stable despite the ECR delineation. And the construction land PD keeps decreasing (Figure 3A). No significant change in ecological and construction land PLAND in the IECR was found. After the ECR delineation, the ecological land PLAND in the OECR decreased by 1.34%. The construction land PLAND in the OECR increased by 9.1% before 2005 and 5.02% after 2005 (Figure 3B). The PLAND of ecological land in the IECR was twice as large as the PLAND of ecological land in the OECR, and the PLAND of construction land in the OECR was larger than in the IECR.




Figure 3 | Landscape patch density, percentage, index, and shape index inside and outside the ecological conservation redline in the Pearl River Delta region from 1990 to 2020. (A) Landscape patch density inside (IPD) and outside (OPD) the ecological conservation redline. (B) Percentage of the landscape inside (IPLAND) and outside (OPLAND) the ecological conservation redline. (C) Largest patch index inside (ILPI) and outside (OLPI) the ecological conservation redline. (D) Landscape shape index inside (ILSI) and outside (OLSI) the ecological conservation redline.



After the ECR delineation, the LPI of the ecological land in the IECR decreased by 4.93%, whereas the LPI of the construction land remained unchanged. The LPI for ecological land in the OECR remained basically unchanged. However, the LPI of the construction land maintained a significant upward trend, rising by 2.04% and 2.04% before and after 2005(Figure 3C). The LSI in the IECR showed no significant change. The LSI of ecological and construction lands in the OECR decreased by 6.03% and 30.92%. The LSI in the OECR was three times larger than in the IECR (Figure 3D). The CONTAG of the IECR was stable, while the OECR decreased from 62.5% in 1990 to 56.1% in 2020. And the CONTAG was higher in the IECR than in the OECR (Figure 4A). The SHDI increased yearly and was higher in the OECR than in the IECR (Figure 4B).




Figure 4 | The contagion (CONTAG) and Shannon diversity (SHD) indexes of the landscape in the Pearl River Delta region from 1900 to 2020. (A) The CONTAG index inside (ICONTAG) and outside (OCONTAG) the ecological conservation redline. (B) Shannon diversity index inside (ISHDI) and outside (OSHDI) the ecological conservation redline.



The SHDI increased from 1.25 to 1.37 in the OECR and from 0.6257 to 0.6565 in the IECR. SHDI values in the IECR were generally smaller than in the OECR.




3.3 Habitat quality changes



3.3.1 Changes in the proportion of raster of habitat quality classes in the PRD

Habitat quality in the PRD region from 1990–2020 was polarized and generally declining, with lower and higher habitat quality occupying larger areas, respectively (Figure 5). From 1990 to 2020, the proportional changes in habitat quality at the PRD level are as follows: the proportion of the lower level of habitat quality increased by 3%, the high level increased by 1%, and the higher level decreased by 3%. In the IECR, the proportion of the higher habitat quality remained stable at 86–87%. In the OECR, the proportion of the lower habitat quality increased by 3%, and the the higher habitat quality decreased by 4%.




Figure 5 | Spatial distribution of habitat quality inside and outside the ecological conservation redline of the Pearl River Delta from 1990 to 2020. (A) Distribution and proportion of habitat quality in 1990. (B) Distribution and proportion of habitat quality in the PRD in 1995. (C) Distribution and proportion of habitat quality in the PRD in 2000. (D) Distribution and proportion of habitat quality in the PRD in 2005. (E) Distribution and proportion of habitat quality in the PRD in 2010. (F) Distribution and proportion of habitat quality in the PRD in 2015. (G) Distribution and proportion of habitat quality in the PRD in 2020.






3.3.2 Spatial and temporal variation in habitat quality and degradation in the PRD region

High values of habitat degradation indicate a high degree of potential damage to the habitat quality and a high probability of habitat quality degradation occurring. From 1990 to 2020, the habitat quality values of the entire PRD area lay in the interval of 0.52–0.56, with an overall middle level; and the degradation was in the 0.04–0.05 (Figure 5). The mean value of habitat quality of IECR changed little and was in the interval of 0.85–0.86, with an overall higher level, and the degradation was 0.03 (Table 2). The mean habitat quality of the OECR was located in the middle-level interval of 0.47–0.54, showing fluctuating changes, and the degradation increased by 0.01.


Table 2 | Mean values of habitat quality and habitat degradation.








4 Discussion

In this study, land use change, landscape pattern index, and habitat quality were chosen to assess the effects of the ECR delineation. We focused on the analysis before and after the ECR delineation in the IECR and OECR in the PRD area. In a similar study, the researcher used economic, social, and ecological data to analyze the characteristics of spatial and temporal changes in the forest landscape and habitat quality in the Guangdong-Hong Kong-Macao Greater Bay Area. They found a significant positive correlation between urban expansion and forest landscape fragmentation. In addition, the overall habitat quality in the Guangdong-Hong Kong-Macao Greater Bay Area was declining yearly, showing a distribution of low habitat quality in the center and high habitat quality in the periphery (Yu et al., 2020; Jiang and Wu, 2021; Jiao et al., 2021).



4.1 Land use change in the Pearl River Delta region

From 1990 to 2020, the land use type in the PRD was ecological land and then agricultural land. The construction and agricultural land were concentrated in the central part of the PRD area and tended to spread to the surrounding area as the economy developed. The ecological land was on the edge of the PRD area and protected by the ECR area, which was hilly and terraced. And this may prohibit human disturbances and then keep a high vegetation cover. From 1990 to 2005, a large amount of land was changed to construction land, which happened in Guangzhou, Foshan, Shenzhen, Zhongshan, and Zhuhai, probably due to the accelerated urbanization and rapid development of the manufacturing industry. This phenomenon can be driven by the reform and opening up of the region. The opening attracted many people leading to a high-intensity development and construction (Figure 2).

Within 15 years before and after ECR delineation, ecological land in the IECR decreased by 0.05% and 0.057%, and in the OECR decreased by 0.37% and 1.36%. The conversion to construction land in the IECR after the ECR delineation may be due to the construction of ecological facilities (Table 1).

From 2005 to 2020, although the area of ecological land decreased, the conversion scale from construction to ecological land in the OECR was larger than the conversed way. It reflected that the implementation of ECR policies in the later years have played a role in maintaining the ecosystem in the IECR. And this also influenced the awareness of the public for ecological protection. The local government chose a more environmentally friendly spatial layout during the economic construction, reflecting the concept of green development (Figure 2).




4.2 Analysis of changes in the Landscape Pattern Index

Significant differences between the landscape pattern index inside and outside the ECR exist. Our results showed that the maximum values of the PLAND and LPI in the IECR occurred in ecological land, and the maximum values of the PD and LSI occurred in agricultural land. The maximum values of the PLAND, PD, LPI, and LSI in the OECR belong to ecological, construction, water, and agricultural land. The PLAND value of ecological land in the IECR was twice higher than in the OECR (Figure 3B) and accounted for more than 80% of the area of all types of landscape patches in the IECR. It indicated that the woodland cover in the IECR was high and was the dominant landscape type, which is consistent with the LPI results (Figure 3C). High values of PD were found for the agricultural land in the IECR and the construction land in the OECR, indicating a high degree of fragmentation in these land types (Figure 3A). However, in the OECR, the PD of the construction land decreased, and the LPI increased significantly yearly, which indicated that with economic development, the scale of the construction land continued to expand and connect into huge patches, despite the degree of fragmentation decreased.

The maximum LSI in the OECR occurred in agricultural land, and the LSI in the OECR was several times larger than that in the IECR (Figure 3D), indicating that the landscape in the OECR was subject to high intensity of human disturbance. The CONTAG in the OECR decreased continuously (Figure 4A). In contrast, the SHDI increased continuously (Figure 4B). The three CONTAG values in 1990, 2005, and 2020 were 79.49%, 79.46%, and 78.46% in the IECR, and in the OECR, were 62.48%, 56.37%, and 56.11%. The SHDI in 1990, 2005, and 2020 were 0.6257, 0.6276, and 0.6565 in the IECR and 1.2493, 1.3456, and 1.3655 in the OECR. These results indicated that the landscape fragmentation in the OECR was high and still increasing. In contrast, the landscape in the IECR showed a certain degree of fragmentation, but the connectivity was better than that of the OECR.




4.3 Spatial and temporal analysis of changes in habitat quality

We discussed the habitat quality outcomes based on land use change and landscape pattern index. It found that the lower level habitat quality was widespread in the vast plain area at the mouth of the Pearl River, spreading outwards in a radial pattern over time. It is probably due to the dense distribution of habitat threats such as energy, industry, population, and construction, which can cause high disturbance to the ecological environment. The high level habitat quality area circles the PRD area. In contrast, in the ECR area and its buffer zone, destructive human activities and industrial construction were restricted, resisting the expansion of urbanization and maintaining a relatively stable natural ecosystem. In addition, the local topography may not be suitable for intensive human development and construction activities.

Habitat quality in the PRD area was middle level, showing a distribution of a higher level of habitat quality around and a lower level of habitat quality in the central region, consistent with previous studies. The lower habitat quality was around the Pearl River Estuary and spread around. The higher habitat quality was in the surrounding hilly terrace(Figure 5). Over 85% of the IECR area had a higher level of habitat quality and a lower level of degradation. In the OECR, approximately half the scale was at a higher level, and half was at a lower level of habitat quality. The degradation was higher in the OECR (Table 2).

The mean value of the habitat quality in the IECR did not vary, and the habitat quality was at a higher level (Table 2), probably because the ECR delineation had strictly restricted destructive activities such as industrial, mining, and deforestation. Therefore, the area was less disturbed by humans and thus maintained a high vegetation cover and ecosystem stability. The habitat quality of the OECR was at a middle level with increasing degradation, probably because these areas are flat, with many towns, rural settlements, etc. The ecological environment was heavily influenced by human activities, urbanization, and economic development, making the stability of the ecosystem challenging.

Recently, the Guangdong Province has been improving the ECR delineation, which may have impacted the results of this study. The choice of parameters was a bit subjective, and the estimation method for habitat quality needs to be further optimized, as shown by the empirical findings of the InVEST model and related studies. In addition, the threat sources selected in this study mainly included surface threat sources of land use change. Moreover, the limited data availability created a lack of line threat sources such as highways and railways. Also, the impact of point threat sources, such as the construction of isolated infrastructure facilities and pollutant emissions, is lacking. Thus, it should be improved to collect point threat sources in subsequent studies. The model parameters should be optimized to obtain more accurate calculation results, thus providing a reference for the construction of regional ecological civilization and ecological security of the national territory.





5 Conclusion

In this study, the data from 1990 to 2020 were dealt with by ArcGIS, Fragstats, and InVest software, and we obtained the following conclusions:

	(1) Land use in the PRD region was dominated by ecological land, followed by agricultural land, with the type of land tilted towards construction land and water, with a 12.3% rise in the construction land area, mainly in the central PRD. The emerging agricultural land was on the bank of the Pearl River Estuary, indicating that the ECR area blocked human disturbance.

	(2) The PLAND, PD, LSI, and LPI showed that the ECR area had a slight fragmentation trend and that the ecological land was less disturbed by humans. Construction land in the OECR rapidly increased, indicating that the construction land area was expanding and connecting into patches. The human disturbance was more intense in the OECR than in the IECR. According to CONTAG and SHDI, the landscape connectivity in the IECR was high, with little inter-annual variability. The CONTAG within the ECR was stable, indicating that the delineation of the ECR maintains the landscape connectivity in the IECR. SHDI increased each year and was higher in the OECR than in the IECR (Figure 4B), indicating that more heterogeneous patches in the landscape and a higher degree of landscape fragmentation occurred in the OECR compared to the IECR.

	(3) Habitat quality in the PRD area was generally at a middle level, showing a distribution of a higher level of habitat quality around the region and a lower level in the central. Over 85% of the area in the IECR had a higher level of habitat quality and a lower level of degradation. In the OECR, almost half was a higher level of habitat quality, and a half was a lower level. The degradation was higher in the OECR than in the IECR.



ECR has a positive effect on protecting the stability of ecosystems in the IECR, maintaining their biodiversity, slowing down landscape fragmentation, and resisting destructive human interference activities. The ECR area provides a new method for protecting the ecological function areas, ecologically fragile and sensitive areas, and prohibited development areas worldwide.
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Under a background of uncoordinated economic development and the ecological environment, quantifying the ecological effect brought by land resource changes, have become research key and hotspots. To explore land use change and its impact on ecosystem service value (ESV), the land use change analysis method, ecosystem service evaluation model, flow direction analysis model and two-dimensional graph theory clustering method were used to analyze the profit and loss of ESV in Qiqihar in 2010 and 2020 and the division of ecological function areas with counties as units. The results show that: 1) The land use change in Qiqihar city is more obvious, Among them, the area of cultivated land, wetland, construction land and other increases, Woodland, grassland, water area decreased, The changed land area accounts for 30.95% of the total area; 2) The ESV in Qiqihar city increased by 869 million yuan, The sum of the value of cultivated land and wetland exceeded 70.0% of the ESV, is the main source of ESV in Qiqihar city; 3) Not all land-use shifts are conducive to ESV growth. The increase of ESV mainly comes from the flow of cultivated land and grassland to the wetland; Conversion of woodlands, water area, wetlands to other types causes ESV loss, the most loss is the conversion of wetlands to cultivated land; 4) Qiqihar city is divided into the central wetland ecological conservation area, the western characteristic agriculture and dotted wetland ecological function area, and the northeast agricultural ecological environment construction functional area. Three policies were proposed to improve ESV:(1) give play to the radiation role of wetland nature reserves; (2) popularize the black land protection technology model; and (3) prevent and control agricultural non-point source pollution and promote clean agriculture.




Keywords: land use change, ecosystem service value, the flow-oriented model, ecological function zoning, Qiqihar city




1 Introduction

The concept of Lucid Waters and Lush Mountains Are Invaluable Assets has been deeply rooted in the hearts of the people since the 18th National Congress of the CPC. Green has become increasingly important for high-quality development. The construction of ecological civilization has a bearing on the well-being of the people and the future of the nation. Realizing ecological sustainable development has become the focus of the world. ESV, a hot topic of sustainable development, has been widely regarded by researchers as one of the main indicators to evaluate ecological and environmental changes (Le, 2022; Zhang J. et al., 2022). Ecosystem service function refers to various benefits that humans can directly or indirectly obtain from the ecosystem (Costanza et al., 1997). They are usually divided into four categories: supply, regulation, support, and culture (Swallow et al., 2009). Land use change changes the structure of the land ecosystem (Zhang X et al., 2022), which is an important part of the ecosystem. It also affects the ecosystem service function and ESV (Li et al., 2020; Xie et al., 2020; Yuan et al., 2021). Therefore, ESV research based on land use can grasp the spatiotemporal pattern of regional land use change and its impact on ESV and provide a theoretical basis and reference for ecological construction.

Researchers have made rich achievements in studying ecosystem services (Le, 2022) in recent years. Costanza (Costanza et al., 1997) explained the relationship between natural capital and ecological service function in 1997. He also used ESV to measure ecosystem function and represented the impact of different land use changes on ecological service function in the form of monetization. Xie proposed the equivalent factor method (Xie et al., 2003) based on the actual situation in China in 2003. He then supplemented and revised it in 2015 (Xie et al., 2015). Studies on ecosystem service function are analyzed from the perspective of administrative regions (Guo et al., 2001; Li et al., 2009; Mamat et al., 2013; Zhao et al., 2013; Kremer et al., 2016; Gashaw et al., 2018; Ruiz-Sandoval et al., 2019; Solomon et al., 2019; Yu et al., 2022) and natural divisions such as watersheds and urban agglomeration (Liu et al., 2020; Pan et al., 2021; Das et al., 2022; Huang et al., 2022) in terms of research scale.

It mainly includes comprehensive research on the ecosystem and special research on the single ecosystem and service value (Fujii et al., 2017; Schild et al., 2018; Zhang X et al., 2022) in terms of research contents. Most of the existing literature calculates the spatiotemporal evolution of ESV in provinces, cities, and counties. Few of them analyze the flow direction of ESV and study the ecological function zoning of land use according to various ESVs in the county. The gains and losses and zoning of ESV under land use change play an important role in developing and managing differentiated land as well as regional sustainable development. There are few studies on the relatively underdeveloped northeast China at present, especially in the wind-sand, drought-prone, and black-soil areas.

Qiqihar, located in one of the world’s three major Black Soil Belts, is known as the National Granary, which has provided grain production support for Heilongjiang Province and even the whole country. Drastic changes have taken place in land use cover in this region since the 20th century, and land use types are constantly changing. Therefore, the urgency of curbing ecological environment deterioration (Niu et al., 2021; Wen et al., 2021), and the construction and function improvement of the ecosystem have attracted much attention. The study on ESV in Qiqihar has an early time series, and there is a lack of recent studies on ESV and the gain and loss relation between land use change and ESV in this region. The key problem to be solved is to grasp the status quo of land use in Qiqihar, study how the changes of land use types affect the rate of flow and flow direction of ESV in the city, And grouped according to the characteristics of single ESV combination of each unit area in different counties. According to the characteristics of different ecological function zones, reasonable and differentiated implementation and management plans should be formulated. This study used GIS tools to reveal the law of land use change in Qiqihar, analyzed the ESV profit and loss caused by land use change, and based on nine categories of ESV per unit area, 16 counties (cities, districts) were divided into different ecological functional areas. By quantifying the ecological effect brought by land resource changes, it provides theoretical basis and decision support for the improvement of land ecosystem service value, food security and sustainable management of Qiqihar ecosystem.




2 Overview, data sources, and methods of the research area



2.1 Study area

Qiqihar city (122-126° E, 45-48° N) belongs to Heilongjiang Province, located in the west of Songnen Plain, the intersection of black, Kyrgyzstan and Mongolia provinces. (Figure 1). It is a central city in the northwest region of Northeast China and an important marketable grain base and old industrial base in China. Qiqihar has jurisdiction over 1 city, 8 counties, and 7 districts and covers an area of 42,400 km2. The city has a temperate continental monsoon climate with four distinctive seasons. Annual precipitation is 400-550 mm, and annual evaporation is 500-800 mm, which is greater than precipitation. Qiqihar’s typical black-soil land accounts for 25.4% of the province and 14.2% of the northeast of China. It bears the major political responsibility of ensuring national food security and protecting black-soil cultivated land. The urbanization rate is 48.73%, and the GDP has reached 120.039 billion yuan by the end of 2020. Ecological and environmental problems caused by human production activities have become increasingly prominent with the acceleration of industrial development and urbanization. The water and soil loss is serious, and land desertification and salinization are intensified in the region. Meanwhile, the multiple values and protection of the Black Soil Granary have been neglected for a long time, and the excessive use of land has caused land degradation and quality decline in Qiqihar.




Figure 1 | Location and topography of the study area.






2.2 Data source and processing

Data involved in the work include the following items: (1) Land use classification data of two periods in 2010 and 2020: 1×1 km raster data from Resource and Environment Science and Data Center, Chinese Academy of Sciences (https://www.resdc.cn/). The unused land was classified into marshland and other lands, considering that marshland was an important part of the wetland system and had higher ecological functions. It was combined with the current situation and research objectives of the research area to make the ESV assessment more accurate. Swamp land was classified as a wetland system and other land includes sandy land, saline-alkali soil land, bare land, bare rock, and stony land. The final classification was cultivated land, woodland, grassland, water area, construction land, other lands, and wetland.(2) Two types of vegetation type data in 2010 and 2020 are as follows: 500 × 500 m vegetation net primary productivity (NPP) data came from the MODIS data products provided by NASA’s website (https://modis.gsfc.nasa.gov). It was used in ESV coefficient correction. (3) Meteorological data in 2010 and 2020 are as follows: precipitation data of 1 × 1 km and potential evapotranspiration data of 1× 1 km were provided by National Earth System Science Data Center (http://www.geodata.cn). (4) Social and economic data in 2010 and 2020 are as follows: Yield of food crop, sowing area of cereal crops, and per capita GDP were obtained from Qiqihar Statistical Yearbook, Qiqihar Statistical Bulletin of National Economic and Social Development, and the website of the State Statistical Bureau.




2.3 Research methods



2.3.1 Analysis of land use change

The overlay analysis of the land use type figures of the two periods was carried out based on software ArcGIS10.2. The land transfer matrix and land use change rate (Hemmavanh et al., 2010; Peng et al., 2016) (Table 1) were used to quantitatively study the changing condition of various types of land resources. This was the basis for studying the change in the land use structure and ecosystem service. The land use transfer matrix is a two-dimensional matrix constructed according to the change of the current situation of land use at different research points in the same region. By analyzing the transfer matrix, we can get the mutual transformation between different classes at the end of the period, including the location and area of the change. And the land use change rate refers to the ratio of the changing area of each land use type and the initial area during the study period of the same research area, reflecting the intensity of the change in the same area.


Table 1 | Analysis methods of land use change.






2.3.2 Ecosystem service value calculation

The ESV of Qiqihar is calculated using the ecosystem service assessment model based on the relevant theoretical achievements of Costanza et al. (Costanza et al., 1997) and Xie et al. (Xie et al., 2003). The specific formula is as follows:

 

Where: ESV is ecosystem service value (yuan); Ab is area of bth land use type (ha); VCb is ecosystem service value coefficient per unit area (yuan/ha).

Considering the dynamics of ecosystem service equivalent factor and the degree of ecosystem sustainable development, four correction factors, including the economic value of grain yield per unit area, land use type, biomass factor and economic factor correction, were selected to improve the ESV evaluation model, as shown in Table 2. That is, on the basis of the original ESV evaluation model, the value equivalent scale (Xie et al., 2008),was multiplied by the value of each correction factor to obtain the ESV coefficient table per unit area of Qiqihar City (Table 3).


Table 2 | ESV assessment model revision.




Table 3 | ESV coefficients per unit area in Qiqihar(Unit: yuan/ha).



The coefficient of variation is used to quantitatively calculate the dispersion degree of county ESV on time and space scales. It reflects the dispersion degree and sequential variation of the regional gap and is the ratio of the standard deviation of basic data to the mean value of basic data (Sun et al., 2019).

 

Where: Vc is the coefficient of variation; n is the number of samples; Ki is the county ESV;`K is the mean of county ESV in two periods. The larger the coefficient of variation Vc, the more discrete the time series and the greater the interannual fluctuation of ESV; conversely, the more stable the time series and the smaller the interannual fluctuation of ESV.




2.3.3 Flow analysis model

The flow analysis model is used to analyze ESV, which reflects the effect of land use type conversion on ESV gains and losses. The calculation formula is as follows (Wang et al., 2022).

 

Where: PLij is the gain or loss value of ESV after the transfer of land use type i to land use type j (108yuan); VCi and VCj are the ESV coefficients per unit area of land use type i and j, respectively (108yuan/ha); Aij is the area transferred from land use type i to land use type j (ha).




2.3.4 2D graph theory clustering method

The 2D graph theory clustering method is to study Birds of a Feather Flock Together in mathematical statistics, which is classified according to the degree of similarity of its properties (Wu et al., 2018; Niu et al., 2022). The internal differences and similarities among each zoning unit are considered, while the spatial connectivity between adjacent units and the integrity of the administrative boundaries are ensured by constructing an undirected weighted graph (Kayser et al., 1992; Lu et al., 2017; Wu et al., 2018; Zhang et al., 2020) based on the location relation. The change of ESV driven by land use change is an important quantitative index of ecological effect. The 2D graph theory clustering method based on ecosystem service function utilization can determine the optimal combination of ecological advantages in the best location from the perspective of changing trends in ESV. This can control the direction of land use conversion.

Firstly, 16 counties, urban areas, and districts were determined as zoning units to form a zoning unit set (V). The longitude and latitude of the zoning units were determined by ArcGIS spatial analysis. Then, connect each zoning point and determine the adjacency relation set of each zoning unit by adjacency matrix (E). Secondly, 9 ESVs in the above value equivalent factor table were used as zoning indicators, and the weight of each indicator was determined by the entropy weight method. Each index value was obtained, and the weight matrix was constructed to determine the weight value (D). Next, the undirected connected weighted graph G= (V, E, and D) was formed by considering the spatial connectivity and index similarity between the zoning units. The minimum spanning tree was obtained by the graph theory minimum tree method. The minimum spanning tree was divided into n subtrees to obtain a 2D optimal tree cluster and an appropriate threshold value was selected according to the principle of the subtle difference in the region and obvious difference in the interval. The zoning result was finally obtained after proper adjustment according to the actual situation of the region. List the specific calculation formula (Table 4).


Table 4 | Calculation formulae related to ecological function zoning of land use in Qiqihar.








3 Results and analysis



3.1 Temporal and spatial changes of land use



3.1.1 Land use area change

Cultivated land is the main type of land use in Qiqihar and accounts for about 73% of the total area, which is the largest of the seven land use types. The second largest area is the wetland which accounts for about 10% of the total area. The research area mainly includes Zhalong Wetland, Tailai Wetland, and Three wetland Nature Reserves along the River Wetland, Jiangxin Island National Wetland Park, and Fuyulong’an Bridge National Wetland Park. Compared with 2010, significant changes in the land use cover of Qiqihar in 2020 (Figure 2). The most obvious changes are the decreased area of grassland and water and the increased area of cultivated land and wetland.




Figure 2 | Present land use map of Qiqihar city from 2010 to 2020.



The area of grassland and water area was sharply reduced, and the grassland was reduced by 1,508 km2 (41.83%), with an annual change rate of -4.18% in 2020 compared with 2010. The Three Kinds of Grassland, i.e., desertification, salinization, and degradation, accounted for 70% of the total grassland area. The predatory mode of management has caused serious damage to Qiqihar grassland due to the rapid development of grassland animal husbandry. Hence, governance and repair are urgent. Compared with 2010, the water area decreased by 860 km2, with a decrease of 48.64% and an annual change rate of -4.86% in 2020. It is the land use type with the largest change rangeability. The decrease in precipitation and increase in evapotranspiration are important reasons for the shrinking of the water area according to the rainfall and evapotranspiration data of Qiqihar City.

The cultivated land increased by 1,105 km2 with a minimum change rate of only 0.37%. The stability of cultivated land is the basic guarantee of a stable ecosystem and is conducive to maintaining the ecological balance. It also guarantees regional food security. The wetland increases by 1,187 km2, with an annual change rate of 3.73%. That of other land types is 0.68%. Other land types are mainly saline-alkali land, which provides backup for the urban development of Qiqihar.

All counties, urban areas, and districts are dominated by cultivated land from the perspective of counties, urban areas, and districts except for the Tiefeng District dominated by wetland. Tiefeng District wetland area accounts for 37.78% of the total district area. The proportion ranks first in the city. The proportion of cultivated land in the main urban area is about 47.49%, and the proportion of that in the whole city is the minimum. The water area and wetland are the most and account for about 22.88% of the total area of the whole city. The total amount and proportion of construction land are the highest in the whole city. Baiquan County has 83.23% cultivated land and 0.39% water area. The proportion of cultivated land ranks first in the city, and the water area is far less than the average of the city. Water factor restricts the development of Baiquan County. The wetland area of Fuyu County accounts for about 19.77% of the total area of the county, ranking first in the city. The woodland in the Nianzishan area ranks first in the whole city and accounts for 16.30%, with a high afforestation level.




3.1.2 Land use type transfer

The overall land use change in Qiqihar is obvious from 2010 to 2020, and the regions are relatively concentrated from the land use transfer matrix and spatial distribution (Table 5; Figure 3). The net outflow of grassland is the largest, mainly in the periphery of urban areas. Grassland reclamation contributed the most to the increase of cultivated land area, which is attributed to the rapid increase of population in the region and the continuous improvement of agricultural mechanization. Human activities cause the transfer of grassland to some extent, which should be paid attention to. The net outflow of water area is the second largest, mainly on the left bank of the Nenjiang River Main Stream, of which 583 km2 is transformed into cultivated land and 536 km2 into the wetland. A large number of water areas have been transformed into cultivated land, and there are unreasonable human activities such as farm reclamation from lack and aquaculture in the lake, which damages ecological functions.


Table 5 | Land use transfer matrix of Qiqihar from 2010 to 2020 (Unit: km2).






Figure 3 | Spatial transfer characteristics of land use. The legend is shown from top to bottom, from left to right: Other-Construction Land; Other-Woodland; Other-Water Area; Other-Wetland; Other-Cultivated Land; Other-Grassland; Construction Land-Other; Construction Land-Woodland; Construction Land-Water Area; Construction Land-Wetland; Construction Land-Cultivated Land; Construction Land-Grassland; Woodland-Other; Woodland-Construction Land; Woodland-Water Area; Woodland-Wetland; Woodland-Cultivated Land; Woodland-Grassland; Water Area-Other; Water Area-Construction Land; Water Area-Woodland; Water Area-Wetland; Water Area-Cultivated Land; Water Area-Grassland; Wetland-Other; Wetland-Construction Land; Wetland-Woodland; Wetland-Water Area; Wetland-Cultivated Land; Wetland-Grassland; Cultivated Land-Other; Cultivated Land-Construction Land; Cultivated Land-Woodland; Cultivated Land-Water Area; Cultivated Land-Wetland; Cultivated Land-Grassland; Grassland-Other; Grassland-Construction Land; Grassland-Woodland; Grassland-Water Area; Grassland-Wetland; Grassland-Cultivated Land.



Data shows that Qiqihar is located in the wind-sand, drought-prone region of the western Songnen Plain, with an annual average precipitation of about 467 and 224 mm in 2010 and 2020, respectively. Annual potential evapotranspiration is about 779 and 805 mm, respectively. The water area shrinks and transforms into a marsh wetland due to the decrease of precipitation and increase of evapotranspiration. The net inflow of cultivated land and wetland is the largest. Cultivated land was mainly from grassland, woodland, and wetland, which account for 30.23%, 13.48%, and 20.76% of the transferred area, respectively. However, the wetland is mainly from cultivated land, grassland, and water area, which account for 35.37%, 36.50%, and 20.23% of the transferred area, respectively.

In conclusion, although a large part of the cultivated land in Qiqihar was transformed into construction land in 2020 compared with 2010, the total cultivated land area still maintains an upward trend because the cultivated land is continuously transformed from the wetland, grassland, and other land types. The water area decreases sharply and the wetland area increases due to decreased precipitation and increased evapotranspiration. The construction land area is mainly transformed from cultivated land. The increase in other land is due to the transformation of grassland and cultivated land into land types that are difficult to use. However, it can be used as backup resources for urban development through renovation.





3.2 ESV Analysis of gains and losses



3.2.1 Total volume and structure

Generally, the proportion of the total value of cultivated land and wetland exceeded 70.0% of the total value of ecosystem services in Qiqihar in 2010 and 2020. The two are the main sources of ESV in Qiqihar. Therefore, they are of great significance to the development of Qiqihar. It also reflects the natural advantage of the Northeast Black Soil Area in this region to some extent.

Compared with 2010, the total value of ecosystem services in Qiqihar increased from 35.127 billion to 35.996 billion yuan in terms of changes. The total value of ecosystem services increased by 869 million yuan, with a change rate of 2.47%, showing relatively slow growth. The ESV of woodland, grassland, water area, and construction land decreased in different degrees, among which the area of water decreased the most, reaching 48.64%, followed by grassland and woodland. The decrease in water area is the most important cause of ESV loss during this period, followed by grassland. The ESV of cultivated land, wetland, and other land increases, and that of wetland increase the most, with a change rate of 37.33% (Figure 4). The increased area of cultivated land and wetland areas, the main contributors to ESV in Qiqihar, makes up for the loss of the total value of ecosystem services to a certain extent. It determines the total value of ecosystem services and its change trend to a large extent.




Figure 4 | Changes of ESV in Qiqihar City from 2010 to 2020. And change rate of ESV of each land use type at the end of the period compared with the beginning.



The size relation of individual ESVs in Qiqihar in 2010 and 2020 from the perspective of the composition of ESV is as follows: waste treatment > hydrological regulation > climate regulation > soil conservation > biodiversity > gas regulation > aesthetic landscape > food production > raw material production (Table 6). The top five together account for more than 75% of the total value of ecosystem services in a given year.


Table 6 | Changes in the value of individual ecosystem services from 2010 to 2020.



The value of food production, gas regulation, climate regulation, and waste treatment all increased by 1.21%, 0.63%, 14.38%, and 3.04% in the decade, respectively. A large increase in the area of cultivated land increases the value of land for food production and so on. The increase of wetland areas optimizes the ecological environment, which increases the value of gas regulation, climate regulation, and waste treatment. There has been a reduction in the value of raw material production, hydrological regulation, soil conservation, biodiversity, and aesthetic landscape. It is mainly the result of the reduction of woodland, grassland, and water area as well as the increase of other land and construction land.

Based on the above findings, it is evident that land use changes and ecosystem service value changes in Qiqihar have a very strong correlation during the study time period, and the drivers affecting land use structure changes in Qiqihar indirectly affect the ESV in Qiqihar. Taken together, economic development, population growth, natural environment, and policy factors are important drivers of ESV change (He et al., 2022; Liu et al., 2022; Yang and Liu, 2022; Haque et al., 2023). ①The economic level and urbanization rate have increased significantly (Li D et al., 2022), and the demand for construction land in Qiqihar has increased, and the area of ecological land such as woodland, grassland and water area has been shrinking, resulting in an increase in land use intensity and unreasonable utilization structure, which have certain impacts on the ES such as raw material production, hydrological regulation and soil conservation in the ecosystem. ②Population is an important factor affecting changes in the amount of cultivated land, and the increase in population requires not only more cultivated land to ensure people’s food security, but also to expand production and improve living facilities. Human activities are a trigger for the decrease in the area of high service value land use types such as woodland, grassland and water (Li J et al., 2022), which in turn causes changes in the value of ecosystem services provided by such land use types. ③Natural environmental factors also have some influence on land use and ESV. And in this area the surface water income exceeds expenditure, precipitation exceeds evaporation. Due to the low-lying terrain, the river water quickly accumulates during the rainy season, coupled with poor drainage, resulting in the formation of a large area of swampy wetlands. These factors have certain effects on food production, gas regulation, climate regulation, waste treatment, and aesthetic landscape. ④Agricultural policy is also one of the important drivers of change in the value of ecosystem services in Qiqihar (Zhou et al., 2016). The region responded positively to the national policies and implement a strict cultivated land protection system under the guidance of the government, and increase the effective supply of cultivated land through the balance of cultivated land occupation and the linkage between increase and decrease of construction land.




3.2.2 Spatial pattern of ESV gains and losses

Nehe City has the maximum ecological value, which accounts for 16% of the total value of Qiqihar from ESV changes of counties, urban areas, and districts in Qiqihar in 2010 and 2020 (Figure 5). It benefits from 75% of the cultivated land in Nehe and the Nemoer River Wetland Nature Reserve Wetland. The second is Fuyu County, whose ESV accounts for 13% of the total value, thanks to the ESV of Zhalong Wetland. Jianhua District, Longsha District, Nianzishan District, and Fulaerji District provide less ESV due to limited land area. ESV per unit area decreases because of the reduction of cultivated land, woodland, and water area in Jianhua District. Besides, the reduction of woodland, grassland, and wetland in the Nianzishan district and grassland, woodland, and water area in the Fulaerji District also caused the decrease of ESV. However, that of Longsha District improves due to the increased area of cultivated land, woodland, and wetland in Longsha District.




Figure 5 | Changes of ESV in counties and districts of Qiqihar from 2010 to 2020. And the coefficient of variation of the degree of ESV change at the end of the reaction period.



Fulaerji District has the maximum coefficient of variation, which is as high as 41.73% analyzing the difference of ESV among counties in Qiqihar in 2010 and 2020 (Figure 5). ESV has decreased by 547 million yuan over the past decade. The variable coefficients of Jianhua District and Tiefeng district are higher, 11.41% and 13.02%, respectively. ESV decreased by 20 million yuan and increased by 319 million yuan, respectively, during the decade. Kedong County is the area with minimum average annual change and variable coefficient. Meris and Keshan County have the same small change in value.





3.3 ESV flow analysis

Lists the analysis of ESV flow direction under land use change in Qiqihar from 2010 to 2020 (Table 7). ESV income mainly comes from the transformation of cultivated land and grassland ecosystem to wetland ecosystem, and water ESV to the wetland from the flow direction of ESV net gains and losses under land use change. It also plays a certain role in the increase of ESV in Qiqihar. The transformation of woodland, water area, and wetland to other types results in ESV losses. The largest loss is the transformation of the wetland to cultivated land, about 3.338 billion yuan. The ESV transfer gains and losses of other lands are flat.


Table 7 | Analysis of ESV flow direction under land use change in Qiqihar from 2010 to 2020 (unit: 108yuan).



Compared with 2010, the Sankey diagram directly shows the transfer direction and flow of changed ESV gains and losses in the research area. A large number of ESVs of cultivated land and grassland transforms into wetland ESV according to the Sankey diagram (Figure 6). The ESV income of cultivated land and grassland, as the main income flows of wetland ESV during this period, are 2.698 and 2.558 billion yuan, respectively. A large number of ESVs of wetland, water area, woodland, and grassland were transformed into cultivated land ESVs according to the Sankey diagram (Figure 7). The wetland ESV is the main loss flow direction of cultivated land ESV during this period, with a loss of 3.338 billion yuan. Wetland ESV has the maximum net value, which is 2.166 billion yuan according to the ESV gain and loss changes caused by land transformation.




Figure 6 | Sankey diagram of ESV revenue flow. The flow direction is from left to right, and the rate of flow is different color height pair.






Figure 7 | Sankey diagram of ESV loss flow. The flow direction is from left to right, and the rate of flow is different color height pair.



It can be seen that human activities such as urban expansion and reclamation and farming occupy a large amount of water and wetland, leading to the reduction of the ecosystem service value of Qiqihar city. However, the natural conditions such as low-lying land and wet surface make up for the decrease of value brought by human activities.




3.4 Ecological function zoning of land use

A zoning scheme of land-use ecological function in Qiqihar was proposed based on the standardized processing of nine ecosystem service function indexes ESV. The 2D graph theory clustering method and the centroid longitude and latitude of the taxonomic unit were used for analysis to provide a reference for guiding the direction of land utilization and development. The 16 county-level administrative districts in Qiqihar produced 15 connecting edges without loops. Three ecological functional zones of land use were obtained using 0.0496 as the threshold value by considering the scale and correlation of each zone in the zoning results. These are ecological wetland conservation areas in central China, point-shaped ecological-function wetland areas with featured agriculture in western China, and agricultural ecological environment construction functional areas in Northeast China (Figure 8).




Figure 8 | Ecological function zoning of land use. The black line segment shows the set of connected edges without circuits in each county (city, district).



Central wetland ecological conservation area, located in the middle of the Nenjiang alluvial plain, mainly includes the main urban area and 7 counties of Fuyu, which accounts for 19% of the total area. The main land use types of the conservation area are cultivated land and wetland. The main ecosystem service functions are waste treatment, hydrological regulation, climate regulation, and aesthetic landscape. The area has wetland that are important in China and even in the world.

Western characteristic agriculture and point-shaped wetland ecological functional area, located in the south of Nenjiang alluvial plain and west of the hilly area, mainly includes Gannan, Longjiang, Tailai County, and Nianzishan district. They account for 35% of the total area. The main land use type is cultivated land and wetland and the main ecosystem service functions are raw material production, soil conservation, and high gas regulation value. The area shoulders the great responsibility of safeguarding the ecological security of Qiqihar on the west bank of the Nenjiang River Basin. Many wetland are distributed in a pointed pattern. The average thickness of the cultivated layer in the typical black-soil area is more than 28 cm, but that in the area is only 18 cm.

The functional area of agricultural ecological environment construction in Northeast China mainly includes Nehe, Yi’an, Keshan, Kedong, and Baiquan County in the northeast of Qiqihar. The area is located on the southern slope of the Lesser Khingan Mountains and accounts for 46% of the total area. The main land use is cultivated land and the main ecosystem service function is food production and soil conservation. Songnen plain black-soil belt is mainly distributed in Nehe, Yi’an, Keshan, Kedong, and Baiquan County. The cultivated land is concentrated in contiguous distribution with high natural fertility, which is suitable for the development of agricultural production. Meanwhile, the area is an important agricultural area of Qiqihar with high grain yields and good quality and contributes to the grain production of Qiqihar.





4 Discussion

The work adopted the ESV evaluation model to calculate the ESV of the research area, and a flow analysis model was built to analyze the flow direction and flow of net gain and loss value of ecosystem services. Besides, the 2D graph theory clustering method was used to divide ecological functional areas to provide a reference and basis for ecological construction from the perspective of ESV change trends. However, further exploration is needed in the following aspects.



4.1 Policy implications

According to the zoning results, we put forward the management direction for each ecological functional area.

The central wetland ecological conservation zone: surrounding districts and counties together with central Zhalong International Wetland Nature Reserve will improve the functional value of gas regulation, soil conservation, and biodiversity. Meanwhile, it will control the scale of tourism and focus on wetland protection and construction to maintain and improve the health and function of the land ecosystem. We will strictly control urban sprawl as well as reduce damage to the ecological environment caused by human activities and the discharge of waste gas, wastewater, solid waste, and other pollutants.

The western characteristic agriculture and point-shaped wetland ecological functional zone: building a featured agricultural product base, stimulating industrial vitality and farmers’ participation enthusiasm in the future, maintaining the supply function of the ecosystem, firmly establishing the concept of green development, and promoting the green and efficient technology model of reducing the chemical fertilizers and pesticides. Besides, six black-soil land protection technology models are promoted, including fertile plough layer cultivation, straw mulching, crop rotation, soil turning, and organic fertilizer back to the field, to demonstrate the prevention and control of wind and water erosion, soil consolidation, and fertilization technology of black-soil land. A multi-pointed wetland protection pattern is formed by gathering numerous point-shaped wetland protection areas to improve the functions of climate regulation and hydrological regulation. Finally, multiple cultural sites are used to promote the integration of culture and tourism as well as the aesthetic landscape and other functions.

The northeast agricultural ecological environment construction zone.: Firstly, focus on the protection of cultivated land and strictly prohibit the construction of cultivated land to ensure the productive function of biological production. Then, maintain land resources and improve the organic content of the soil. We will prevent and control agricultural non-point source pollution and actively promote clean agriculture with agricultural production as the core. Besides, the agricultural ecological environment and agricultural yield will be improved. Next, raise public awareness of environmental protection, monitor and control pollution sources, and ease pressure on the soil. Finally, improve soil self-purification and productivity, the construction and protection of farmland ecosystems, and the sustainable use of cultivated land resources.




4.2 The shortcomings of the study

The work adopted the equivalent factor method to evaluate the dynamic process of ESV caused by land use change. The method is of high practical value in ESV assessment based on unit area value. Researchers focused on the ESV changes caused by different biomass and willingness to pay between the different years in the same ecosystems. Besides, they used various coefficients to correct ESV (Shi and Wang, 2008; Wei et., 2017; Tang et al., 2019) to make the research results reflect the actual situation in different regions. The most commonly used correction coefficients are the economic value of grain production per unit area of farmland (Tang et al., 2019), biomass factor (Yan, 2022), and per capita GDP (Li X et al., 2015). The above correction methods mainly use the results of previous studies and cannot reflect the actual situation of the region well. Therefore, the work adopted biomass factor, economic factor, and economic value of grain yield per unit area to make a compound correction to the ESV coefficient. The correction results reflected the actual situation of the research area. However, it was neglected that the ecosystem service changed as the external form and internal structure of the ecosystem changed. The whole research area was taken as the whole to calculate the correction coefficient during revising the biomass and economic factor of the ESV assessment model. The differences in counties, urban areas, districts, and land use types were not fully considered. The positive and negative effects of construction land on ESV are fully considered. However, the total ESV of the study area changes greatly by considering the influence of construction land ESV because various ESVs of construction land are generally negative in many studies (Li B et al., 2015) or the influence of that is not considered (Cao et al., 2020; Ma et al., 2021). There are various calculation methods for ESV, such as cultivated land, woodland, grassland, and wetland. However, the calculation process often involves various factors affecting ESV and it is not easy to separate the direct impact of land type change on value when other conditions are unchanged. Each land type should be uniformly quantified to study the ESV changes caused by land use changes. It also requires a unified ecosystem service evaluation system and accounting under the same method. However, the method ignores the contribution of environmental factors such as land quality and rainfall to ESV change. Therefore, we should comprehensively consider all factors affecting ESV change and extract the contribution of land use change to ESV change. The 2D graph theory clustering method selected by land use ecological function zoning can alleviate the disputes between adjacent administrative units caused by ambiguous land boundaries and local differential management to a certain extent. However, the result of centralized contiguous zoning ignores the differences among individual internal units of the zoning to a certain extent.




4.3 Comparison of study results and reasons for the difference

The ESV calculation results of the research area are similar to those of Yang et al. (Yang et al., 2018) on the ecosystem service value of Qiqihar from 1990 to 2015: The grassland and water area decreased significantly, while the cultivated land, construction land, and unused land increased during research. The ecological service value of grassland, water area, and construction land decreased year by year, while that of cultivated land and unused land increased year by year. However, some of the results are not following the above conclusion. For example, the wetland area increases, and the woodland area decreases. The difference in the results is caused by their different classification criteria and time range of land use. Yang et al. (Yang et al., 2018). directly identified wetland types through visual interpretation, while the unused land marshland is directly classified as a wetland system in the work. The land use change in the research area is similar to that of Qiqihar from 2010 to 2017 as described by Xie et al. (Xie et al., 2021). Construction land continues to expand with the advancement of urbanization. Cultivated land occupies the largest proportion and the area ratio of the wetland is second to that of cultivated land. The area of woodland and grassland both decreases. Using Costanza and Xie method to study the change of ESV under land use change, which is consistent with the method chosen by scholars (Hoque et al., 2020; Gao et al., 2021; Li Q et al., 2022). Thus, it is reasonable and reliable to use the method to study such content.




4.4 The deepening of the research content

Land use pattern is an important factor affecting the change of ecosystem service value, which reshapes the flow pattern of the ecosystem service. An in-depth discussion on the relationship between land use change and ESV will impact the coordinated development of the regional ecological economy. Future research will further consider using the grid as a research scale to reflect the change in ecological service value, improve research methods, and refine land use types and the ecological service value coefficient of different land use. Meanwhile, various land use scenarios will be set up with the help of CLUE-S, CA, and other models. It is to scientifically predict the future gains and losses of ecosystem service value under land use change in the research area. Besides, the research on ecological function zoning of land use needs to further explore the following aspects. They are land quality, land use type, soil type, landform, population, and coordination between economic development and resources and environment in combination with the theory of zoning. Then, it can better realize the coordinated development of an ecological land economy and sustainable use of land resources.





5 Conclusion

Quantitative research on the impact of land use change on ESV is conducive to comprehensively understanding the dynamic change trend of the regional ecological environment. It is also beneficial to optimizing regional land use patterns, maintaining the regional ecological environment, and promoting sustainable land development. The land structure of Qiqihar City changed significantly and the ecological land such as woodland, grassland, and water area decreased rapidly during the research period. The regional ecological environment is in urgent need of protection and repair.

Single ESVs mainly focus on waste treatment and hydrological regulation, which reflects the importance of land and water regulation capacity in water and wetland. The reduced water land area decreases the value of hydrological regulation services. The decreased grassland and woodland area reduces the value of soil conservation and biodiversity protection. It also fails to maintain the service value of raw material production and supply and promote high-quality development of woodlands, grasslands, and water areas. The supply, regulation, culture, and supporting service functions of ecological conservation land will be improved when the existing area is consolidated.

The ESV income of Qiqihar mainly comes from the transformation of cultivated land and grassland ecosystem into wetland ecosystems. The transformation of woodland, water area, and wetland to other lands leads to ESV losses. We should reasonably control the transformation of woodland, water area, and wetland land and pay attention to the quantity control of these lands, such as forest coverage rate and water area rate. Besides, the ecological resource layout and ecological quality should also be considered to improve the quality and stability of the ecosystem. Three ecological functional zones are divided according to single ESVs with local suitability, which provides a reference for ecological planning and design strategies in Qiqihar.
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Introduction

Pollution reduction, carbon reduction, green expansion and economic growth—the synergistic effects of the four—have become essential in maintaining urban ecological security and promoting a green and low-carbon transition. And it is inherently consistent with the globally accepted concept of sustainable development.





Methods

Based on the evaluation index system and the coupling mechanism of the four, we adopt the entropy method and the coupling coordination model to measure the synergistic level of “pollution reduction, carbon reduction, green expansion and economic growth” in 243 cities above prefecture level in China from 2005 to 2020. Furthermore, the study examined the temporal and spatial evolution and regional differences by utilizing the center of gravity-standard deviation ellipse, Dagum Gini coefficient method, Kernel density estimation, and Markov chain. In addition, the spatial econometric model was used to analyze the driving factors affecting the synergistic development.





Results

The results show that the overall synergistic level is rising, the spatial distribution characteristics of “high in the east and low in the west.” The standard deviation ellipse shows a “northeast–southwest” pattern, and the center of gravity moves in a “southeast–northwest–southwest” migration trend. Regional differences are mainly rooted in inter-regional differences. The intra-regional differences are East > West > Central, with the most prominent East–West inter-regional differences. Without considering the spatial factor, the synergistic level shows a steady increase and has continuity. Under the spatial condition, the synergistic level has a positive spatial correlation. However, the positive spatial correlation decreases significantly as the years go by. Also, the probability of “rank locking” of synergistic development has been reduced, and there is a leapfrog shift. In terms of driving factors, the innovation level, level of external openness, population size, and industrial structure positively drive synergistic development. While government intervention negatively affects synergistic development.





Discussions

Based on the above findings,policy recommendations are proposed to strengthen the top-level design and build a policy system, play the radiation linkage, apply precise policies according to local conditions, and optimize the industrial structure fully. Which is of great significance for improving the urban ecological resilience and helping to achieve the “double carbon” target.





Keywords: high-quality development, urban ecological security, synergistic effect, Dagum Gini coefficient, Kernel Density, factor analysis





Introduction

Protecting the environment and developing the economy are two important issues in UN Sustainable Development Goals (SDGs), and they have become a severe challenge that all countries in the world must face together (Xie et al., 2021; Zou, 2021; Li and Yanase, 2022). Since the second half of the twentieth century, continued population expansion and a crude economic development model have led to the over-consumption of natural resources and frequent global environmental events (Zahoor et al., 2022; Qi et al., 2023). Currently, the climate crisis (Klinenberg et al., 2020; Wang and Feng, 2023), energy shortage (Qureshi et al., 2016; Nepal and Paija, 2019), public health events (Bai et al., 2021; Dang and Trinh, 2021), environmental inequality (Boyce et al., 2016), and a range of ecological safety issues intersect with economic growth. In this context, it has already threatened human survival and development and puts the achievement of SDGs at risk (Mallucci, 2022). The core of sustainable development strategy is to promote human social development in harmony with protecting natural resources and the ecological environment, which is gradually reaching consensus in countries around the world (Holland et al., 2020; Cheng et al., 2022). But, the sudden decline in the carrying capacity of the resources and environment, coupled with the decline in ecological resilience and vulnerability, has led to a more prominent conflict between the resources and environment and economic development. China, the world’s largest developing country and the second-largest economy, has become essential in promoting sustainable and healthy global development (Qiao et al., 2019). The construction of China's ecological civilisation has entered a critical period in which economic and social, ecological and environmental benefits are being promoted in concert. The core task of urban ecological protection has gradually shifted to enhancing ecological resilience. And, improving the ecological resilience and environmental carrying capacity of cities has become an important element of sustainable urban development. China’s economy exceeded 110 trillion yuan, making it the number one driver of world economic growth in 2021. However, China still faces enormous socioeconomic and environmental pressures, such as regional and income inequality, resource shortages, and air pollution (Xu et al., 2020; Ren et al., 2021). China is also currently the world’s largest emitter of carbon dioxide (CO2) (Lin and Sun, 2010; Yang et al., 2020).

In the face of this serious situation, in order to solve the complex problems in the ecological environment and economic development, China has struggled to find pathways to achieve the SDGs that are appropriate to its specific conditions (Wang et al., 2018; Fan et al., 2021; Zhu et al., 2023). In 1994, China began the process of sustainable development in response to Agenda 21 for Action and the Rio Declaration (Bradbury and Kirkby, 1996). China has also incorporated “ecological civilization construction” into the “Five-Sphere Integrated Plan,” “green” into the new development concept, and “pollution prevention and control” into the three critical battles as a Chinese practice of sustainable development. In addition, China has also responded positively to the UN 2030 Agenda for Sustainable Development (UN, 2015; Zhang and Zhong, 2023). China has resolutely declared war on environmental pollution and has been hailed as the fastest country in the world to tackle air pollution. In 2020, in response to climate change, China proposed the strategic goal of “striving to peak CO2 emissions by 2030 and achieving carbon neutrality by 2060” (Sun et al., 2022; Zhuo et al., 2022). Environmental pollutants and greenhouse gas emissions have a high degree of homogeneity, process characteristics, and spatial and temporal emission consistency, which means that China faces the challenge of synergistic promotion of pollution reduction and carbon reduction. "Resilient Cities" has also been written into the 14th Five-Year Plan (2021–2025) National Economic and Social Development and the Long-Range Objectives Through the Year 2035.  Ecological resilience is an important dimension of urban resilience, and it is vital to consolidate the ecological base of green development. With a further deepening the understanding of the high-quality development, the 20th National Congress of the Communist Party of China put forward the concept of “pollution reduction, carbon reduction, green expansion and economic growth.” It is an inevitable requirement for following the economic laws of development, showing the direction for better integration of ecological civilization construction and economic and social development, which is intrinsically consistent with the globally recognized concept of sustainable development (Xia and Xu, 2020; Wang et al., 2022). The construction of China’s ecological civilization has entered a critical period in which economic, social, ecological, and environmental benefits are being promoted in concert. The synergistic promotion of pollution reduction, carbon reduction, green expansion and economic growth is also a profound response to the widely recognized concept of sustainable development from China’s reality and further concretizes sustainable development. However, the synergistic development of pollution reduction, carbon reduction, green expansion and economic growth is still relatively abstract concepts at this stage. Also, there is an urgent need to establish an evaluation index system and propose metric indicators with a scientific basis so that the construction of pollution reduction, carbon reduction, green expansion and economic growth systems is operable and assessable.

In view of this, this study explores the temporal-spatial patterns and synergistic drivers of pollution reduction, carbon reduction, green expansion and economic growth. First, a comprehensive evaluation index system of pollution reduction, carbon reduction, green expansion and economic growth is constructed with 243 cities from 2005 to 2020 as the research sample. The indexes are objectively assigned weights by the entropy value method, and measuring the synergistic level of “pollution reduction, carbon reduction, greening and growth” using the coupling coordination degree model. The spatial and temporal distribution pattern of the the synergistic level is also depicted by applying the center of gravity-standard deviation ellipse. In addition, the Dagum Gini coefficient is used to reveal the regional differences and sources of the coordination degree. Furthermore, the Kernel density and spatial Markov chains are used to reveal the dynamic evolutionary trend of the level of synergistic development. Finally, a spatial econometric model is used to identify the driving forces of the synergistic level. The marginal contributions of this paper may be reflected in the following three aspects. Firstly, from the perspective of goal setting of synergistic management, pollution reduction, carbon reduction, green expansion and economic growth are integrated into the same analytical framework. And, this study analyzed synergistic development mechanism, which helps to provide a new entry point for the synergistic promotion between pollution prevention and control, greenhouse gas reduction, ecological protection and socio-economic construction. Secondly, it reveals the spatial-temporal patterns and regional differences in the synergistic promotion of pollution reduction, carbon reduction, green expansion and economic growth, and portrays their evolutionary trends from a more detailed dynamic perspective, thus contributing to the formulation of differentiated joint prevention and policies. Thirdly, it attempts to clarify the factors affecting the synergistic promotion of pollution reduction, carbon reduction, green expansion and economic growth, identify the spatial spillover effects of the influencing factors, and make a more scientific study of the driving mechanisms at the spatial level.

The remainder of this study is organized as follows: Section 2 is a literature review and synergistic mechanism analysis of pollution reduction, carbon reduction, green expansion and economic growth. Section 3 is the research design and data sources. Section 4 is the results of the empirical analysis. Section 5 presents the conclusions and discussions. The research framework is shown in Figure 1.




Figure 1 | Research framework.







Literature review and synergistic mechanism analysis




Literature review

Studies on the synergistic promotion of pollution reduction, carbon reduction, green expansion and economic growth have received great academic attention. The literature related to this study can be divided into the following three categories for review.

The first category of literature concerns the relationship between the ecological environment and economic development. A large number of scholars have analyzed the effects of economic growth on air pollution emissions, or carbon emissions (Grossman and Krueger, 1995; Song et al., 2018; Rao and Yan, 2020), an issue on which there are two controversial academic views. One view claims that economic growth causes an increase in air pollution emissions, or carbon emissions (Mardani et al., 2019; Wang et al., 2021). Different curves or an inverted U-shaped relationship between economic development and environmental quality (Dinda, 2004; Orubu and Omotor, 2011; Ali et al., 2021), but it may not be a single inverted U-shaped curvilinear relationship either (Xu et al., 2022), maybe it could be an N or inverted N-shaped (Özokcu and Özdemir, 2017), and also vary by region and by stage of economic development (Almeida et al., 2017; Chen et al., 2018). The other view is that the level of economic development significantly contributes to environmental governance (Li and Gan, 2021). However, economic development and environmental governance are causally linked, especially, environmental governance also has an impact on economic development and the channels of impact are more diverse. They can be achieved through environmental regulatory policies (Liu et al., 2022a; Zhao et al., 2022), environmental tax rates (Abdullah and Morley, 2014; Fan et al., 2021), river chief and lake chief system (Liu et al., 2019; Tang et al., 2020), social capital mechanisms (Muringani et al., 2021), and synergistic mechanisms for green development (Deng et al., 2021), which affect economic growth. Another strand of literature focuses on the relationship between ecological construction and economic development, with most studies supporting the view that the two are mutually reinforcing. Economic agglomeration and eco-efficiency are positively correlated in terms of spatial distribution (Jin et al., 2020), and the spatial distribution pattern of urban greenery is influenced by economic development (Li et al., 2018). Meanwhile, ecological construction positively promotes economic development. The larger the area of public green space in the city, the more efficient the highly skilled employees are, which in turn increases the productivity of the enterprise (Yang et al., 2023). The most direct impact of green space is to increase the price of real estate (Du and Zhang, 2020).

The second category of literature focuses on the synergistic governance of pollution and carbon reduction. With the national arrangement and deployment of carbon peaking and carbon neutrality (“double carbon”), China’s ecological and environmental management has entered a new stage of comprehensive integration and synergistic management of pollution reduction and carbon reduction (Nam et al., 2014; Jiang et al., 2020). The theories and methods of system synergy have reached maturity, and synergy is the dynamic competition, cooperation, coordination, and synergy of internal components and subsystems, which in turn drives the transformation of a complex system from disorder to order (Haken et al., 1995). The synergistic effect refers to the phenomenon that implementing a pollutant reduction measure generates other environmental benefits. Accurate analysis of the synergistic benefits of pollution reduction and carbon reduction is a prerequisite for the study, and the main methods currently used are the system dynamics approach (Chen et al., 2023), scenario analysis (Liu et al., 2022b), cost-effective approaches (Jiang et al., 2020), panel regression models (Dong et al., 2022), and LMDI (Jia et al., 2023). Furthermore, exploratory spatial analysis (Xue et al., 2023) has been used to analyze the spatial correlation and regional differences between pollution reduction and carbon reduction. In contrast to the above literature, scholars have assessed the pollution reduction effect of carbon emission reduction policies on the one hand. Burtraw et al. (2003) found that initiatives in the power sector to mitigate the accumulation of greenhouse gases in the atmosphere also reduced traditional air pollutants. On the one hand, the effect of air control policies on carbon emission reduction is assessed, and Xu and Masui (2009) confirmed the carbon reduction benefits associated with relevant SO2 policies. Air pollution prevention and control measures such as the Blue-Sky Action Plan (Shu et al., 2022) contribute to the reduction of CO2 emissions while combating air pollutants, and the discounted benefits of reducing local air pollution far outweigh the benefits of mitigating global climate change (Bollen et al., 2009).

The third category of literature deals with studies on the factors influencing pollution reduction, carbon reduction, green expansion and economic growth. Reducing pollution and carbon emissions is often not determined by a single factor, so scholars have attempted to reveal the driving forces of the synergy of pollution reduction and carbon reduction at multiple scales (Gu et al., 2018; He et al., 2022; Hou et al., 2023) and found that the key factors influencing pollution reduction and carbon reduction differ across urban agglomerations. The narrowing of the urban–rural income gap significantly promotes pollution control and has carbon reduction benefits for the whole country and the central and western regions, but increases carbon emissions in the eastern region (Wang and Zhang, 2021). In addition, the digital economy has become an important component of regional economic growth; comprehensive experimental zones for big data can help achieve synergy in reducing pollution and carbon, especially in small and medium-sized cities and cities with old industrial bases (Hu, 2023). Existing studies generally agree that the main factors affecting the synergistic promotion of pollution and carbon reduction are energy mix, population, and technology (Yu et al., 2020). With the rapid development of society, the factors influencing the harmonious development of the economy and environment have gradually become the focus of close attention. Scholars have introduced green efficiency metric models and regression models to analyze the impact of financial development on economic growth and environmental protection in a unified framework (Yue et al., 2018). In addition, by developing an interaction model to analyze the interaction between economic growth and environmental pollution, Empirical Evidence shows that the main factors affecting economic growth are industrial wastewater emissions, industrial emissions, industrial smoke, and dust emissions, and the interaction between industrial emissions and industrial wastewater emissions inhibits economic growth (Rao and Yan, 2020). Currently, urbanization is a powerful driver to foster economic growth, and studies have shown the existence of an environmental Kuznets inverse U curve between urbanization, economic growth, and environmental pollution (Liang and Yang, 2019). Ongan et al. (2023) calculated the optimal level of government spending for the Mexican government from the perspective of public spending, therefore, the government should have coordinated and sustainable public spending policies to promote economic growth and a cleaner environment.

Through reviewing the literature, the research on the synergistic promotion of pollution reduction, carbon reduction, green expansion and economic growth has been fruitful. However, there is still room for improvement, as follows: Firstly, the existing literature mainly focuses on the synergistic development between the two systems, such as pollution reduction and carbon reduction. but there are few studies based on the synergy of pollution reduction, carbon reduction, green expansion and economic growth and incorporating them into the same analytical framework. Most of the relevant studies are at the stage of theoretical discussion and exposition. Secondly, there is a lack of analysis of the current status of the synergies between pollution reduction, carbon reduction, green expansion and economic growth at the city scale, especially from a dynamic perspective. Thirdly, there is a lack of research on the new initiative of exploring the driving force of the synergistic promotion of pollution reduction, carbon reduction, green expansion and economic growth, and the existing studies have neglected the spatial correlation. To this end, this paper constructs an evaluation index system for the synergistic promotion of pollution reduction, carbon reduction, green expansion and economic growth. And, this paper explores the spatial distribution pattern and evolutionary characteristics of the coupled coordination of pollution reduction, carbon reduction, green expansion and economic growth in Chinese cities, and further reveals its influencing factors.





Synergistic mechanism analysis and framework

Ecological and environmental protection is the foundation of economic and social development, planting green undertones for high-quality economic development. At the same time, stable economic growth is an inevitable requirement for ecological civilization construction, which also provides sufficient financial and technical support for green and low-carbon urban development. Generally, protecting the ecological environment and promoting economic development are essentially organic, unified, and mutually reinforcing. Synergistic promotion of pollution reduction, carbon reduction, green expansion and economic growth is the “Pareto optimum” to achieve multiple pollution control goals, climate change response, ecological protection, and economic growth. It is necessary to understand the synergy between pollution reduction, carbon reduction, green expansion and economic growth in terms of three dimensions: objectives, pathways, and subjective synergy. The theoretical framework is shown in Figure 2.




Figure 2 | Coupled synergistic mechanism of “pollution reduction, carbon reduction, green expansion and economic growth”.



First, the goal of pollution reduction, carbon reduction, green expansion and economic growth is synergistic. In terms of its connotation, “carbon reduction” is about reducing pollutant emissions at source, reducing the proportion of a high-carbon economy, and increasing a low-carbon economy. “Pollution reduction” focuses on improving the quality of the ecological environment and developing a green economy. “Green expansion” is characterized by enhancing carbon sink capacity and ecological resilience, improving ecosystem diversity and stability, and strengthening biodiversity conservation. “Economic growth” means that economic development is based on a high level of ecological and environmental protection so as to achieve effective qualitative improvement and reasonable quantitative growth. Pollution reduction, carbon reduction, green expansion and economic growth are promoted in a concerted manner around achieving high-quality development, seeking a dynamic balance among the multiple objectives of economic and social development so as to form a spatial pattern of resource conservation and environmental protection and promoting a comprehensive green transformation of ecological environmental protection and economic development. Reducing pollutant and carbon emissions and improving ecological and environmental quality are all visionary goals of ecological civilization construction, which constantly meets the environmental needs of the people for a better life. From the perspective of individual health, deteriorating environmental quality substantially reduces health while inevitably causing economic losses (Guerriero et al., 2016). In turn, economic growth is a prerequisite for securing and improving the well-being of people. Regarding fundamental goals, pollution reduction, carbon reduction, green expansion and economic growth are tasks for sustainable and healthy economic and social development, responding to the people-centered development ideology. To this end, the principles of integration and balance should be upheld, and the synergy of pollution reduction, carbon reduction, green expansion and economic growth should be adhered to achieve unified planning, unified deployment, unified implementation, and unified acceptance and realize the fundamental goals in multiple objectives.

Second, the paths of pollution reduction, carbon reduction, green expansion and economic growth are synergistic. Atmospheric pollutants and carbon dioxide have the same root, source, and process (van Vuuren et al., 2006; Li et al., 2021), and the paths of pollutant management and carbon reduction are highly overlapping with the ways of economic development. On the one hand, optimizing the energy consumption structure and improving energy efficiency, curbing the consumption of fossil energy such as coal at source, and increasing the proportion of renewable energy consumption are effective ways to control air pollution and carbon emissions (Borghesi and Vergalli, 2022). Moreover, due to the rebound effect of energy efficiency, when energy efficiency is improved, it will increase the demand for energy services and bring new growth points for the economy. In addition, the synergy of pollution reduction, carbon reduction, and green expansion not only creates a great synergy for environmental protection but also overlaps with the path of economic development. On the one hand, the “double-carbon” target constraint helps to promote the green and low carbon adjustment of the industrial structure. China’s industrial structure is still dominated by high-energy-consuming and high-polluting industries such as iron, steel, and chemicals. Upgrading the industrial structure will change the highly polluting and inefficient production methods to green, clean, and efficient ones and improve environmental conditions. In addition, industrial structure upgrading will also promote the coordinated development of the regional economy by improving labor productivity, accelerating the accumulation of production factors, and adjusting residents’ consumption. The adjustment of energy structure and industrial structure can achieve the parallel development of environmental protection and economic growth. On the other hand, green consumption promotes a low-carbon and environmentally friendly life, which in turn forces green production and benefits the development of a green economy. The recycling of consumption makes the material resource inputs quantified and resourceful, maximizing the lifetime value of resources (Lin, 2022) and reducing unnecessary cost inputs for enterprises. The deep integration of traction development and conservation makes the GDP green and superior. In addition, green and low-carbon technology innovation plays a leading role in the synergistic promotion of pollution reduction, carbon reduction, green expansion and economic growth. Green low-carbon technology innovation through the adjustment of energy structure changes the source link of coal clean use. It can achieve a shift from end-of-pipe management of ecological and environmental quality to prevention at source and provide important support to synergistically promote pollution reduction, carbon reduction, green expansion and economic growth. And, ecological restoration projects such as reforestation not only contribute to ecological resilience. But also benefits people in terms of carbon sequestration and oxygen release, and contributes to reducing pollution and carbon emissions. It also makes an important contribution to the economy through timber supply and forest tourism, leading to green and sustainable growth (Zhang et al., 2023). Overall, there are overlapping pathways to achieving pollution reduction, carbon reduction, green expansion and economic growth, and multiple benefits can be achieved in one fell swoop with strong initiatives.

Third, the main synergy of pollution reduction, carbon reduction, green expansion and economic growth. Iron and steel, electric power, petrochemicals, transportation and other industries are major contributors to pollution, but they are also the dominant sectors driving national economic development. High-energy-consuming and high-emission enterprises are also responsible for pollution reduction, carbon reduction, green expansion and economic growth. The government’s administrative intervention is also essential (Yan et al., 2023); furthermore, the relevant departments are politically responsible for pollution reduction, carbon reduction, green expansion and economic growth. They coordinate the formulation of policies, regulations, and action guidelines for environmental protection and economic development, leading the top-level design and improvement of the system. All departments and units work together in planning and deployment, concrete implementation, and regular scheduling to effectively fulfill the responsibilities and tasks of synergistic promotion of pollution reduction, carbon reduction, green expansion and economic growth.

Pollution reduction, carbon reduction, green expansion and economic growth interact with each other are highly synergistic. On the one hand, economic transformation is used to achieve pollution reduction, carbon reduction, green expansion and economic growth. On the other hand, economic transformation is forced based on pollution reduction, carbon reduction and green expansion requirements, leading to high-quality economic development. The four subsystems form a symbiotic coupling coordination relationship.






Research methodology and data sources




Construction of evaluation index system

Based on the synergistic mechanism of pollution management, carbon reduction, green expansion and economic growth and the existing research results (Yang et al., 2021; Chen et al., 2022), and following the principles of scientificity, systematicity, and comprehensiveness. This study comprehensively evaluates the level of synergistic development of pollution reduction, carbon reduction, green expansion and economic growth in cities from four subsystems: pollution management, low-carbon development, ecological protection, and economic construction. Among them, air quality, pollution pressure, and pollution remediation are used as evaluation indicators for pollution management; the low-carbon development system is evaluated by carbon emission and resource consumption; ecological protection is assessed by greening degree and land use; and the economic system is measured by selecting indicators from three aspects: economic efficiency, economic potential, and infrastructure. Finally, 19 indicators are determined to build an index system to evaluate the synergistic development of pollution reduction, carbon reduction, green expansion, and economic growth, as shown in Table 1.


Table 1 | “Pollution reduction, carbon reduction, green expansion, and economic growth” synergistic development evaluation system.







Research methodology




Entropy method

Based on the characteristics of each subsystem of pollution management, low-carbon development, ecological protection, and economical construction, considering the availability of data and the actual situation of the country, and further drawing on the comprehensive evaluation methods of existing studies (Sun et al., 2021). This study adopts the entropy value method to measure the weights of each indicator before the comprehensive evaluation of pollution reduction, carbon reduction, green expansion and economic growth. The entropy method was originally developed from the concept of information entropy, which is gradually and widely used in social disciplines to reflect the information utility value of individual indicators and to determine the weight of evaluation indicators. The entropy method is a more objective assignment method, and the higher the value of the weight, the greater the impact of the indicator on the system. The measurement is shown in Eqs. (1)–(11) (Chen and Chen, 2021; Li et al., 2022a).

(1) Standardization of indicator data

 

 

Where:   denotes the standardized data of the i city j index,   is the original data, and   and   denote the minimum and maximum values of the original data of the j index, respectively. Also, i = 1, 2, 3……n; j = 1, 2, 3……m.

(2) Calculate the index weight   for the i city j index

 

(3) Calculate the entropy   of the j indicator

 

(4) Calculate the coefficient of variation   of the j indicator

 

(5) Calculate the entropy weight   of the j indicator

 

(6) Calculation of each subsystem score

 

 

 

 

Where:  ,  ,  , and   denote the comprehensive scores of pollution management, low-carbon development, ecological protection, and economic construction systems subsystems, respectively.  ,  ,  , and   correspond to the standardized data of individual indicators in the subsystem, and   is the corresponding weight of each indicator.

(7) Overall evaluation index score

 

Where: α, β, γ, and δ correspond to the weight coefficients of environmental governance, low-carbon development, ecological protection, and economical construction subsystems, respectively. The degree of coupling is not greatly affected by the coefficients, and all four subsystems are equally important, so the weight is set to 1/4 (Chen and Zhao, 2019).





Coupling coordination degree model

Coupling refers to the interactive exchange of two or more systems (Xing et al., 2019). The coupling degree is an index to measure the degree of interaction between systems. When the degree of coupling is higher, it indicates that the systems interact more benignly with each other, thus driving each other’s development; on the contrary, it means that the coupling interaction between subsystems is weaker. There is a coupling interaction between four subsystems of pollution management, low carbon development, ecological protection and economic construction that affect each other. So, we attempt to construct a coupling degree model. However, when the development level of each subsystem is low, the measured coupling degree may be high, i.e., the phenomenon of “pseudo-coupling” appears, and the single coupling degree model does not reflect the coherence of coordination between systems. To reflect the synergistic effects more accurately among environmental governance, low-carbon development, ecological protection and economic construction systems, we introduce a coupling coordination degree model with the specific calculation formulae shown in Eqs. (12) and (13) (Xiao et al., 2021).

Coupling degree:

 

 

Where:   indicates the synergistic level of the four systems of environmental governance, low-carbon development, ecological protection, and economic construction; the value range of   is [0, 1].   indicates the comprehensive evaluation index of the composite system.

Referring to the classification criteria of existing results, we classify the composite system’s coupling coordination degree into the following categories, as shown in Table 2.


Table 2 | Classification criteria of coupling coordination level.







Center-of-gravity standard deviation ellipse

The standard deviational ellipse (SDE) as a method of statistical analysis of spatial patterns was proposed by Lefever (1926), which can reveal the spatial distribution and multi-directional characteristics of study objects (Kong et al., 2022). It is measured as follows:

 

Azimuth:



The x-axis (long semi-axis) and y-axis (short semi-axis) standard deviation

 

Elliptical area:

 

Where: n is the number of sample cities, and ( ,  ) denotes the geographical coordinates of the latitude and longitude of each prefecture-level city. The ( ) is the relative coordinates of ( ) distance distribution focus, where  ,  .   denotes the weight, and this study takes the synergistic level of pollution reduction, carbon reduction, green expansion and economic growth as the weight;   is the azimuth of the standard deviation ellipse;   and   are the standard deviations of the  -axis and  -axis of the ellipse, respectively;   is the area of the standard deviation ellipse.





Dagum Gini coefficient

To characterize the regional differences in environmental management, low-carbon development, ecological protection and economical construction coordination. We subdivide the country into three study regions: East, Central, and West, according to the policy division basis. Thus, using the Dagum Gini coefficient measurement analysis further to further reveal the relative regional differences and sources of differences (Li et al., 2022b) can reflect the relative differences of regions and overcome the problem of duplication of data. The Dagum Gini coefficient method can decompose regional differences into three parts: intra-regional differences, inter-regional differences and intensity of transvariation. The definition of the Dagum Gini coefficient is shown in Eq. (18) (Dagum, 1997).

 

Where:   denotes the number of regions,   ( ) denotes the synergy degree of pollution reduction, carbon reduction, green expansion and economic growth of city   in region  ,   ( ) denotes the number of cities in region  , n is the total number of cities in the study sample (including 243 cities), and   is the mean value of the coupling coordination degree of the composite system.

The Dagum Gini coefficient consists of intra-regional variation  , inter-regional variation  , and intensity of transvariation  , i.e.,  . The specific calculation of  ,  , and   is referred to in the relevant literature (Han et al., 2020; Wen et al., 2023).

 

 

 

 

Equations (19), (20), and (21) are the contribution rates of intra-regional variation ( ), inter-regional variation ( ), and intensity of transvariation ( ), respectively. Also,  ,  . Equation (22) is the relative impact of the coupling coordination degree of pollution reduction, carbon reduction, green expansion and economic growth between regions   and  .





Kernel density estimation

The Kernel density estimation method is a nonparametric estimation method that can describe the dynamic trend of the spatial-temporal distribution of variables. We analyze the dynamic evolution characteristics of regional differences in the synergistic development of pollution reduction, carbon reduction, green expansion and economic growth in the whole country and the three regions by depicting the distribution position, shape, extension, and polarization trend of the Kernel density curve. The Gaussian Kernel function is calculated as shown in Eqs. (23) and (24) (Lee et al., 2017; Xue et al., 2022).

 

 

Where: f(x) is the density estimate, K(·) denotes the kernel function, N is the number of cities in the study sample,   and   denote independently distributed observations and mean values, respectively, and h denotes the broadband.





Spatial Markov chains

The Markov chain method is used to analyze the probability of a subject moving from one state space to another and to obtain the transfer characteristics and patterns of the coupling coordination degree of pollution reduction, carbon reduction, green expansion and economic growth through the conditional transfer probability. In this paper, the synergistic level of pollution reduction, carbon reduction, green expansion and economic growth is divided into four types according to the quartiles (0.25/0.5/0.75): low (LL), medium-low (ML), medium-high (MH), and high levels (HH). Also, the Markov chain method is combined with the spatial lag to form the spatial Markov chain method, which fully considers the spatial factors in the coupling coordination degree of pollution reduction, carbon reduction, green expansion and economic growth. The formula is as follows (Hu et al., 2023):

 

Where the spatial weight matrix   represents the spatial relationship between the   city and the   city, which is defined using the inverse distance squared spatial weight matrix.   denotes the value of an attribute of the   city and   is the spatial lag value of the region and denotes the neighborhood status of the   city region.





Spatial correlation analysis models

In order to reveal the spatially focused characteristics of the coupled coordination degree of pollution reduction, carbon reduction, green expansion and economic growth, we selected the global spatial autocorrelation to study the characteristics of the whole regional space. The calculation formula is as follows.

Global Moran’s

 

Where: n is the sample size,   and   are the coupling coordination of pollution reduction, carbon reduction, green expansion and economic growth in city   and city  , respectively, and   is the mean value. Global Moran’s I is in the range of [−1,1]. When Global Moran’s   > 0, it means the spatial distribution is positively correlated, and the more it tends to 1, the stronger the positive correlation is. Conversely, when Global Moran’s   < 0, it means that the spatial distribution is negatively correlated. Also, Global Moran’s   = 0 means there is no spatial correlation.   is the spatial weight matrix, and two spatial weight matrices are constructed in this study. The first one is the inverse distance squared spatial weight matrix,  . The second one is the seven nearest-neighbor spatial weights matrix. The global spatial autocorrelation will ignore the atypical characteristics of local areas. For this reason, local autocorrelation is introduced to analyze the spatial clustering of high or low-value elements. The model is set as follows.

 

Where the variables are defined as shown in Eq. (27). When local Moran’s I > 0, it is high value surrounded by high value (H-H) or low value surrounded by low value (L-L) spatial agglomeration. When local Moran’s I< 0, it is high value surrounded by low value (H-L) or low value surrounded by high value (L-H) spatial agglomeration.





Spatial econometric models

Compared with traditional regression methods, spatial econometric models consider the spatial dependence and spatial correlation of samples. Also, common spatial econometric models are classified as Spatial Lag Model (SLM), Spatial Error Model (SEM), and Spatial Durbin Model (SDM), and the model settings are shown below (Yuan et al., 2020; Yu et al., 2021).

 

 

 

Where:   denotes the spatial weight matrix,   is the explanatory variable, i.e., the synergistic level of pollution reduction, carbon reduction, green expansion and economic growth, and   is the explanatory variable. The   denotes the spatial lag coefficient,   denotes the spatial autoregressive coefficient of the explanatory variable,   is the degree of influence of the explanatory variable on the explanatory variable, and   is the spatial error coefficient. In addition,   and   denote individual and time-fixed effects, respectively, and   is the random disturbance term.






Data sources

Considering the availability of data and the real situation in China, we take 243 cities at the prefecture level and above from 2005 to 2020 as the study sample (excluding Tibet, Hong Kong, Macao, and Taiwan, and samples with incomplete data). The study data for this study are mainly obtained from the 2006 to 2021 China City Statistical Yearbook, local statistical yearbooks, statistical bulletins, and the China Premium Database (CEIC). In addition, the pollutants PM2.5 and SO2 were obtained from the raster data of Columbia University’s Center for Socioeconomic Data and Applications and the website of NASA, respectively. Carbon emission data are from the Institute of Public and Environmental Affairs (IPE), and carbon intensity is calculated by dividing total carbon emissions by real GDP. Also, missing values are filled in using interpolation. In order to eliminate the effect of price changes over time, economic indicators such as GDP are based on 2005.






Results and analysis




Spatial and temporal evolution

To concretize the current situation of the synergistic promotion of pollution reduction, carbon reduction, green expansion and economic growth, the level of synergistic development of pollution reduction, carbon reduction, green expansion and economic growth from 2005 to 2020 was measured by using the coupled coordination model based on the evaluation index system. At the same time, based on the classification standard of coupled coordination level in Table 2, with the division method of ArcGIS software, the synergistic level of pollution reduction, carbon reduction, green expansion and economic growth in 2005, 2010, 2015, and 2020 was divided into six levels to explore the characteristics of its spatial pattern. The results are shown in Figure 3.




Figure 3 | Spatial pattern of the synergy of “pollution reduction, carbon reduction, green expansion and economic growth”. (A) 2005; (B) 2010; (C) 2015; (D) 2020. Note: Produced based on the standard map with review number GS (2019) 1822 on the Ministry of Natural Resources of the People’s Republic of China Standard Map Service website (http://bzdt.ch.mnr.gov.cn/). And, no changes to the base map boundary.



At the time level, 64.20% of the cities had a synergy of pollution reduction, carbon reduction, green expansion and economic growth at a mild disorder level in 2005. Beijing, Guangzhou, and Shenzhen were in the primary stage of coupling coordination. The number of cities with moderate coupling disorder decreased sharply; only Lijiang was still in moderate coupling disorder, and Shanghai joined the intermediate coupling coordination stage in 2010. In the meantime, 69.55% of cities with pollution reduction, carbon reduction, green expansion and economic growth synergy were in mild disorder in 2010. The synergistic level of pollution reduction, carbon reduction, green expansion and economic growth has improved significantly in 243 cities in China, with 100% of cities already at the mild disorder stage and above in 2015. Still, only Shanghai and Shenzhen have reached the intermediate coordination stage. Compared to 2015, by 2020, the synergistic level of pollution reduction, carbon reduction, green expansion and economic growth in Chinese cities on the verge of disorder had increased. In addition, Guangzhou has squeezed into the intermediate coupling coordination stage, so the number of intermediate coupling coordination cities has increased to three in 2020. Overall, the synergistic level of pollution reduction, carbon reduction, green expansion and economic growth in Chinese cities has been improving yearly from 2005 to 2020, but there is significant spatial heterogeneity.

At the regional level, the synergistic level of pollution reduction, carbon reduction, green expansion and economic growth is highest in the eastern region of China, followed by the central and western regions, and the overall synergy of each region shows a fluctuating upward evolution. The higher and lower coordination levels of the synergistic level pollution reduction, carbon reduction, green expansion and economic growth are characterized by a scattered distribution, while the medium level is characterized by the spatial evolution of clusters. The intermediate level of coordination areas, such as Shanghai, Guangzhou, and Shenzhen, are distributed in the southeast, while the primary coordination areas are also scattered. The mildly dysfunctional and near-dysfunctional cities are in clusters, and the proportion is increasing. The barely coordinated cities are mainly located in the eastern coastal region, while the moderately dysfunctional cities are also scattered in the southwest, northwest, northeast, and other regions, while their proportion contracted sharply. In addition, there were no cities in a moderately dysfunctional stage in 2015. In summary, the synergistic level of pollution reduction, carbon reduction, green expansion and economic growth in Chinese cities from 2005 to 2020 has evolved significantly, with the level of coordination increasing, and the level of medium disorder gradually disappearing. The number of cities in the intermediate coordination stage increases, and the higher coordination level shows an eastern direction of distribution, in the form of the spatial structure characterized by “high in the east—low in the west.”

The reason for its development process may be that the Fifth Plenary Session of the 16th Central Committee of the Communist Party of China (CPC) has identified the building of a resource-saving and environment-friendly society as a strategic task for China, and environmental protection has reached an unprecedented level. Especially since the 18th Central Committee of the Communist Party of China (CPC) of China, ecological civilization has formed a huge system from concept to practice, from task to system. The development of pollution prevention and control action plans in various regions has led to good results in ecological protection, which to a certain extent has contributed to the improvement of the synergistic level of pollution reduction, carbon reduction, green expansion and economic growth. However, due to the differences in resource endowment, industrial foundation, and policy implementation, there are spatial differences in the synergistic level of pollution reduction, carbon reduction, green expansion and economic growth. The eastern coastal region accelerates industrial transformation and upgrading, focuses on the development of high-tech industries, and has a higher level of economic development, so the synergistic effect is improved. In contrast, the northeast region has long been dominated by heavy industry, and it is challenging to realize the transformation in the short term. Similarly, the synergistic increase in the central region also faces many problems, such as in Shanxi and Inner Mongolia, with coal-based energy consumption at the forefront. These factors make the synergistic level of pollution reduction, carbon reduction, green expansion and economic growth dysfunctional.





Center of gravity migration and standard deviation ellipse analysis

To further explore the spatial dynamic evolution of the synergy of pollution reduction, carbon reduction, green expansion and economic growth in China, this study relies on ArcGIS 10.2 software to calculate its standard deviation and center of gravity parameters, as shown in Table 3. In addition, four characteristic points in 2005, 2010, 2015, and 2020 were selected to draw the migration trajectory of the center of gravity and standard deviation of the synergistic level of pollution reduction, carbon reduction, green expansion and economic growth in China, as shown in Figure 4. During the study period, the standard deviation ellipse of the synergistic level of pollution reduction, carbon reduction, green expansion and economic growth in China showed a “northeast-southwest” pattern, with a slight change in the standard deviation ellipse, an overall shift to the southwest, and an insignificant change in the coverage area. From the viewpoint of the length of the long semi-axis, the long semi-axis has experienced a trend of “shortening,” shortening from 1,126.04 km in 2005 to 1,118.40 km in 2020. It indicates that the spatial distribution of the synergistic level of pollution reduction, carbon reduction, green expansion and economic growth in the direction of the long semi-axis has evolved into aggregation. In terms of the short semi-axis, the short semi-axis has experienced the process of “extension-shortening,” indicating that the synergistic level of pollution reduction, carbon reduction, green expansion and economic growth has evolved through dispersion and then aggregation. It indicates that the spatial distribution of the synergistic level pollution reduction, carbon reduction, green expansion and economic growth synergy in the direction of the short semi-axis evolves in a dynamic process of dispersion, then aggregation.


Table 3 | Standard deviation ellipse and center of gravity parameters.






Figure 4 | Standard deviation ellipse and center of gravity trajectory of the synergistic level of “pollution reduction, carbon reduction, green expansion and economic growth”. (A) Standard deviation ellipse; (B) Center of gravity migration trajectory. Note: Produced based on the standard map with review number GS (2019) 1822 on the Ministry of Natural Resources of the People’s Republic of China Standard Map Service website (http://bzdt.ch.mnr.gov.cn/). And, no changes to the base map boundary.



From the trajectory of the center of gravity, the center of gravity of the synergy of pollution reduction, carbon reduction, green expansion and economic growth in China during 2005–2020 varies from 33.12° N to 33.10° N and 114.66° E to 114.53° E, both of which are distributed near Zhumadian, Henan Province, with an overall migration pattern of “southeast-northwest-southwest,” and the distance and speed of the center of gravity are gradually increasing. With the promotion of the western development strategy, industrial policy support and financial subsidies have accelerated the development of the west regional economy, and the continuous popularization of the green financial policy has made financial resources and financial services such as capital and technology sink to the southwest, which is conducive to solving the financing constraints faced by the development and green transformation of enterprises in the southwest. The awareness and ability of enterprises to compensate ecologically have been enhanced under strict environmental regulations, and the discharge of wastewater and gas emissions has been reduced. In addition, the ecological protection work has increased the value of urban greening and forest carbon sinks in Southwest China. To sum up, the synergy of pollution reduction, carbon reduction, green expansion, and growth in the southwest has been rapidly improved, which may be an important reason for shifting the center of gravity to the southwest. At the same time, the azimuth Angle has been gradually increasing, from 22.13° in 2005 to 22.92° in 2020, which shows that the synergistic level of pollution reduction, carbon reduction, green expansion and economic growth in China has been shifting counterclockwise, and the change of angle is relatively small.





Analysis of regional differences

This study adopts the Dagum Gini coefficient method to reveal the regional differences and sources of the synergistic development level of pollution reduction, carbon reduction, green expansion and economic growth. Also, measuring the Gini coefficients for the nation, the east, the west, and the central and revealing the sources of regional differences. The results are shown in Tables 4, 5 and Figures 5–7.


Table 4 | Regional Dagum Gini coefficients.




Table 5 | Regional difference sources and contribution rate.






Figure 5 | Intra-regional differences and trends.






Figure 6 | Regional differences and evolution trend.






Figure 7 | Regional differential contribution rate and evolution trend.






Intra-regional differences and trends

Combining the results in Table 4 and Figure 5, it can be seen that the overall variation across the country shows a trend of “fluctuating decline—gentle rise—slight decline.” It shows a fluctuating decline from 2005 to 2014, shows a gentle rise from 2014 to 2018, and shows a slight decline from 2019 to 2020. The overall Gini coefficient decreased from 0.0969 in 2005 to 0.0834 in 2020, which is inseparable from the vigorous promotion of ecological civilization construction across China. During the sample investigation period, the synergistic level of pollution reduction, carbon reduction, green expansion and economic growth synergy among regions showed more obvious heterogeneity. The intra-regional differences in the level of synergistic development in the eastern region are the largest, with the Gini coefficient values mainly concentrated 0.09-0.10, while the intra-regional differences in the level of synergistic development in the western region are the second largest, both of which are higher than those in the central region.

The intra-regional differences in all three regions showed an overall trend of first narrowing and then stabilizing, like the overall national trend. The evolutionary trend of the difference in the east region is more fluctuating, with a rebound in 2009, 2012, and 2016, but the decreasing trend of the intra-regional difference has not changed. The intra-regional difference in the west region showed an expanding trend from 2005 to 2008, then a fluctuating downward trend until 2020. The intra-regional difference in the central region experienced a significant narrowing in 2009, then stabilized at 0.053 or so, and then slightly expanded in 2018. Overall, there is an uneven development among regions in the synergistic level of pollution reduction, carbon reduction, green expansion and economic growth in Chinese cities, and the intra-regional differences are generally decreasing.





Inter-regional differences and change trends

As can be seen from Figure 6, the inter-regional differences in the synergistic level of pollution reduction, carbon reduction, green expansion and economic growth are “East–West > East–Central > Central–West” from 2005 to 2020. From a longitudinal comparison, the inter-regional differences in the synergistic level of pollution reduction, carbon reduction, green expansion and economic growth between East–West, East–Central, and Central–West are generally fluctuating and decreasing. The trend of the inter-regional differences in synergy between East–West and East–Central is basically the same, and the overall change is significant. In contrast, the trend of the difference between the Central–West is more moderate, and the change is not obvious. In terms of specific values, the Gini coefficients of East–Central and East–West are approaching each other over time, while the Gini coefficients of Central–West remain at a low and stable level. This indicates that the differences in the synergistic level of pollution reduction, carbon reduction, green expansion and economic growth among regions are mainly between East–West and East–Central, while the differences between Central–West are smaller.





Regional sources of variation and their contributions

Figure 7 depicts the evolution trend of regional sources of variation and their contribution rates. Regarding the overall contribution rate, the values of the inter-regional variance contribution rate range from 42.58% to 52.28%, and the values of the intra-regional variance contribution rate range from 28.32% to 30.68% from 2005 to 2020. Specifically, the intra-regional variance contribution rate has changed steadily during the examination period, showing a slight increase. Also, the inter-regional variance contribution rate showed a rapid decline from 2005 to 2008. After a brief rebound in 2009, it continued its declining trend, but the rate of decline was more moderate. The contribution rate of intensity of transvariation is in an overall upward trend, reaching a minimum value of 19.40% in 2005 and a peak of 26.74% in 2020, then fluctuating and stabilizing at about 25%. Compared with the fluctuation pattern, we can see that the contribution rate of intra-regional variation fluctuates and then stabilizes, while the contribution rate of inter-regional variation fluctuates and decreases, and the contribution of the intensity of transvariation fluctuates and increases. The contribution rate of inter-regional differences is higher than that of intra-regional differences and the intensity of transvariation, which indicates that inter-regional differences are the primary source of the unbalanced development levels of pollution reduction, carbon reduction, green expansion and economic growth.






Dynamic evolutionary analysis




Traditional Kernel density estimates

The Gini coefficient reflects the relative differences in the level of coordinated development. However, it could not sufficiently reflect the absolute differences and evolution trend of the level of coordinated development. To intuitively describe the synergistic distribution characteristics and dynamic evolution process of the synergistic level of pollution reduction, carbon reduction, green expansion and economic growth in Chinese cities, the density distribution pattern is estimated based on the Gaussian kernel function, and the dynamic evolution is analyzed in the time dimension. The observation periods of 2005, 2010, 2015, and 2020 are selected as the Kernel density maps of the whole country, east, central, and west, as shown in Figure 8.




Figure 8 | Traditional Kernel density curve. (A) Overall; (B) East; (C) Central; (D) West.



As shown in the picture, the Kernel density curves of the whole country and the eastern, central, and western regions all show a tendency to move to the right, indicating that the synergistic level of pollution reduction, carbon reduction, green expansion and economic growth in China as a whole and each region is on an upward trajectory and is improving year by year. Also, the synergistic level of pollution reduction, carbon reduction, green expansion and economic growth in China’s cities has been effectively synergized. The height of the main peak of the overall Kernel density curve tends to rise and then fall, and the width of the main peak does not change significantly. Compared with 2005, the height of the main peak of the overall Kernel density curve increased in 2020. This means that the absolute difference in the synergistic level of pollution reduction, carbon reduction, green expansion and economic growth across the country strengthens first and then weakens, and the overall level of synergistic development becomes concentrated. At the same time, from the perspective of polarization, the overall shows a “double-wave peak” form. There is a right-trailing phenomenon in the Kernel density curve, which indicates that the synergistic level of pollution reduction, carbon reduction, green expansion and economic growth synergistic is in the two-stage differentiation spatial evolution stage in the national.

The comparison at the regional level shows that the nucleus density curves in all three regions show a trend of shifting to the right year by year during the sample investigation period. In terms of distribution pattern, the height of the main peak in the east region tends to first increase and then decrease, while the width of the main peak changes to first a sharp peak and then to a broad peak. The height of the main peak in the central and west regions roughly shows a dynamic evolution process of first decreasing, then increasing, and finally decreasing. In general, the height of the main peak of the Kernel density curve in the East, Central, and West decreases in 2020 compared to 2005. This indicates that while the synergistic level of pollution reduction, carbon reduction, green expansion and economic growth in cities in east, central, and west regions is increasing, the regional differences show a trend of first narrowing and then widening. From the perspective of distribution extension, the Kernel density in the east, central, and west regions all show a right-trailing trend year by year. In terms of the number of peaks, the Kernel density curve shifts from “single-peak” to “double-peak.” In the east region, the side peaks are less obvious, and it is easy to see that the central and west regions have changed from single peaks to weak double peaks or even multiple peaks. Among them, the west region was single-peaked at the beginning of the sample examination period, and the number of peaks increased after 2015, which means that the polarization of the level of synergistic development of “pollution reduction, carbon reduction, green expansion and economic growth” in the three regions gradually emerged.





Unconditional Kernel estimates

Figure 9 shows the unconditional kernel density diagram and density contours of the synergistic level of pollution reduction, carbon reduction, green expansion and economic growth in China from 2005 to 2020. In unconditional Kernel density estimation, the x-axis is the level of synergistic development of the city in year t, the y-axis is the level of synergistic development of the city in year t + 3, and the z-axis represents the probability of each point in the X-Y plane. In the unconditional density contours, the x-axis and y-axis also represent the level of synergistic development, and the density contours represent different probability values. According to Figure 9, the estimated probabilities of unconditional kernel density for the synergistic level of pollution reduction, carbon reduction, green expansion and economic growth are mainly concentrated on the positive 45° diagonal, indicating that the synergistic level of each city has a strong continuity and does not change significantly within the 3-year time span. In addition, there are four major wave peaks distributed along the diagonal, which are distributed around 0.35, 0.5, 0.65, and 0.75 on the x-axis. Among them, in the interval where the coupling coordination degree of pollution reduction, carbon reduction, green expansion and economic growth is below 0.35, most of the graphs are concentrated above the 45° diagonal. This indicates that the distribution of the synergistic level from period t to t + 3 has changed significantly, showing a tendency to shift to a higher level. In general, the synergistic level of pollution reduction, carbon reduction, green expansion and economic growth in the city as a whole maintains a long-term stable development trend, and the synergistic level in the very low-level areas has been improved to a certain extent.




Figure 9 | Unconditional Kernel density curve and density contours. (A) Unconditional kernel density; (B) unconditional density contours.







Static Kernel density estimates considering spatial proximity

Figure 10 presents the spatial static kernel density and density contours of the synergistic level of pollution reduction, carbon reduction, green expansion and economic growth. The spatial static kernel density estimates can be used to further examine the spatial correlation of the distribution of China. x-axis is the synergistic development level of neighboring cities in year t, and the y-axis is the synergistic development level of the city in year t. If there are obvious spatial effects, i.e., cities with high levels of synergistic development are adjacent to cities with high levels of synergistic development, and cities with low levels of synergistic development are adjacent to cities with low levels of synergistic development. The distribution of probabilities should be concentrated on and along a 45° diagonal. According to Figure 10, the spatially static evolution of the synergistic development level shows a “fault” phenomenon, with 0.55 as the dividing point of the synergistic development level of neighboring cities, which shows different evolutionary trends. When the x-axis is less than 0.55, it is mainly concentrated 0–0.55 in the y-axis, which means that the cities with low  synergistic development levels below 0.55 significantly influence the change of the city’s  synergistic development level. When the whole  synergistic development level is 0.30–0.60, the probability subjects are roughly distributed near the positive 45° diagonal, and their  synergistic development levels show an obvious positive correlation at this time. At this stage, the flow of factors such as technology and human capital between neighboring regions will help to improve the level of synergy between these cities. Also, when the efficiency level of neighboring provinces is between 0.60 and 0.75, the probability main body starts to be parallel to the x-axis. This indicates that when the level of synergistic development reaches a certain height, it is difficult to promote a higher level of local coordination through spatial spillover effects, even if it is in close proximity to a higher-level city. It may be necessary to rely on one’s own industrial restructuring and green technology innovation in order to achieve the synergistic promotion of pollution reduction, carbon reduction, green expansion and economic growth.




Figure 10 | Static Kernel density curve and density contours. (A) Spatial static Kernel density; (B) spatial static density contours.







Dynamic Kernel density estimation considering spatial proximity

In this paper, we further analyze the dynamic influence of neighboring cities on the level of synergistic development of this city in the current period by considering the time span on the basis of spatial conditions at the same time. In Figure 11, the horizontal axis is the synergistic development level of neighboring cities in year t, and the vertical axis is the synergistic development level of this city in year t + 3. The spatial dynamic conditions are both similar to and slightly different from the spatial static conditions, indicating that temporal factors can influence the interaction between the synergistic level of pollution reduction, carbon reduction, green expansion and economic growth cities in China. As a whole, there is also a more pronounced “discontinuity” in the spatial dynamics of the level of synergistic development. Again, using 0.55 as the cut-off point for the level of synergistic development of neighboring cities, when the level of synergistic development of neighboring cities in year t is lower than 0.55, the distribution is 0–0.55 mainly on the y-axis, which does not change much compared with the estimated results under the spatial static condition. The probability is roughly distributed around the positive 45°diagonal throughout the process, suggesting that the level of synergistic development between cities still exhibits positive spatial correlation at this point in time when a 3-year lag is included. However, compared to the spatially static results, the distribution of probability subjects is more dispersed on the y-axis, which also indicates that the spatial correlation of the level of synergistic development among cities is weakened under the time lag condition. When the level of synergistic development of neighboring cities is higher than 0.55, the 3-year lag period does not have a significant effect, and the distribution position and distribution pattern of the probability subjects remain almost the same as those under the spatial static condition. In general, for medium- and low-level neighboring cities, the extension of the time span can significantly reduce the spatial correlation effect between cities. However, for high-level neighboring cities, the time condition does not play a significant role in the process of promoting the upward shift of the city’s synergistic development level.




Figure 11 | Dynamic Kernel density curve and density contours. (A) Spatial dynamic kernel density; (B) spatial dynamic density contours.








Spatial Markov chain analysis

In order to determine the specific transfer pattern of the synergistic level of pollution reduction, carbon reduction, green expansion and economic growth and the impact of neighboring cities on the cities in the region, this paper uses the spatial Markov chain method to carry out the analysis. The spatial Markov shift probability matrix is shown in Table 6.


Table 6 | Spatial Markov transfer probability matrix.



In general, the four transfer probability matrices are different for different spatial lag types. It indicates that the probability of a shift in the synergistic level of pollution reduction, carbon reduction, green expansion and economic growth in the city varies, showing the differences in the synergistic level of pollution reduction, carbon reduction, green expansion and economic growth in the neighboring cities. The diagonal elements of the transfer probability matrix for different spatial lag types are not entirely larger than the non-diagonal elements. What this means is that the probability of “rank locking” of the synergistic level of pollution reduction, carbon reduction, green expansion and economic growth decreases under the spatial spillover effect, and this phenomenon is particularly obvious under the HH type of lag. In terms of nondiagonal elements, there are all nonzero elements. It indicates that there is instability in the synergistic level of pollution reduction, carbon reduction, green expansion and economic growth. Although the ideal upward shift can be achieved, there is also a certain risk of a downward shift, and a leapfrog shift. In addition, the impact of the same lag type on the synergistic level of pollution reduction, carbon reduction, green expansion and economic growth varies from one lag type to another. Specifically, under the low-level lag condition, the probability of achieving an upward transfer level is 4.58%, 9.53%, and 13.33% for LL, ML, and MH levels, respectively, in increasing order. This means that the probability of transfer is not only influenced by the type of lag but also by the initial level of the synergistic level of pollution reduction, carbon reduction, green expansion and economic growth.





Spatial correlation characteristics




Global spatial correlation characteristics

The global Moran index is used to test the spatial correlation of the synergistic level of pollution reduction, carbon reduction, green expansion and growth (Ren et al., 2022), and the results are shown in Table 7. The global Moran’s I index of the inverse distance squared spatial weight matrix and the seven nearest-neighbor spatial weight matrix are all greater than 0, and they all pass the 1% significance level test. This indicates that the distribution of the synergistic level of pollution reduction, carbon reduction, green expansion and economic growth in geospatial locations is not completely random but has obvious clustering characteristics and positive spatial correlation. Compared to the previous two years, two different spatial weights of Moran’s I value increased substantially in 2010, probably because China made more efforts to eliminate backward production capacity this year. On 20 January, the State Council executive meeting put forward six specific targets for eliminating backward production capacity in key industries such as electricity, coal, coke, ferroalloy, calcium carbide, iron and steel, nonferrous metals, building materials, light industry, and textiles. In addition, China has also increased investment in clean energy, vigorously developing wind and solar energy and other clean energy. In order to significantly enhance multi-pollutant synergistic control and regional synergistic governance, industrial enterprises have been prompted by a number of environmental regulations to gradually realize green transformation and development. In addition, the spatial correlation of the synergistic level of pollution reduction, carbon reduction, green expansion and economic growth among cities has been strengthened by the superimposed technology spillover effect.


Table 7 | Global Moran’s I.







Local spatial correlation characteristics

After understanding the spatial correlation of the synergistic level of pollution reduction, carbon reduction, green expansion and economic growth in 243 cities at the prefectural level and above in China. The local Moran’s scatter diagram was further applied to examine the overall distribution and characteristics of the synergistic level of pollution reduction, carbon reduction, green expansion and economic growth at the local spatial level using 2005, 2010, 2015, and 2020 as the four typical time segments of the overall study period. The result is shown in Figure 12. According to the technology diffusion theory, we focus on the high-high-type (quadrant I HH) and low-low-type (quadrant III LL) regions. It can be seen from Figure 12 that there are more cities in quadrants I and III than in quadrants II and IV. There is indeed a significant positive correlation between the spatial distribution of the synergistic level of pollution reduction, carbon reduction, green expansion and economic growth in Chinese cities, which is consistent with the above global test results. Based on the above analysis, it is necessary to use a spatial econometric model when discussing the influential factors of the synergistic level of pollution reduction, carbon reduction, green expansion and economic growth.




Figure 12 | Local Moran’s I. (A) 2005; (B) 2010; (C) 2015; (D) 2020.








Analysis of driving factors




Spatial panel model selection and estimation

Based on the previous analysis, the synergistic level of pollution reduction, carbon reduction, green expansion and economic growth is the result of the combined effect of various factors, such as regional innovation level, population size, financial development level, science and technology investment, government intervention, industrial structure, and urbanization level. In this study, we intend to analyze the drivers of the synergistic level of pollution reduction, carbon reduction, green expansion and economic growth in terms of the above indicators. The measures of each indicator are as follows: (1) Innovation level (lnPatt): the logarithmic of the total number of innovation patents granted; (2) Financial development (Financ): the proportion of the balance of RMB loans to GDP of financial institutions at the end of the year; (3) Level of external openness (Openne): Foreign direct investment as a proportion of GDP; (4) Industrial structure (Instru): ratio of secondary sector output to tertiary sector output; (5) Government intervention (Govene): the proportion of local general public budget expenditure to GDP; (6) Education investment (Educat): the proportion of local general public budget expenditure in education; and (7) Population size (lnPopu): the logarithm of the total resident population.

Based on this, this study selects the appropriate spatial econometric model by LM, Wald, LR and Hausman test, and the results are shown in Table 8. It expands the cross-sectional spatial weight matrix to the spatial panel weight matrix before the test to facilitate the extension of the test of the cross-sectional model to panel data analysis. The standard LM-Err and LM-Lag statistics in the LM test are significant. The robust LM test also remains significant when the spatial Durbin model (SDM) is selected, and further, the Wald and LR tests remain significant at the 1% confidence level, indicating that the results reject the original hypothesis and the SDM model cannot degenerate into a SAR or SEM model. So, we choose a spatiotemporal bifixed SDM model with fixed effects by combining the test selection effect and Hausman test results.


Table 8 | LM, Hausman, Wald, and LR test results.







Analysis of spatial econometric results

Table 9 presents the results of different factors on the synergistic level  of pollution reduction, carbon reduction, green expansion and economic growth under two different weight settings of spatial measures.


Table 9 | Results of analysis of influencing factors.




Table 10 | Direct effects, indirect effects, and total effects.



According to the regression results, the regression coefficients of the level of technological innovation on the synergistic level of pollution reduction, carbon reduction, green expansion and growth are all positive and significant at a 5% confidence level, while the spatial lag coefficient is significantly positive at a 1% confidence level. It indicates that the increase in the level of green technology innovation is conducive to the synergistic promotion of pollution reduction, carbon reduction, green expansion and economic growth and positively affects neighboring cities. The increase in innovation patents implies that the level of green innovation in enterprises has increased, promoting green and sustainable development. The increase in the level of technological innovation is conducive to the effective allocation of resources within the enterprise, promoting the transformation and upgrading of the enterprise, optimizing the production structure of the enterprise, and thus reducing the pollution level of the enterprise. It is also easy for the surrounding areas to imitate and learn from the green technology tools in the region, generating positive spatial spillover effects and demonstration effects of technology (Yi et al., 2022).

The coefficient of the regression of the level of external openness on the synergy of pollution reduction, carbon reduction, green expansion and economic growth is positive but not significant, and the coefficient of the spatial lag is also significantly positive at the 1% confidence level. It indicates that the level of external openness helps to improve the synergistic level of pollution reduction, carbon reduction, green expansion and economic growth on neighboring cities. According to the “pollution halo” hypothesis, in the process of opening up to the outside world, advanced foreign technology and management experience will be introduced to the city’s high value-added industries, through the “spillover effect” of technology, the “demonstration effect” of foreign enterprises, and the “competition effect,” which will promote the optimization and innovation of production methods. At the same time, it also provides the neighboring regions with experience in technology and management methods to learn from. Also, with the increasingly stringent environmental regulations in China, the threshold for the introduction of foreign investment is also rising. The purpose of introducing foreign investment is not only to speed up economic development but also to enhance international competitiveness and achieve high-quality economic development. In this context, increased openness to the outside world can stimulate market vitality and productivity, providing opportunities and the technological basis for enterprises to “green transform,” thereby improving environmental quality and eco-efficiency and promoting the synergy between local and neighboring pollution prevention, carbon reduction, ecological protection, and socioeconomic construction.

The spatial regression coefficients of industrial structure on the synergistic level of pollution reduction, carbon reduction, green expansion and economic growth are all significantly positive at the 1% confidence level, but the spatial lag coefficient is not significant. It indicates that the larger the proportion of secondary industry in GDP, the better the synergistic level of pollution reduction, carbon reduction, green expansion and economic growth. The industrial structure is an essential link between economic development and ecological construction, and the degree of resource consumption and environmental impact in the green innovation process depends on the industrial structure characteristics of each economy. Although the traditional secondary industry will reduce energy efficiency, production may generate economies of scale when it reaches a certain scale. At the same time, local governments implement more stringent environmental standards to accelerate the formation of green production methods in secondary industries. The green and low-carbon industry’s development is beginning to bear fruit, promoting a synergistic effect of pollution reduction, carbon expansion and green growth. However, the spatial spillover effect of the industrial structure is not obvious.

The regression coefficient of government intervention on the synergistic level of pollution reduction, carbon reduction, green expansion and economic growth is negative and meets the 1% significance level, but the spatial lag coefficient is not significant. It indicates that greater government intervention is not conducive to improving the synergistic level  of pollution reduction, carbon reduction, green expansion and economic growth. The paper suggests that the “crowding out effect” in the innovation process caused by excessive fiscal expenditure, i.e., local enterprises rely excessively on government financial support and thus reduce their incentive to innovate, resulting in lower efficiency of green innovation, which is not conducive to the sustainable development of enterprises. Appropriate government controls should ensure a steady increase the synergistic level of pollution reduction, carbon reduction, green expansion and economic growth. Therefore, the level of government intervention should be kept within a suitable threshold, and the “catalyst” effect of administrative tools should be effectively utilized.

The spatial regression coefficients of population size on the synergistic level of pollution reduction, carbon reduction, green expansion and economic growth are all significantly positive at a 1% confidence level, while the spatial lag coefficient is significantly negative, at least 10% significant. The possible reasons for this are that the economically developed areas show a “siphon effect” on the population of neighboring cities. Cities with larger populations usually imply higher economic development and higher transportation efficiency, which are conducive to enhancing synergy. On the one hand, economically developed cities have higher requirements for green policies, such as environmental regulations and higher human capital costs. They are more likely to concentrate on high-value added, usually environmentally friendly industries. Therefore, the population size is conducive to promoting the synergistic level of pollution reduction, carbon reduction, green expansion and economic growth. On the other hand, as people “vote with their feet,” the larger the population size of the city, the greater the population flow in the neighboring areas, resulting in the reduction of human capital in neighboring cities. It is easy to cause the phenomenon of talent “depression” in the surrounding regions and a lack of green innovation vitality, which makes it difficult to promote the synergistic level of pollution reduction, carbon reduction, green expansion and economic growth.





Direct effects, indirect effects, and total effects

In order to measure the magnitude of the impact of the influencing factors on the synergistic level of “pollution reduction, carbon reduction, green expansion and economic growth”, the direct, indirect, and total effects of the model need to be further estimated. The results are shown in Table 10. Taking the inverse distance square spatial weight matrix (W1) as an example, analyze the direct effect, indirect effect, and total effect.

From the direct effect, innovation level, industrial structure, government intervention, and population size, the regression coefficients for the synergistic level of pollution reduction, carbon reduction, green expansion and economic growth in the region area are 0.0015, 0.0032, −0.0315, and 0.0158, respectively. Among them, population size is the most important factor affecting the synergistic level in the region, and the support of the population plays a vital important role in the synergistic level of pollution control, carbon emission reduction, green expansion and economic growth.

In terms of indirect effects, for innovation level and level of external openness, the regression coefficients for the synergistic level of pollution reduction, carbon reduction, green expansion and economic growth in neighboring areas is 0.0053 and 0.0028, respectively. Among them, the positive spatial spillover effect of the innovation level is the most obvious. In terms of the total effect of each variable (in innovation level, level of external openness, industrial structure, and government intervention), the regression coefficients for the synergistic level of pollution reduction, carbon reduction, green expansion and economic growth in neighboring areas is 0.0068, 0.0031, 0.0060, and −0.0551, respectively.







Conclusions and recommendations




Conclusion

This study constructs a comprehensive system evaluation index system of “pollution reduction, carbon reduction, green expansion and economic growth.” We adopt a coupled coordination model to measure the synergistic level of pollution reduction, carbon reduction, green expansion and economic growth of 243 cities in China from 2005 to 2020. Combining the Dagum Gini coefficient, standard deviation ellipse, Kernel density analysis, Markov Chain, spatial exploration analysis method, and spatial econometric model are used to explore the spatial and temporal characteristics, regional differences and sources, evolutionary trends, and driving factors of the synergistic level  of pollution reduction, carbon reduction, green expansion and economic growth and the following main conclusions are drawn.

	(1) During the study period, the synergistic level of pollution reduction, carbon reduction, green expansion and economic growth in Chinese cities has fluctuated and increased. There were still cities in the moderate disorder stage in 2005, and 100% of cities were already in the mild disorder stage or above in 2015. In terms of spatial pattern, it shows the distribution characteristics of “high in the east - low in the west”. Also, the higher and lower coupling coordination degrees are characterized by a scattered distribution, while the medium level is characterized by the spatial evolution of clusters. The spatial evolution shows a “northeast-southwest” pattern in the standard deviation ellipse, and the center of gravity moves in a “southeast-northwest-southwest” trend.

	(2) From the decomposition of regional differences, regional differences are mainly rooted in inter-regional differences; intra-regional differences are generally East > West > Central. In addition, East-West inter-regional differences are the most prominent, followed by East-Central and Central-West inter-regional differences, which are smaller. Without considering the spatial factor, the coupling coordination degree shows a steady increase and has strong continuity. There is a polarization phenomenon in the east, central, and west regions. Under the spatial condition, the static and dynamic estimation results are similar but different, and both have positive spatial correlations. However, when the synergy degree of neighboring cities is at a medium or low level, the positive spatial correlation decreases significantly with the addition of the time factor. Also, the probability of “rank locking” of synergistic development level has been reduced, and there is a leapfrog shift.

	(3) The spatial patterns of the synergistic level of pollution reduction, carbon reduction, green expansion and economic growth have a significant positive spatial correlation. Further, innovation level, level of external openness, industrial structure, and population size have a more obvious role in promoting local coordinated development. However, government intervention has a negative impact on synergy. Meanwhile, innovation levels and levels of external openness generate positive spatial spillover effects and contribute to the improvement of synergy in the neighborhood. In contrast, the population size shows a negative spatial spillover effect, relatively hurting the synergistic level of pollution reduction, carbon reduction, green expansion and economic growth in neighboring regions.







Discussion and recommendations

Based on the above research findings, the following countermeasures are proposed.

	(1) Strengthen the top-level design and build a policy system for synergistic promotion of the four elements. Local governments should take action to effectively implement the dual carbon goals and requirements: “separate and manage” pollution reduction and carbon reduction. While also taking economic construction as the main line of work, they also need to innovate the policy system for the coordinated promotion of pollution reduction, carbon reduction, green expansion and economic growth and form a coordinated and mutually integrated institutional mechanism. Strengthen the top-level design, clarify the timetable and roadmap for the synergistic promotion of pollution reduction, carbon reduction, green expansion and economic growth, and carry out monitoring, evaluation, and assessment of the synergistic promotion of the transportation, power, and chemical industries. Accelerate the establishment of management regulations for collaborative promotion, formulate and improve relevant laws and regulations, establish sound rules and regulations, and strengthen law enforcement capacity building.

	(2) Strengthen the role of radiation to achieve overall regional synergy. Emphasis is placed on the spatial linkage of synergistic development between cities to accelerate the development of pilot demonstration areas for collaborative promotion of pollution reduction, carbon reduction, green expansion and economic growth. Summarizing and promoting the experience of high-level coordination areas such as Shenzhen and Shanghai promptly, giving full play to the advantages of economic location, and encouraging key areas to carry out pilot demonstration work is significant. Strengthen exchanges and cooperation among cities and expand the radiation-driven role of high coordination level areas in the synergistic promotion of pollution reduction, carbon reduction, green expansion and economic growth using technology overflow, talent overflow, and system overflow. Encourage those who live in locations with low levels of regional cooperation to study and adopt cutting-edge green technologies from their neighbors and to continuously explore the potential of pollution reduction and carbon reduction. By promoting joint prevention and control of the regional ecological environment to eliminate the spatial pattern of differentiated urban ecological resilience, reduce the local risk of ecological resilience, and reduce pollutant and carbon emissions. High-level regions should dovetail well with other regions to achieve complementary advantages and a reasonable division of labor in order to eliminate current regional barriers and impediments to factor flows to gradually narrow the gap inter-regionally in terms of the level of development of the synergistic level of pollution reduction, carbon reduction, green expansion and economic growth.

	(3) To enhance the vitality of collaborative development by applying precise policies according to local conditions. According to the current situation of synergistic level of pollution reduction, carbon reduction, green expansion and economic growth, each city should combine its resource characteristics, economic foundation, and ecological advantages and scientifically formulate the strategy of coordinated promotion. The government should increase investment in R&D funding and education, promote the transformation of green patent results, and enhance regional collaborative innovation capabilities to enhance ecological resilience and adaptability. It should also reasonably guide population clustering, effectively develop strategies to attract talent, and break down barriers to the flow of resources such as cultural innovation, capital, and talent. Actively study and learn from advanced resource management experience and technical means at domestic and international levels, benchmark advanced production technology, and accelerate the restructuring of energy-intensive industries. Based on the principle of governance at source, promote the green and low-carbon transformation of key secondary industries such as oil and cement, accelerate the green transformation of industrial sectors, and guide industries to green production and prevention at source. Cities should continuously deepen the reform of regional administrative management systems and effectively break down administrative barriers that are not conducive to the free flow of factor resources. The government should establish a decision-making mechanism to guide high-quality economic development and adhere to long-term government actions.



Although this study analyzes in depth the spatial and temporal differentiation and driving forces of the synergistic level of carbon reduction, pollution expansion and green growth and obtains many valuable conclusions, there are still some limitations. Firstly, the scope of the study can be more diverse. Based on the availability of data, this study constructs a systematic and comprehensive evaluation index system of pollution reduction, carbon reduction, green expansion and economic growth based on city-level statistics. In future studies, based on the availability of data, the research sample will be expanded to the county level. Secondly, there are various factors affecting the synergistic development of carbon reduction, pollution expansion, green growth and economic growth etc. This paper analyzes the influence of the level of innovation, financial development, level of openness to the outside world, industrial structure, government intervention, investment in education, and population size. In future research, more factors affecting the synergistic level of carbon reduction, pollution reduction, green expansion and economic growth, such as the digital economy, need to be identified to further clarify the path. Thirdly, the synergistic promotion of carbon reduction, pollution reduction, green expansion and economic growth is a dynamic process, and its connotation is constantly enriched and improved. In future research, the comprehensive index system of carbon reduction, pollution reduction, green expansion and economic growth should be adjusted according to the development of the times. Moreover, the dimensions of “green expansion” can be further refined to build a more scientific and comprehensive index system to improve the precision of the research. In addition, a more in-depth analysis of the synergistic mechanisms of the four is also the focus of future research work.
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Agricultural green development (AGD) plays an important role in achieving a sustainable society. This paper evaluates the AGD level of Beijing from 1978 to 2022 by means of a comprehensive evaluation method, coupling coordination degree (CCD), and grey relational degree model (GRA) with the purpose of exploring relevant stages and characteristics, as well as analyzing the characteristics of different stages and the coupling relationship of various factors and quantitatively calculating the driving factors for AGD change. The results showed that: 1) the AGD level of Beijing generally improved from 1978 to 2022, mainly involving four stages of steady rising, fluctuating, oscillating decreasing, and rapid upgrading; 2) the CCD of the development subsystems of AGD, agricultural resource utilization, agricultural environment conditions, agricultural industry development, and farmers’ living standard, all rose and the coordination type of each subsystem gradually went through a verge imbalance stage, reluctantly coordinated stage, and primary coordinated stage to an intermediate coordinated stage, and then reached a well-coordinated stage in 2019; 3) the AGD level of Beijing is influenced by economic development, the industrial structure, urbanization, technological progress, and agricultural structure. Finally, some policy suggestions to promote AGD in Beijing are put forward. This paper is of great significance to promoting the green and sustainable development of agriculture in Beijing and provides technical support and policy guidance for AGD in other regions.
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1 Introduction

Agriculture is not only the foundation of China’s national economy, but also an important barrier of ecology, and the key to the problems of Three Rural Problems (Chen et al., 2021). Since China’s reform and opening up, agriculture has developed rapidly, especially since 1978, when China generally implemented the household contract responsibility system, which greatly promoted the all-round development of rural economy. After years of development, China’s agriculture witnessed rapid growth from extensive agricultural production to green agriculture and smart agriculture (Cui et al., 2019). China’s agriculture has undergone a major transformation from collectivization to marketization and from the small-scale peasant economy to scale management and achieved remarkable results, feeding 18% of the world’s population with 8% of the world’s cultivated land. However, accompanied by economic development are many issues faced by traditional agriculture, such as the low utilization efficiency of natural resources and soil pollution. With ecological civilization and green development put on the agenda, regional development is no longer in the traditional single economy-oriented model, but emphasizes green development, coordination, and sustainability (Zhou and Liu, 2021). The 19th and 20th National Congress of China respectively proposed to revitalize rural areas and promote green development. As clearly stated in China’s “14th Five-Year Plan and the Outline of Long-term Goals in 2035”, it is necessary to accelerate AGD and continuously improve the rural ecological environment. The Strategic Plan for Rural Revitalization (2018-2022) clearly leads rural revitalization with green development. In the context of the rural revitalization strategy, it is urgent to solve how to guide rural agriculture from extensive agricultural production to efficient modern agricultural sustainable development and achieve the green transformation of agricultural development (Li and Gong, 2020). AGD is characterized by attaching great importance to agricultural economic growth, ecological environment friendliness, and social progress. It is a new agricultural development paradigm, which profoundly interprets the connotation of high-quality agricultural development. Green agriculture is essentially a new industrial revolution and technological revolution and is also an important symbol for mankind to enter the era of green civilization (Jin et al., 2020; Yin et al., 2021). Developing green agriculture is a way to achieve sustainable development and environmental protection. Actively developing green agriculture has become a strategic measure to meet international challenges.

In recent years, AGD has gradually become a research hotspot, which serves as an important way to explore the high-quality development of agriculture (Su et al., 2021). The research on green agriculture originated from ecological agriculture proposed in 1970 by W Albrech, a professor in soil science at the University of Missouri. In 1981, the American agricultural scientist Lester R Brown laid the theoretical foundation for the sustainable development of agriculture (Ma et al., 2022). In November 1996, the World Food Summit emphasized green revolution technologies such as improving new varieties (Zhang et al., 2020; Pan et al., 2021; Wang et al., 2021). In recent years, research on green agriculture has been gradually carried out in Japan, Germany, and other regions. The research has been mainly carried out from the following perspectives: Firstly, some researchers have concentrated on the concept connotations of green agriculture, including interpreting the definition of green agriculture and analyzing development trends and research priorities (Xu, 2000; Shi and Gill, 2005; Guo et al., 2020; Liu et al., 2020a). Secondly, some have focused on the evaluation indices and methods of green agriculture, of which the evaluation index system consists of resource utilization, ecological environment, social conditions, human settlements, etc. (Bastan et al., 2018; Ruan et al., 2019; Benabderrazik et al., 2021; Su et al., 2021; Hou and Wang, 2022), and evaluation methods include the comprehensive evaluation method, analytic hierarchy process, and entropy weight method (Clark et al., 1970; Cheng et al., 2018; Contesse et al., 2018; Xiao et al., 2020). Thirdly, the spatial distribution characteristics of AGD are mainly analyzed through spatial autocorrelation and hot spot analysis methods (Feng, 2019; Liu et al., 2020b; Zha et al., 2022). Fourthly, some scholars use grey relational analysis, the spatial weight matrix, and other methods to analyze the driving factors and spatial and temporal changes of AGD (Pham and Smith, 2014; Wu et al., 2017; Pigford et al., 2018). Generally speaking, scholars have carried out research on the definition of green agriculture, index system construction, temporal and spatial changes, and the coupling relationship with other related factors. At present, most of the existing studies focus on regional and provincial large-scale research objects (Wu et al., 2013; Cao, 2012), and cross-sectional data are mainly used (Zhang and Wang, 2018; Shafaei et al., 2020). Therefore, currently there is little research on the development stage of regional green agriculture (Mahmud et al., 2019; Pan et al., 2019; Sun et al., 2020).

Beijing is the capital of China, and its agricultural development stage is ahead of many other regions. It is also one of the first regions to try out green development. Drawing on lessons from existing research results, this paper constructs an index system for green agriculture development in Beijing, evaluates the changes and stages of the rural green agriculture development level over more than 40 years from 1978 to 2022, and analyzes the driving factors for its changes. The research reveals the development stages and characteristics of green agriculture and clarifies the driving factors of AGD in Beijing. The research results can not only support the sustainable development of agricultural green in Beijing, but also provide experience and program guidance for AGD in other regions.




2 Methods and materials



2.1 Research area

Beijing is located in the northwest of the North China Plain. It is about 176 km long from north to south and 160 km wide from east to west, with a total area of 1,641,054 hm2. Beijing is surrounded by mountains and seas, with a vast hinterland and excellent natural conditions. Beijing is the capital of China and the political, economic, and cultural center of China, and it is also the first region in China to implement AGD. Therefore, it is of great significance to analyze the characteristics and driving factors of AGD in Beijing, so as to provide guidance for agricultural development in Beijing and similar regions. Beijing has released an action plan to basically realize the modernization of agriculture and rural areas. In the future, it will implement the “three major projects”, namely, the project to improve the ability to ensure stable production and supply, the project to build a modern agricultural development carrier, and the project to cultivate business entities and service entities. It will develop the “five major industries” of the modern seed industry, green organic agriculture, construction agriculture, characteristic agriculture, hobby farms, and rural tourism, and comprehensively improve the quality, efficiency, and competitiveness of agriculture (Figure 1).




Figure 1 | Study area.






2.2 Research framework

This paper is structured as follows: Section 1 is the introduction; Section 2 introduces the general situation and research ideas of Beijing and introduces the data sources and research methods, including the data processing methods, index system construction, green development level evaluation, CCD model, and driving force analysis; Section 3 provides the analysis results associated with the change of AGD level, CCD change, and driving forces in Beijing from 1978 to 2022; Section 4 analyzes and discusses the results; and Section 5 summarizes the main conclusions Figure 2.




Figure 2 | Research framework.






2.3 Data sources and processing

The data used in this study originated from the Beijing Statistical Yearbooks (1978-2022), China Population and Employment Statistical Yearbooks, Beijing District Statistical Yearbooks, and Beijing Municipal Government Work Reports. Referring to the latest version of economic data, the data were officially revised to make the data of different years comparable. In addition, for statistical caliber and other reasons, some data were missing, so the data trend line fitting method was adopted for data acquisition.




2.4 Methods



2.4.1 Index system

In order to effectively explore the AGD level and driving factors in Beijing, it is of great importance to scientifically and systematically construct an evaluation index system (Guo et al., 2023). AGD level has obvious regional differences. According to the principles of scientific, systematic, and accessible properties and drawing lessons from existing research results, this paper constructs an evaluation index system of AGD consisting of four subsystems, namely agricultural resource utilization, agricultural environment conditions, agricultural industry development, and farmers’ living standard. 1) Agricultural resource utilization mainly reflects the level of agricultural resource conservation, and resource conservation is the basic feature of AGD, which emphasizes the improvement of the utilization rate of cultivated land, water resources, agricultural machinery power, and labor productivity. This study mainly selected the number of the labor force per unit of agricultural land, land multiple cropping index, yield of cultivated land per unit area, and total power of agricultural machinery per unit sown area as evaluation indexes. 2) Agricultural environment conditions refers to the production mode that is beneficial to environmental safety and sustainable development. This study selected indicators based on the impact of agricultural development on the regional natural environment, which mainly reflects the impact of agricultural non-point source pollution on an environmental level, including fertilizer application intensity, pesticide use intensity, agricultural film application intensity, and sewage treatment rate. Sewage treatment rate is a positive indicator and the rest are negative indicators. 3) AGD also includes agricultural industry development. Only by improving regional agricultural production level and agricultural economic development can AGD be better promoted. This study mainly selected the output brought by agricultural development as indicators, including the proportion of output value of agriculture, forestry, animal husbandry, and fishery to GDP and the rural per capita output value of agriculture, forestry, animal husbandry, and fishery, all of which are positive indicators. (4) The last subsystem is farmers’ living standard. The ultimate goal of the green development of agriculture is to promote human well-being, and living standards reflect both economic and social benefits. Therefore, indicators were selected from farmers’ employment and living standards, including the proportion of township employees, the per capita disposable income of rural residents, and the rural Engel’s coefficient, all of which are positive indicators. The constructed index system is displayed in Table 1.


Table 1 | Index system and weight of agricultural green development from 1978 to 2022 in Beijing.






2.4.2 Evaluation of agricultural green development

As the selected indices vary in property and measurement degree, index data standardization is essential to comprehensive evaluation. Index data are standardized by means of the range standardization method, expert scoring method, order standardization method, and other methods. According to the existing research results (He et al., 2020), the range standardization method was employed in this paper to standardize the original index data. There are subjective weighting methods to determine the weight of evaluation indicators, such as the expert scoring method and analytic hierarchy process. The subjective weighting methods are simple and easy, but sometimes the results are far from objective. The objective weighting methods include the entropy weight method, deviation maximization method, and principal component analysis method, whose results are significantly affected by data. In this study, the weights calculated by the subjective weighting method (AHP) and objective weighting method (entropy method) were combined, and the Lagrange multiplier method was used to calculate the combined weights,   , as shown in Table 1.

 

In the formula,   represents the index weight calculated by analytic hierarchy process and   is the index weight calculated by the entropy method.

According to the calculated standardized value and weight of each index, this study uses the multifactor comprehensive evaluation model to calculate the comprehensive index of the two. The calculation formula is:

 

where   represents the j index,   represents the standardized value of the j index, and   represents the weight of the j index.




2.4.3 Coupling coordination degree model



2.4.3.1 Coupling degree model

Coupling is actually a physical concept, which represents the interaction and influence between two or more subsystems (Wang and Tang, 2018). With the help of capacity coupling model in physics, the internal synergy mechanism of interaction and mutual influence between systems can be revealed. The coupling degree calculation model is:



In the formula, C represents the coupling degree and the value range is 0 ≤ C ≤ 1. When C = 0, the systems are in state of disorde; When C=1, benign resonance is achieved among the systems, and they develop in an orderly and stable way. U1, U2, U3, and U4 are the comprehensive evaluation indexes of four subsystems, namely, agricultural resource utilization, agricultural environment conditions, agricultural industry development, and farmers’ living standard.




2.4.3.2 Coupling coordination degree model

The coupling degree model can only reflect the close relationship between systems, but cannot well reflect the level and direction of interaction between systems. Therefore, it is necessary to introduce the CCD model to comprehensively reflect the coupling and coordination level between the ecological product supply and economic development in ecological conservation areas (Liu et al., 2005). The CCD calculation model is:

 

 

In the formula, D is the CCD and the value range is 0 ≤ D ≤ 1. The closer the D value is to 1, the better the coordinated development level, and the closer the D value is to 0, the worse the coordinated development level. T is the comprehensive coordination index between the ecological product supply and economic development; a1, a2, a3, and a4 are parameters, a1+a2+a3+a4 = 1. In this study, the values of a1, a2, a3, and a4 are all 0.25. Considering its characteristics and based on existing research (Liu and Cui, 2008) Which are divided into the following types: Table 2.


Table 2 | Coupling coordination degree and types.







2.4.4 Driving force analysis model

In order to quantitatively evaluate the driving factors of green development in Beijing, the correlation degree of each evaluation index was calculated by constructing the GRA model. The greater the correlation degree, the higher the influence degree of this index on AGD. The calculation steps are as follows:

	(1) This paper adopted the initial value processing method and carried on the dimensionless processing to the variable. The processing method is dividing each number of each sequence by the first one of each sequence;

	(2) The correlation coefficient is calculated to get the grey correlation coefficient matrix:



 

where   is the resolution function with a value of 0-1. According to common experience, the value of this study is 0.5.

(3) The correlation degree   is calculated:

 

The closer the GRA is to 1, the greater the influence of driving factors on AGD level. On the contrary, if the GRA of an industry is closer to 0, the smaller the influence of driving factors on AGD level. Combined with the actual situation of Beijing, this study selected indicators from five aspects, economic development, industrial structure, urbanization, technological progress, and agricultural structure, and analyzed the driving factors of AGD and forestry in Beijing. The specific factors are as follows: Table 3.


Table 3 | Factors affecting the agricultural green development and indicators from 1978 to 2022 in Beijing.








3 Results



3.1 Evaluation of agricultural green development in Beijing

Using the index system constructed in Section 3.2.1 and the research method adopted in Section 3.2.2, the AGD level in Beijing was evaluated, as shown in Figure 3. As can be seen from the figure, from 1978 to 2022, the AGD level in Beijing showed a fluctuating upward trend, and the comprehensive evaluation index greatly increased from 0.4156 in 1978 to 0.6104 in 2022. The AGD index increased steadily with an average growth rate from 1978 to 1998 except a decrease in 1995. The AGD index fluctuated horizontally from 1998 to 2010, during which the level of AGD varied, showing a weak upward trend as a whole. The AGD level demonstrated a fluctuating downward trend from 2010 to 2016 but then a rapid upward trend after 2016. In terms of types, the resource utilization level slightly increased as a whole. To be specific, the resource utilization level increased from 1978 to 2000, greatly fluctuated from 2000 to 2020, and then gradually began to rise after 2020. In general, the industrial development level showed an upward trend year by year, especially from 1990 to 2015, when it increased rapidly, then declined to a certain extent after 2015, and finally gradually stabilized. The environmental conditions were generally stable from 1978 to 1995 without any significant changes, but decreased to varying degrees and then gradually increased after 2020. The farmers’ living standard basically increased on a yearly basis except a decline in 2006.




Figure 3 | Evaluation results of agricultural green development in Beijing from 1978-2022.






3.2 Coordination degree of agricultural green development and coordination types

The CCD model mentioned in Section 3.2.3 was used to analyze the subsystems of AGD in Beijing, that is, the CCD situation of agricultural resources utilization, agricultural environmental conditions, agricultural industry development, and farmers’ living standards, as shown in Figure 4. It can be seen from the figure that the CCD among various evaluation factors increased year by year from 0.4557 in 1978 to 0.8482 in 2022. The CCD level underwent five stages, namely a verge imbalance stage from 1978 to 1979, a reluctantly coordinated stage from 1980 to 1991, a primary coordinated stage from 1992 to 1996, an intermediate coordinated stage from 1997 to 2018, and a well-coordinated stage after 2019. As a whole, the coupled and coordinated development level was gradually improved.




Figure 4 | CCD of agricultural green development from 1978 to 2022 in Beijing.






3.3 Influencing factors

The GRA model was used to analyze the driving factors of AGD level in Beijing, as exhibited in Table 4. The analysis results showed that the correlation coefficients between the five factors and AGD level in Beijing were all greater than 0.8, indicating that the AGD level in Beijing was affected by all the five driving factors. The driving forces from large to small were: per capita GDP > the proportion of urban population > the proportion of tertiary industry > the proportion of food crops > the number of granted patents. The correlation coefficients of per capita GDP, the proportion of urban population, and the proportion of tertiary industry were all greater than 0.95, and that of the number of granted patents was the lowest, being only 0.8114.


Table 4 | Correlation coefficients of influencing factors.







4 Discussion



4.1 Agricultural green development stages and characteristics in Beijing

According to the evaluation results of the AGD level in Beijing, the AGD in Beijing could be divided into the following stages, and the characteristics of the different stages and the changes of each index were also analyzed.

The AGD in Beijing was in a steady rising stage from 1978 to 1998, when agriculture rapidly developed before and after China’s reform and opening up. Especially after the household contract responsibility system was implemented in Beijing, the agricultural productivity level was greatly improved, agricultural resource utilization was steadily increased, agricultural environmental conditions were gradually enhanced, agricultural industry rapidly developed, and the farmers’ living standard were also significantly raised. Therefore, the AGD level index quickly increased.

The AGD in Beijing was in a fluctuating stage from 1998 to 2010, when agriculture developed to a certain stage. The agricultural resource utilization gradually stabilized and rural industrial development and rural living standards also showed an upward trend year by year, but this was accompanied by fluctuations in rural resource utilization. In order to improve agricultural productivity, the utilization level of chemical fertilizers, pesticides, and agricultural films in this stage was higher. As a result, the agricultural environmental conditions declined to a certain degree. The AGD level horizontally fluctuated, with insignificant changes for each year.

The AGD in Beijing was in an oscillating decreasing stage from 2010 to 2016, when agriculture began to transform in Beijing. In the context of the developing metropolitan agriculture, the planting mode of small farmers and small households had certain limitations and could no longer adapt to the agricultural development level in the new stage. Agricultural resource utilization and the agricultural environment conditions witnessed a downward trend. The main reason was that with the increase of agricultural input, the scale benefits of resource utilization was affected, and the utilization of agricultural fertilizers, pesticides, and agricultural films was excessively high, which further affected the environmental conditions and sewage treatment rate. However, the development level of the agricultural industry reached a certain height, which was difficult to increase in the later period, while farmers’ living standard in rural areas was improved to some extent.

The AGD in Beijing was in a rapid upgrading stage from 2016 to 2022, during which agriculture in Beijing started a new stage of development. In this stage, agricultural development gradually entered a new stage of green development, agricultural land management gradually changed to large-scale, the cultivated land utilization capacity increased, and agricultural resources utilization increased. The government began to attach great importance to green agriculture, and the consumption of chemical fertilizers, pesticides, and agricultural films decreased year by year, while the sewage treatment rate increased. The agricultural industry development gradually stabilized and farmers’ living standard was steadily improved. The AGD level index showed a rapid upward trend.




4.2 Coordinated development stage division of agricultural green development

From 1978 to 2022, the CCD among the evaluation factors of AGD in Beijing increased year by year, involving five stages from an extreme maladjustment stage in 1978, severe imbalance stage in 1980, moderate maladjustment stage in 1992, mild maladjustment stage in 1997, and well-coordinated stage in 2019. The development trend in the CCD and AGD levels in Beijing was consistent, that is, the level of AGD was improved and the CCD, among its various factors, gradually changed from uncoordinated development to coordinated development, implying that the promotion of the AGD level was closely related to the coordinated development among its various factors. In order to promote the level of regional AGD, it is necessary to simultaneously improve agricultural resource utilization, agricultural environment conditions, agricultural industry development, and farmers’ living standard, and promote the coordinated level among various factors. At the same time, different factors also promote each other. An improved agricultural resource utilization level also leads to an upward trend in production efficiency, agricultural development, and improves the regional ecological environment conditions. Agricultural development also mirrors agricultural resource utilization. The improved resource utilization, environmental conditions, and industry will be accompanied by raised farmers’ living standards. The improvement of farmers’ living standards and awareness of environmental protection will also promote agricultural resources utilization and the agricultural environment conditions. To sum up, several factors promote each other and work together.




4.3 Influencing factors and policy implications

According to the CCD analysis of the changes and factors of AGD in Beijing, the AGD level in Beijing was intimately related to national policies and urban development. The main factors affecting AGD were analyzed using the GRA analysis model. Economic development, industrial structure, urbanization, technological progress, and agricultural structure all played an important role in promoting AGD. Economic development and industrial development were the driving forces of AGD, and provided the economic foundation for AGD. Urbanization reduced the rural population in Beijing, thus forcing Beijing’s agriculture to abandon the mode of concentrated labor forces, improve production efficiency, and embark on a road to more efficient and large-scale agricultural development. Consequently, the agricultural structure in Beijing was adjusted. Technical progress is also an important factor affecting AGD. New agricultural technology can promote the technical level of AGD and enhance the pace of AGD.

According to the above analysis, this paper puts forward some policy suggestions to promote AGD in Beijing: firstly, Beijing’s economy is developing rapidly, which lays a good economic and environmental foundation for AGD. It is necessary to seize current opportunity, improve agricultural capital investment, transform agricultural development mode, and promote the AGD level. Secondly, AGD in Beijing is mainly limited by industrial development and the environmental conditions. Therefore, we should further optimize the industrial structure, develop advantageous and characteristic industries, reduce the use of pesticides, fertilizers, and agricultural films, and improve the agricultural environmental level. Thirdly, the impact of science and technology investment on AGD cannot be ignored. With the advent of the digital information age, agricultural informal ionization has become the main driving force to promote agricultural total factor productivity. Beijing should further increase science and technology investment, especially strengthening the research on AGD-applied science and technology. Fourth, the joint development of all aspects is required to promote the AGD level. The agricultural resource utilization, agricultural environment conditions, agricultural industry development, and farmers’ living standard are indispensable, so we should pay attention to the coordinated promotion in these four aspects. Beijing should adhere to the principle of “big cities driving big suburbs and big suburbs serving big cities”, consolidate the foundation of agriculture, rural areas, and farmers, improve the level of AGD, and strive to promote high-quality and efficient agriculture, livable and suitable rural areas, and prosperous farmers.




4.4 Contributions and limitations

Based on the analysis of the existing AGD evaluation and the actual situation of Beijing, this paper constructed an index system of the AGD level in Beijing, which consisted of the agricultural resource utilization, agricultural environment conditions, agricultural industry development, and farmers’ living standard, and put forward a method of determining the index weight and evaluation scheme. Based on the AGD level in Beijing, the CCD of each factor was evaluated, and the driving factors of the AGD level in Beijing were analyzed by grey relational analysis. The research results can provide policy recommendations for AGD in Beijing and other regions. The evaluation timespan selected in this study was long, from 1978 to 2022, a total of 45 years, which is longer than that in most existing studies. This paper also analyzed the different stages and corresponding characteristics of AGD in Beijing, which is helpful to fully understand the status of AGD in Beijing.

There are some limitations to this study. Firstly, the evaluation index can be further improved. Because of the long timespan of this study, most of the data used are statistical data, so some natural geospatial data were not included in the evaluation index system, such as land use structure and forest coverage rate. With the progress of technology, relevant indicators can be included in future index systems. Secondly, this study mainly focused on the changes of the AGD level in different years in Beijing, and the AGD level in different regions of Beijing is quite different, so it is advisable to analyze the spatial difference of different districts, counties, and towns in the future, and the influencing factors and driving mechanism should be analyzed by region. Lastly, this study conducted an evaluation of the AGD of the Beijing from 1978 to 2022, and the comparative analysis with other regions is insufficient. In the future, relevant measures should be strengthened.





5 Conclusion

Using the period from 1978 to 2022 as the timespan and the comprehensive evaluation method of the CCD analysis model and GRA model as the research methods, this paper explored the evaluation methods of the AGD level and CCD among different factors, analyzed the driving factors of AGD level, and proposed policy enlightenment to promote AGD in Beijing. The main conclusions are as follows: firstly, the AGD level in Beijing gradually increased from 1978 to 2022 and can be divided into four different stages, namely, a steady rising stage from 1978 to 1998, a fluctuating stage from 1998 to 2010, an oscillating decreasing stage from 2010 to 2016, and a rapid upgrading stage from 2016 to 2022. Secondly, the CCD of agricultural resource utilization, agricultural environment conditions, agricultural industry development, and farmers’ living standard showed an upward trend during the research period, and its coordination type gradually changed from a verge imbalance stage in 1978 to 1979 to a reluctantly coordinated stage in 1980 to 1991, a primary coordinated stage in 1992 to 1996, an intermediate coordinated stage in 1997 to 2018, and then reached a well-coordinated stage in 2019. Thirdly, the coefficients between AGD and per capita GDP, the proportion of urban population, the proportion of tertiary industry, the proportion of food crops, and the number of granted patents in Beijing were 0.9984, 0.9874, 0.9527, 0.9254, and 0.8114, respectively. Therefore, Beijing should develop the economy, improve the industrial structure, adjust planting structures, and attach importance to technological innovation in order to promote AGD.
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The structure and function of ecological spaces play a crucial role in resisting risk interference and providing ecological services. Conducting resilience assessments of ecological spaces is of great significance for maintaining ecological security. Taking the Baiyangdian Basin as the research object, based on the evaluation results of ecosystem service function importance and ecological environmental sensitivity, the ecological space importance level of the Baiyangdian Basin is divided. Based on the three basic characteristics of “resistance, adaptability, recoverability”, the resilience of ecological space model was constructed by selecting ecosystem service value, landscape structure stability, ecological resilience model and coefficient. The research results show that: (1) The overall importance index of ecological space in the Baiyangdian Basin is relatively low. The non-critical area accounted for 43.00% of the total area, the general area accounted for 30.78%, and the core area accounted for 26.22%, which mainly distributed in the northern part of the study area and at the confluence of rivers. (2) The proportion of areas with extremely important ecosystem service functions in Baiyangdian Basin is 31.73%, concentrated in the central and southwestern parts of the basin. The highly sensitive ecological environment areas accounted for 21.96%, mainly distributed in high-altitude areas in the northern part of the basin and river convergence areas. (3) On the whole, the overall resilience level of the study area is not high and there is a significant difference in resilience between the north and south, with 68.60% of the regions in the low level of resilience. The area with high resilience level accounted for only 1.51%, and the highest resilience level was found at river confluence. The research results provide a theoretical basis for maintaining and improving the ecological environment of the basin, and provide a basis for implementing precise policies to optimize the ecological space of the basin.
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1 Introduction

Ecological space is the basic space to maintain ecosystem balance and ensure regional ecological security (Zhang and Yue, 2019). At present, climate change, socio-economic development, construction land expansion and other phenomena have brought about many problems such as water resource shortage, reduction of biological and landscape diversity, and continuous degradation of ecological functions (Liu et al., 2016; Jin et al., 2019; Gao et al., 2021; Liu et al., 2022), resulting in unreasonable distribution of ecological space, affecting the ecological environment and the well-being of residents (Liu et al., 2023). Under this background, it is urgent to change the thinking of ecological space management and control, from the perspective of restoration and management of ecological space after damage to prevention and control of ecological space before damage, and enhance the ability of ecological space to cope with the impact of uncertain risks. Resilience theory, as a dynamic approach to analyzing how systems respond to risks, provides a new perspective for ecological spaces to deal with uncertain risks (Luo et al., 2018). “Ecological space resilience” is a new attempt to combine the concept of resilience with the study of ecological space. The concept can be defined as the ability of ecological space to resist and adapt to the impact of external shocks and recover or transform from them by optimizing its structure and function. Therefore, the resilience assessment of ecological space can provide a theoretical basis for improving its resilience level and achieving sustainable development.

Ecological space originates from the term “green space” (Ngom et al., 2016). It is an important space component to maintain biodiversity, ensure ecosystem service supply and improve residents’ quality of life (Xie et al., 2015; Fabien et al., 2017; Deng et al., 2022). The follow-up research of ecological space should be based on the quantitative identification of ecological space. In recent years, the research of ecological space identification has made some progress. From the perspective of research objects, most of them focus on meso-scale and macro-scale such as urban agglomeration and municipal level, while few studies are conducted from the watershed scale (Huang et al., 2020; Wang et al., 2022). From the perspective of research, the structure and function of ecological space are mainly studied from the perspectives of ecological functions, ecological elements and ecological protection red lines (Long et al., 2015; Yu et al., 2015; Kong et al., 2019; Pan et al., 2020). From the perspective of ecological space delineation method, the main methods are land use type merging method and spatial attribute evaluation method. Among them, land use type merging method is to identify the structure of ecological space by using different land use types (Jiang and Liu, 2020; Zhao et al., 2022), but this method can draw the amount of ecological space, but it is difficult to draw the function of ecological space. Spatial attribute method is mainly used to quantitatively identify ecological space through ecosystem service function evaluation, ecological sensitivity evaluation and other methods (Jin et al., 2020). This method can more intuitively reflect the structure and function of ecological space, and is currently an important way to identify ecological space.

Originally meant to “restore vitality”, resilience was introduced into ecology by Canadian scholar Holling in 1973 to characterize the characteristics of stable state of ecosystem (Holling, 1973). Since the concept of resilience was put forward, it has undergone step modification and development from engineering resilience to ecological resilience and then to evolution resilience. Engineering resilience is characterized by the ability of the system to recover to a balanced or stable state after external impact (Walker and Salt, 2006), focusing on a single ultimate equilibrium state (Yang et al., 2021). With the deepening of the research, the academic community gradually realized that resilience has a certain ability to absorb disturbance before it suffers from impact and changes its own state (Folke, 2006), and ecological resilience to mitigate impact, resist risks, restore balance and adapt to new paths has become the mainstream view (Holling, 1996). With the development of The Times and the frequent occurrence of various crises, scholars have new thoughts on resilience and gradually realize that the path of system development is not single or balanced, but complex and unbalanced. Therefore, evolution resilience, as a resilience theory that emphasizes system interaction and dynamic feedback, immediately becomes a mainstream paradigm widely recognized by the current academic community (Walker et al., 2004). In the perspective of evolution resilience, resilience is not the recovery to normal state, but the ability of social complex ecosystem to adjust, adapt and transform in response to pressure (Carpenter et al., 2005; Zhou, 2015). Evolutionary resilience focuses on the maintenance of system structure and function, focusing on three aspects of social ecosystems: resistance, adaptability, and recoverability. Under the concept of evolutionary resilience, the concept of resilience has been applied in multiple fields. In recent years, the research objects on resilience involve urban resilience, economic resilience, ecological resilience, organizational resilience and other aspects. As modern society is facing threats from natural disasters, public security and other aspects, the current research on urban resilience accounts for the majority. The research methods can be divided into qualitative research and quantitative research. Among them, the qualitative research mainly focuses on the concept and analysis framework of resilience (Wei and Xiu, 2020) and the formation mechanism of resilience (Du et al., 2022). Quantitative studies mostly focus on building index systems to assess the level of resilience and analyze its influencing factors. Most scholars explain the spatial distribution of resilience level from the three core characteristics of resilience (namely resistance, adaptability and recoverability) (Xia et al., 2022), among which, Resistance is the ability of the system to withstand disturbances without significantly deviating from the normal development path (Vugrin et al., 2011), and adaptability is the ability of the system to adapt to shocks in the normal development process (Chen et al., 2022). Recoverability is the ability of a system to quickly recover from a disaster with minimal self-damage (Haimes Yacov, 2009). The combination of resilience and ecological space gives rise to the concept of ecological space resilience. Resilience can be seen as an attribute of ecological space, which can measure the ability of ecological space to face future disturbances, optimize its structure and function by taking preemptive actions to reduce the impact of disturbances, and quickly respond and restore to a new equilibrium state when impacts occur (Figure 1). At present, although there is a high degree of recognition of the concept of resilience in the existing literature, the grasp and emphasis of resilience vary. There is a lack of research on the measurement and comprehensive evaluation of ecological spatial resilience, and a complete theoretical framework has not yet been formed. Further exploration is needed to incorporate the theory of evolutionary resilience into the practice of ecological spatial optimization layout.




Figure 1 | Understanding about Ecological Space Resilience Concepts.



As the ecological hinterland of Xiong’an New Area, the structure and function of the ecological space in the Baiyangdian Basin are crucial for maintaining and improving the regional ecological environment. With the improvement of urbanization level, the ecological environment of Baiyangdian Basin is facing increasing pressure, and the function of ecological space cannot be effectively played. It is necessary to transform the concept of ecological problem restoration into the concept of ecological problem prevention, and integrate resilience thinking into the construction of ecological space to enhance the adaptability of the basin to respond to uncertain risks. In this paper, 35 counties and cities in five prefectural cities in Hebei Province, China, through which Baiyangdian Basin flows, are studied. Based on two evaluation methods, the importance of ecosystem services and the sensitivity of ecological environment, the ecological spatial importance index system is established to quantitatively identify the ecological space of Baiyangdian Basin. Based on the three basic characteristics of “resistance, adaptability and recoverability”, the resilience evaluation index was selected to analyze the spatial distribution of resilience level of ecological space structure and function, and divide resilience zones, in order to provide quantitative basis for improving the ecological space structure and ecological space function of Baiyangdian Basin and realize the sustainable development of the basin.




2 Materials and methods



2.1 Overview of the study area

The Baiyangdian Basin in Hebei Province, China, as defined in this study, is a part of the Daqing River Basin (Figure 2). The study area is located at 113°46’ -116°25’ east longitude and 37°51’ - 40°29’ north latitude. The terrain presents a stepped downward trend from northwest to southeast, showing a mountain-hill-plain with a relative height of 2815 meters. The average temperature is 12.1°C, the average annual water storage is 1.32×109m3. By 2020, the total area of the study area is 4.43×106hm2, among which the cultivated land area is 2.51×106hm2, accounting for 56.58% of the total land use type. The area of forest land was 1.01×106hm2, accounting for 22.84%. The grassland area was 2.47×105hm2, accounting for 5.56%. The water area was 4.56×104hm2, accounting for 1.03%; The construction land area is 6.19×105hm2, accounting for 13.96%. The unused land area is 1.1×103hm2, accounting for 0.02%. In general, cultivated land is the main study area, followed by woodland and construction land. In recent years, the structure and function of the ecological space in the Baiyangdian Basin have been affected to a certain extent. Studying the resilience level is important to ensure the ecological security of the Baiyangdian Basin.




Figure 2 | Spatial location of the study area ((A) China scope; (B) Hebei Province; (C) Baiyangdian Basin).






2.2 Data source and preprocessing

The data used in this study include remote sensing image data, land use data, DEM elevation data, slope data, NDVI data, soil texture data, meteorological data, NPP data and socio-economic data. Among them:

	The remote sensing image data of the study area in 2020 came from the geospatial data cloud (https://www.gscloud.cn/).

	Land use data was interpreted from remote sensing images. ENVI software was used to preprocess, supervise and classify remote sensing images, and land use types were divided into cultivated land, forest land, grassland, water area, construction land and unused land. After testing, the accuracy of the image is higher than 85%, which can be used in this study.

	DEM elevation data comes from geospatial data cloud (https://www.gscloud.cn/) with a resolution of 30m and a time of 2020. Slope data are extracted from DEM elevation data.

	All NDVI data and soil data were obtained from Data Center for Resources and Environmental Sciences, Chinese Academy of Sciences (https://www.resdc.cn/). ArcGIS software was used to carry out reprojection and mask processing on Chinese soil data, extract soil data in the study area, connect the “Value” field in its attribute table with the “MU_GLOBAL” field in the soil attribute table HWSD.mdb, and obtain the raster data of soil texture in the study area.

	Meteorological source: National Data Center for Meteorological Sciences (https://data.cma.cn/). In the grid calculator, the maximum and minimum method is used to normalize the annual average rainfall, and the distribution map of annual average precipitation in the study area is obtained. The annual average temperature data of several meteorological stations around the study area was obtained by spatial interpolation calculation.

	NPP data from MODIS data set (https://ladsweb.modaps.eosdis.nasa.gov/). The MRT tool was used to extract the NPP data. Referring to the MODIS17A3 data document, the conversion factor 0.0001 was used in the raster calculator to process the obtained NPP data, and the mask extraction was carried out based on the vector boundary of the study area in ArcGIS software. Because of the holes in the data, raster point transformation was carried out, and Kriging method was used to carry out spatial interpolation on the point data, and finally resampling the data after interpolation was processed to obtain data with a spatial resolution of 30m×30m.

	Socio-economic data are derived from statistical yearbooks.






2.3 Research methods



2.3.1 Identification of ecological space

Ecological space is a space that provides ecosystem services (Wang et al., 2017; Cui et al., 2020), whose quantitative scale and spatial pattern have a great impact on the ecological security of the watershed (Chen et al., 2018). In view of a series of ecological problems in the study area, the study of ecological space should not only pay attention to the “structure”, but also to the “function” of ecological space. Therefore, the factors that can reflect the ecological spatial function of Baiyangdian basin are selected. Based on the two evaluation methods of the importance of ecosystem service function and the sensitivity of ecological environment, the ecological space is identified comprehensively and quantitatively, and the importance degree is graded.



2.3.1.1 Evaluation of the importance of ecosystem service functions

(1) Importance index of water conservation function

The water conservation function is an important function in ecosystem regulation services, and its change directly affects the hydrology and vegetation of the basin (Zhang et al., 2023). The calculation formula is:

 

Where, WR is the ecosystem water conservation function importance index, NPPmean is the average annual net primary productivity of vegetation, Fsicis the soil seepage factor, Fpre is the average annual precipitation factor, Fslo is the slope factor.

(2) Importance index of soil and water conservation function

The function of soil and water conservation is the regulation service of ecosystem (such as forest, grassland, etc.) to reduce soil erosion caused by water erosion through its structure (Zhang et al., 2015). The modified general soil and water loss equation is used to measure the soil and water conservation function. The calculation formula is:

 

Where, A is the importance index of soil and water conservation function, R is rainfall erosivity factor, K is soil erodibility factor, LS is the topographic relief factor, C is the vegetation cover factor.

(3) Importance index of biodiversity conservation function

Biodiversity conservation function refers to the role played by an ecosystem in maintaining the diversity of genes, species and ecosystems, and is one of the most important functions provided by an ecosystem (Liu and Liu, 2021). The calculation formula is:

 

Where, Sbiois the importance index of biodiversity conservation function, NPPmean is the average annual net primary productivity of vegetation, Fpre is the average annual precipitation, Falt is the average annual temperature, and is the altitude factor.

(4) Evaluation of the importance of ecosystem service functions

The ecosystem service value after the normalization of each single function is divided into three levels: unimportant, generally important, and extremely important. Then the ecosystem service function importance index ( ) is obtained by using the disjunction algorithm. Using the natural breakpoint method, the results of the importance of ecosystem service functions are divided into three levels: unimportant, generally important, and extremely important. The calculation formula is:

 




2.3.1.2 Ecological environment sensitivity assessment

The sensitivity of ecological environment can reflect the sensitivity of ecosystem to natural environment changes and interference from human activities (Ouyang et al., 2000). The terrain of the Baiyangdian Basin is complex, and its ecological environment sensitivity is influenced by various ecological factors. Therefore, dominant and representative factors are selected to comprehensively evaluate the ecological environment sensitivity (Zhan and Zhu, 2019), and the sensitivity degree is divided.

	Build a hierarchical model. The model is divided into three levels: target layer, criterion layer and reference layer (Table 1). The target layer is the ecological sensitivity assessment of Baiyangdian Basin, and the criterion layer includes two judgment criteria: terrain factor and land use type. The reference layer can be determined by the following indicators:

	Sensitivity level definition. Determine the weights of each factor using the Analytic Hierarchy Process and define the sensitivity level of each ecological factor (Table 2).

	The ecological environmental sensitivity ( ) of the study area is obtained by weighted superposition of the selected factors. The natural breakpoint method is used to reclassify the results, resulting in three levels of non-sensitivity, medium sensitivity, and high sensitivity.




Table 1 | Sensitivity information of ecological Factors in Baiyangdian Basin.




Table 2 | Sensitivity information of various ecological factors in Baiyangdian Basin.






2.3.1.3 Comprehensive identification of ecological space

In the ArcGIS software, ecological space ( ) is obtained by disjunctive algorithm, and it is divided into three levels: non-critical type, general type, and core type. The calculation formula is:







2.3.2 Horizontal measure of resilience

In view of the negative impact brought by the disturbance, the concept of resilience is introduced to improve the ability of the study area to cope with various risks. From the perspective of evolutionary resilience, resilience refers to the persistence, adaptability, and transferability of complex social ecosystems, focusing on the ability of ecological space to respond, adapt, and shape changes. Its emphasis is not on the pursuit of equilibrium, but on the ability of the system to continuously improve its own structure to cope with risks, thus enabling sustainable development. Therefore, constructing resilience evaluation indicators by considering the three basic characteristics of “resistance, adaptability and recoverability” in evolutionary resilience, and the horizontal spatial distribution of resilience in ecological space was analyzed.



2.3.2.1 Resistance index

Resistance (P) refers to the ability of ecological space to resist external disturbance. Many studies have pointed out that the resistance characteristic of ecological space is closely related to ecosystem service function. This study is based on the modified ecological service equivalence table per unit area of Chinese ecosystems (Xie et al., 2015), combined with the socio-economic development status, to modify the economic value created by the unit area grain yield in the study area, and obtain the unit area ecological service value of the Baiyangdian Basin, which represents the resistance of ecological space resilience. The calculation formula is:



 

 

Where, P is ecological space resistance, ESV is ecosystem service value, Ai is the area of land use type i, VCi is the ecosystem service value per unit area of class i land use type, ECj is the equivalent of the ecosystem service value of item j of certain land use type, and Eais the economic value (yuan/hectare) of providing food production service function for farmland ecosystem per unit area. i is the crop type, pi is the national average price of a crop in a given year (yuan/ton), qi is the planted area of a crop (hectare), M is the planted area of all crops (hectare).




2.3.2.2 Adaptability

The more stable the ecological space is, the more adaptability (A) it is. In this study, the adaptability is expressed through the relevant indicators of landscape structure stability (Peterson, 2002). Among them, the stability of landscape structure is measured by the relevant landscape index (Turner, 1989). The calculation formula is:



Where, A is ecological space adaptability index; C is landscape fragmentation degree; SHDI is Shannon’s diversity index (SHDI); AWM is the the area-weighted mean patch fractal dimension (AWMPFD).




2.3.2.3 Recoverability

The resilience of ecological space (R) reflects the ability and potential of ecological space to recover from damage. Land use plays an important role in the concept of ecosystem recoverability (Foster et al., 2003; Colding, 2007), so the recoverability is quantified by summing the area-weighted ecosystem resilience coefficients of all land use types. The calculation formula is based on the ecological resilience model and coefficient proposed by Peng et al. (2015). The calculation formula is:

 

Where, R is ecological space recoverability; Ai is the area ratio of land use type; RCi is the ecosystem elasticity coefficient of land use   type.

The calculations of resistance, adaptability and recoverability have different units, so when calculating resilience levels, it is necessary to standardize various indicators to the [0,1] range. In addition, to avoid amplification calculations when multiplying indicators, a root sign is needed to neutralize the order of magnitude. According to the natural breakpoint method, the resilience level is divided into high level, medium level and low level.

The specific calculation formula is as follows:

 

Where, P is resistance, A is adaptability, R is recoverability.







3 Results



3.1 Evaluation results of ecosystem service function importance



3.1.1 The importance of water conservation function

According to the extracted average annual net primary productivity of vegetation, soil seepage factor, annual average precipitation factor and slope factor, formula (1) is used to calculate and obtain the evaluation result of the importance of water conservation function in Baiyangdian Basin, which is normalized in ArcGIS software. According to the natural breakpoint method, the results are divided into the areas of water conservation function is unimportant, generally important and extremely important (Table 3) (Figure 3). The results show that the water conservation function in Baiyangdian Basin is affected by landform, temperature and precipitation, land use conditions, vegetation and other factors. Among them, 23.31% of the water conservation function in Baiyangdian Basin is unimportant, distributed in Zhuolu County and Yu County in the northern part of the study area. The terrain in this area is relatively high with a large slope, and an annual precipitation of less than 400 millimeters. Therefore, the importance of water conservation is relatively low. Generally important areas accounted for 53.57%, mainly distributed in flat terrain areas such as urban construction and development areas. There is a large amount of arable land with high density, and rainfall and vegetation coverage are at a moderate level in the entire study area. Therefore, the water conservation capacity is average. The extremely important area accounts for 23.12%, mainly distributed in the southern part of Laishui County, the southeastern part of Yi County, Dingxing County and other areas. The terrain in this area is relatively flat and open, so the water conservation capacity is better.




Figure 3 | Each Single Factor Importance Evaluation Results [(A) Water conservation; (B) Soil and water conservation; (C) Biodiversity conservation].




Table 3 | Statistics of importance levels of each function.






3.1.2 The importance of soil and water conservation

According to the extracted rainfall erosivity factor, soil erodibility factor, topographic relief factor and vegetation cover factor, formula (2) is used for calculation, and the evaluation results of soil and water conservation function importance in Baiyangdian Basin are obtained, which are normalized in ArcGIS software. According to the method of natural segment point, the results are divided into the areas of unimportant, generally important and extremely important soil and water conservation function (Table 3) (Figure 3). The results show that the spatial distribution of water and soil conservation importance index in Baiyangdian Basin show a trend of higher in northwest and lower in southeast. Among them, 83.90% of the areas in Baiyangdian Basin are unimportant in soil and water conservation function, mainly distributed in the plain area in the southeast of the study area. The terrain in this area is relatively flat, and most of them are cultivated land and construction land. The economy in this area is relatively developed, and there are relatively many artificial soil and water conservation measures. Therefore, there is less soil erosion and the importance of soil and water conservation functions is relatively low. The general important area accounts for 12.95%, while the extremely important area accounts for 3.14%. It is mainly distributed in the northwest of the study area. This area is mostly low mountains and hills, mainly composed of forest land and grassland, with high altitude, significant terrain fluctuations, and more precipitation in the area. Therefore, soil and water loss is serious.




3.1.3 The importance of biodiversity conservation functions

According to the extracted average annual net primary productivity of vegetation, average annual precipitation, average annual temperature and altitude factors, formula (3) is used to calculate and obtain the assessment result of biodiversity conservation function importance in Baiyangdian Basin, which is normalized in ArcGIS software. According to the method of natural segment point, the results are divided into regions with unimportant, generally important and extremely important biodiversity conservation functions (Table 3) (Figure 3). The results show that the biodiversity conservation function in Baiyangdian Basin is mainly of general importance. Among them, 19.17% of the areas in the Baiyangdian Basin have unimportant biodiversity conservation functions, mainly distributed in the northern part of the study area. Due to the high terrain and significant changes in temperature during the day and night, the importance of biodiversity conservation functions is relatively low in this area. The generally important areas account for 49.60% of the total, mainly distributed in the southern part of the study area where there is more cultivated land and construction land. This area has a large population, urban and agricultural spaces continue to expand, and the self repair ability of the ecosystem is weak, so the biodiversity conservation function is poor. The extremely important area accounts for 31.23%, mainly distributed in the south of Laishui County, the southeast of Yi County and Dingxing County. The terrain in this area is mostly low mountains, hills and plains. Compared with the northern part of the study area, the terrain is lower, with abundant rainfall, abundant light and heat, and rich vegetation, so the importance of biodiversity conservation function is high.




3.1.4 Evaluation of the importance of ecosystem service functions

The evaluation results of a single function often can only reflect the impact results of a single type of factor, rather than being holistic. Therefore, ArcGIS is used to overlay each importance index to calculate the importance of ecosystem service functions. The results are normalized in the ArcGIS software, and the results are divided into regions with unimportant ecosystem service functions, generally important ecosystem service functions and extremely important ecosystem service functions according to the natural breakpoint method (Table 4) (Figure 4).


Table 4 | Statistics of importance levels of ecosystem service functions in Baiyangdian Basin.






Figure 4 | Evaluation on the Importance of Ecosystem Service Function in Baiyangdian Basin.



The results indicate that 19.14% of the areas with unimportant ecosystem service functions in Baiyangdian Basin are mainly distributed in the northern part of the study area, where the net primary productivity of vegetation is low and the altitude is high. The general important areas account for 49.13%, mainly distributed in transition areas from high to low terrain, as well as flat terrain areas such as urban development areas. The extremely important area accounts for 31.73%, mainly distributed in the central and southwestern parts of the basin. This region is low in elevation and flat in terrain, with more rivers flowing through it and better water storage capacity and water regulation capacity. And the land use type of this area is mostly cultivated land, with good cultivation conditions. In addition, the importance of water conservation function is higher in the eastern part of the study area, the importance of water and soil conservation is lower, and the importance of biodiversity conservation function is higher, so the ecosystem in this region is better.





3.2 Assessment result of eco-environmental sensitivity

The ecologically sensitive areas of Baiyangdian basin are mainly distributed in the north of the basin with higher elevations and the river pooling area, and the overall pattern is non-sensitive > medium sensitive > highly sensitive (Table 5) (Figure 5). Among them, the non-sensitive areas accounted for 54.63%, mainly concentrated in the southern plain, where the terrain was flat and open, with distinct four seasons and obvious continental climate characteristics. However, because human production and living activities would bring certain pressure to the ecological environment, there were also some medium-sensitive areas in this region. The medium sensitive area accounted for 23.41%, and the highly sensitive area accounts for 21.96%. They are mainly distributed in areas such as Zhuolu County, Laishui County, Laiyuan County, and Fuping County with higher elevations in the northwest. The average temperature in this area is low, the temperature difference between day and night is large, there are many mountains, basins and hills in some areas, complicated terrain, poor living environment and frequent geological disasters, so the ecological sensitivity is relatively high. In addition, Baiyangdian District has a high ecological sensitivity due to the vast water area where rivers gather, rich aquatic animal and plant resources, and high ecosystem diversity.


Table 5 | Statistics of ecological and environmental sensitivity levels in Baiyangdian Basin.






Figure 5 | Ecological Sensitivity Assessment of Baiyangdian Basin.






3.3 Identification of ecological space

By using ArcGIS to overlay the importance layer of ecosystem service functions and the sensitivity layer of ecological environment, the ecological space of the study area is comprehensively identified. According to the natural breakpoint method, the ecological space is classified into importance levels (Table 6) (Figure 6).


Table 6 | Ecological spatial identification results in Baiyangdian Basin.






Figure 6 | Distribution of Ecological Space Importance in Baiyangdian Basin.



The results show that 43.00% of the ecological space in the Baiyangdian Basin is non-critical area, mainly distributed in the southern part of the Baiyangdian Basin and the northern part of Yu County. Among them, Yu County has a relatively high altitude and typical loess landform development, while the southern region of the study area is mainly composed of construction land and cultivated land, which is a gathering area for human activities with less vegetation coverage. Therefore, the importance of ecological space is relatively low. The general type area accounts for 30.78%, and its distribution is relatively uniform but fragmented. The core type accounts for 26.22%, mainly in Laishui County, Layuan County, Fuping County, Tang County, Yi County and other central mountainous areas as well as Baiyangdian District where rivers come together. Among them, the land use types in the central part of the basin are mainly woodland and grassland, which is the main distribution area of forest ecosystem in the basin. There are a number of forest parks and natural ecological scenic spots, the terrain includes mountains, hills, plains, river gullies, is the main ecological space protection zone; Baiyangdian District is the gathering place of several rivers, which is the largest lake in Hebei Province and an important ecological water body, so it has become the core area of ecological space in the basin.




3.4 Horizontal spatial distribution of resilience

According to the calculation results of formula (11), the resilience level is divided into high level, medium level and low level according to the natural breakpoint method in ArcGIS  (Table 7) (Figure 7).


Table 7 | Statistics of resilience level in Baiyangdian Basin.






Figure 7 | Distribution of Ecological Space Resilience Level in Baiyangdian Basin [(A) the result of resistance; (B) the result of adaptability; (C) the result of recoverability; (D) the result of resilience].



The results show that the resilience level of Baiyangdian Basin is not high, and the area with low resilience level accounts for 68.60%, mainly in the southern part of the study area and the northern part of Yu County. Among them, there are a lot of cultivated land and construction land in the southern part of the study area, which occupy a large amount of natural resources. In addition, the flat terrain and convenient transportation have led to the continuous improvement of the urbanization level in these areas, which has led to the increase of landscape fragmentation and the increase of human interference on the landscape, thus reducing the level of ecological resilience in these areas; The northern part of Yu County is high in altitude, and the temperature difference between day and night is large, so that its ability to resist external interference is reduced. The medium level areas account for 29.89%, mainly distributed in Laishui - Laiyuan - Fuping area. These areas have variable topography, including mountains, hills, plains, rivers and ravines, etc. The land use types are mainly woodland and grassland, and there are a large number of forest parks and ecological scenic spots. However, due to the high altitude of this area, insufficient rainfall and great disparity in geomorphology, the resilience level is not high and is in the medium grade. The proportion of areas with high resilience levels is only 1.51%, mainly in the Baiyangdian District. This area has a high diversity index of aroma, high landscape heterogeneity, and abundant species. Therefore, its ecosystem has a good self-regulation ability and a high resilience level.

In contrast, the resilience level of core and important ecological space regions is higher, while that of non-critical ecological space regions is lower. This shows that the more complex the structure of ecological space is, the more complete the function is, the better the ecological environment is, the higher its own stability is, the less susceptible it is to external interference, and the higher the resilience level is. On the other hand, when the ecological space is not critical, the production efficiency of the ecosystem is low, the ability to resist natural disasters and external interference is also low, and the resilience level of the ecosystem is low due to the simple species composition of the ecosystem.





4 Conclusion and discussion



4.1 Conclusion

In this study, the ecological space of Baiyangdian Basin was identified by combining the evaluation of the importance of ecosystem service function and the evaluation of eco-environmental sensitivity. Secondly, based on the principles of integrity, orientation and operability, resilience evaluation indexes were selected from three aspects: resistance, adaptability and recoverability to cope with crises. Finally, the ecological resilience level of the study area was analyzed. It lays a theoretical foundation for the optimization of ecological space pattern in Baiyangdian Basin. Through the above research, this paper draws the following conclusions:

	There is a significant difference in the importance of ecological space in the study area. In general, 26.22% of the study area belongs to the core type of ecological space, 30.78% to the general type of ecological space, and 43.00% to the non-critical type of ecological space. In addition, it can be clearly found through the research that the core areas of ecological space are concentrated in the areas with good vegetation, superior water conditions and high biodiversity. The non-critical areas are mostly plain areas, where the terrain is flat, mainly cultivated land and intensive construction land, or the non-critical areas are the northern Yu County with higher elevation, poor ecological environment and relatively less vegetation.

	The resilience level in the study area is not high, the threshold of low resilience level is 0.06, the threshold of medium resilience level is 0.19, and the threshold of high resilience level is 0.57. From the perspective of spatial distribution, regions with low resilience level accounted for 68.60%, regions with medium resilience level accounted for 29.98%, and regions with high resilience level accounted for 1.51%. The low resilience level area is concentrated in the southern part of the basin where the city is rapidly expanding, the medium level area is concentrated in the central and northern part of the basin with more forest vegetation and relatively uneven terrain, and the high resilience level area is less concentrated in the river convergence area.






4.2 Discussion

At present, the study of ecological spatial resilience is still in the exploratory stage, and most of the existing studies are on the theoretical level of ecological resilience. This study considered the structure and function of ecological space, delineated the importance level of ecological space in Baiyangdian Basin, combined with the ecological environment characteristics of the study area, quantitatively assessed the resilience level of ecological space from the perspective of evolutionary resilience, and established an evaluation index system of ecological space resilience.

In terms of the method of identifying ecological space, from the perspective of ecological needs, this study selects the factors that can directly reflect the function of ecological space. Combined with the importance analysis of ecosystem service function and the sensitivity analysis of ecological environment, the ecological space of Baiyangdian Basin was more comprehensively identified and classified into important types of ecological space. However, due to the different sources of basic data, there may be some errors in data fusion and calculation. In the future, it is necessary to further improve the evaluation accuracy when identifying ecological space.

In terms of the method of evaluating resilience, a more comprehensive evolutionary resilience concept was chosen from a research perspective. One is to view ecological space as a complex dynamic system with structure and function, with a focus on considering its ability to cope with uncertain risks. Secondly, from the perspective of evolutionary resilience, resilience is seen as the ability of ecological spaces to absorb external interference, reduce their own risks, and accelerate self recovery, in order to enhance the resistance, adaptability and recoverability of ecological spaces. In order to ensure the ecological security of Baiyangdian Basin, a different evaluation system was established according to the current situation of land use and local characteristics, and a resilience measurement model was established to measure the resilience level on a spatial scale. However, the results obtained by this research method are greatly influenced by the process of land use change, and there is inevitable uncertainty in the interpretation of remote sensing images. In addition, this study only considers ecological factors and neglects the impact of economy and society on resilience levels. In the future, comprehensive consideration should be given from multiple dimensions to improve the ecological space resilience indicator system.
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The ecological health level of water resources plays a crucial role in achieving sustainable development in society. This study focuses on the core area of the Central Plains urban agglomeration. A comprehensive evaluation system, based on the Water Resources - Socio-Economic - Ecological Environment model framework, was constructed, incorporating 22 evaluation indicators in the indicator layer. Using an improved entropy weighting method combined with the ITOPSIS model, the water ecological health level in the study area from 2013 to 2022 was evaluated, and corresponding measures were proposed based on the evaluation results. Furthermore, the Barrier Degree model was applied to identify the eight major hindering factors influencing the water resource ecological environment in the research area. The results show that: The overall water resource ecological health level in the core area of the Central Plains urban agglomeration from 2013 to 2022 showed a generally improving trend. The eight major hindering factors indicate that cities should focus on green urban development while promoting the construction of smart water management systems and sponge cities.
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1 Introduction

Water resources are a critical pillar supporting socio-economic development and the health of ecosystems. However, in the context of rapid urbanization and economic growth, the rational utilization and ecological preservation of water resources face increasingly severe challenges. To achieve ecological optimization and sustainable utilization of water resources, it is necessary to conduct in-depth research on the interrelationships between water resources, socio-economic factors, and the ecological environment, as well as analyze the obstacles that hinder water resource optimization (Zhao et al., 2023).

This paper aims to analyze water resource ecological optimization and the obstacles involved by employing a framework based on water resources-socio-economic factors-ecological environment models, with a focus on the core area of the Central Plains Urban Agglomeration (Mu et al., 2023). As an important region for China’s economic development, the water resource status and ecological environmental issues in the core area of the Central Plains Urban Agglomeration have attracted significant attention (Zhao M. et al., 2022). By comprehensively considering indicators and data related to the natural environment, socio-economic development, water resource utilization, and ecosystem conservation, we will explore the current status of water resource ecological optimization in the core area and conduct a detailed analysis of the obstacles hindering its progress (Zhang et al., 2023). A comprehensive evaluation system, based on the Water Resources - Socio-Economic - Ecological Environment model framework, was constructed, incorporating 22 evaluation indicators in the indicator layer. Using an improved entropy weighting method combined with the ITOPSIS model.

In this study, we will begin by describing and evaluating the current state of water resources in the core area of the Central Plains Urban Agglomeration (Peng et al., 2023). Subsequently, we will construct a framework of water resources-socio-economic factors-ecological environment, examining the interrelationships between water resources, socio-economic development, and the ecological environment (Tefera et al., 2023). We will explore the potential and challenges of water resource ecological optimization in a quantitative and qualitative manner.

Regarding the analysis of obstacles, we will identify and assess factors that hinder water resource ecological optimization, such as insufficient water supply, water pollution, inappropriate water resource utilization patterns, and a lack of effective management and conservation measures (Chen et al., 2023). For these obstacles, we will propose corresponding countermeasures, including improving water resource management mechanisms, strengthening environmental monitoring and governance capabilities, and promoting the application of sustainable development concepts in decision-making (Yang et al., 2021).

The results of this research will provide scientific decision support and guidance for water resource management and ecological environmental protection in the core area of the Central Plains Urban Agglomeration. Moreover, the findings will have important implications for water resource management and ecological environmental protection in other regions and countries, contributing to the global development of sustainable water resource utilization and ecological environmental preservation.




2 Literature review



2.1 Progress on water resources ecological security evaluation

Water resource ecological security evaluation is an important research field for assessing the ecological health and sustainability of water resources. In recent years, significant progress has been made in related research.

Firstly, researchers have established comprehensive indicator systems to assess the ecological condition and security of water resources. These indicator systems consider various aspects such as water quantity, water quality, biodiversity, ecosystem services, and ecological integrity, providing important foundations for a holistic evaluation of the ecological health of water resources (Melstrom and Malone, 2023).

Secondly, the application of remote sensing and geographic information systems (GIS) has provided strong support for water resource ecological security evaluation (Zhang et al., 2017). Remote sensing technology enables real-time monitoring and analysis of environmental factors such as water distribution, land use, and vegetation cover (Xu et al., 2023). When combined with GIS, spatial analysis can accurately assess the ecological condition of water resources and identify potential risks.

Furthermore, advancements in ecological modeling have played a crucial role in water resource ecological security evaluation (Zhou et al., 2023). Hydrological models, water quality models, and ecological risk assessment models simulate and predict changes in water quantity, water quality, and ecological dynamics. These models provide scientific foundations for formulating protection and management strategies (Sun et al., 2022).

The evaluation of ecosystem services is an essential component of water resource ecological security assessment. Researchers assess and quantify the value of ecosystem services provided by water resources, such as water supply, flood regulation, and habitat provision (Li M. et al., 2023). This approach facilitates the integration of ecological and economic factors, providing references for sustainable development strategies.

The application of integrated approaches in water resource ecological security evaluation has gained recognition. These approaches consider ecological, social, and economic factors and incorporate stakeholder participation (Mohammadyari et al., 2023). They contribute to balancing different objectives in decision-making processes, promoting the coordination of water resource ecological security and sustainable development.

In summary, notable progress has been made in the theoretical foundations, methodologies, and practical applications of water resource ecological security evaluation. These research achievements provide important support for protecting and managing water resources, maintaining ecological balance, and facilitating the sustainable utilization of water resources.




2.2 Research progress of ecological security optimization of water resources

Research on the optimization of water resource ecological security aims to improve the ecological security and sustainable utilization efficiency of water resources through measures and strategies. Significant progress has been made in this field in recent years.

Firstly, ecological restoration and protection measures are important directions in the optimization of water resource ecological security (Zhang et al., 2020). Researchers have conducted projects such as wetland restoration, aquatic ecosystem reconstruction, and the construction of riparian green belts to improve the ecological environment of water resources, restore ecosystem functions, and enhance biodiversity (Huang et al., 2023). These measures contribute to improving the ecological security of water resources and maintaining the health of water ecosystems.

Secondly, water resource management strategies are another focus of research. Researchers are committed to formulating rational water resource management strategies to ensure the sustainable utilization and ecological security of water resources. These strategies include establishing reasonable water resource allocation mechanisms, promoting water resource conservation and efficiency, and improving water resource management systems. They aim to enhance water resource utilization efficiency, reduce water waste, and protect the integrity of water ecosystems (Bertrand et al., 2023).

Furthermore, advancements in science and technology have provided support for the optimization of water resource ecological security. The application of tools such as remote sensing, GIS, and mathematical models has made the monitoring, assessment, and prediction of water resource ecosystems more accurate and reliable. These advancements provide important scientific foundations for formulating scientifically sound management strategies and decisions.

In conclusion, significant progress has been made in research on the optimization of water resource ecological security, particularly in the areas of ecological restoration and protection measures, water resource management strategies, and the application of scientific and technological advancements. These research achievements are of great significance in promoting the sustainable utilization of water resources, improving the ecological security of water resources, and protecting and managing water resources for the healthy and sustainable development of water ecosystems.




2.3 Research progress on obstacle factors analysis of water resources ecological security

Research on the analysis of obstacle factors in water resource ecological security aims to identify and analyze the key factors hindering water resource ecological security. Here is a summary of the research progress in this field:

Firstly, through extensive empirical research and case studies, researchers have identified a range of obstacle factors that affect water resource ecological security. These factors include climate change, water pollution, ecological degradation, and excessive water resource exploitation, each of which can have significant impacts on water resource ecological security (Zeng et al., 2023).

Secondly, the evaluation and quantification methods for obstacle factors have been continuously improved and developed. Researchers have proposed various quantitative and qualitative assessment methods, including indicator weighting methods, fuzzy comprehensive evaluation methods, and analytic hierarchy process (Li W. et al., 2023). These methods enable objective evaluation and comparison of obstacle factors, assisting decision-makers in identifying key obstacle factors that require attention.

Furthermore, researchers have also focused on the interactions and combined impacts among obstacle factors. They have studied the correlations and mechanisms between obstacle factors and revealed the complex relationships among them through systematic analysis methods. This provides a scientific basis for developing targeted solutions and policies.

Lastly, the analysis of obstacle factors has played an important role in policy-making and decision support. By gaining a deep understanding of the degree of influence and interrelationships among obstacle factors, researchers can provide scientific advice and decision support to governments and decision-makers to ensure the ecological security of water resources.

In conclusion, research on the analysis of obstacle factors in water resource ecological security has made significant progress in identifying obstacle factors, improving evaluation methods, studying interactions, and providing decision support. These research achievements provide important scientific support for the protection and management of water resource ecological security, enabling the development of effective solutions and policies to achieve sustainable utilization and ecological security of water resources.




2.4 Literature summary

Research progress in water resource ecological security evaluation focuses on developing evaluation indicator systems, applying remote sensing and GIS technologies, and constructing ecological models and integrated methods to assess and quantify the ecological condition and security of water resources. These research achievements provide scientific foundations for the management and protection of water resources.

Research progress in the optimization of water resource ecological security mainly includes ecological restoration and protection measures, water resource management strategies, and the application of scientific and technological advancements. Through these studies, it is possible to improve the ecological security and sustainable utilization efficiency of water resources, promoting their sustainable development.

Research progress in the analysis of obstacle factors in water resource ecological security focuses on identifying and analyzing obstacle factors, developing evaluation methods, and studying the interactions among these factors. This helps uncover the major obstacle factors affecting water resource ecological security and provides scientific advice and decision support for policymakers.

In summary, these research advances collectively contribute to the development of the field of water resource ecological security. By evaluating, optimizing, and analyzing the ecological security status and influencing factors of water resources, we can better manage and protect water resources, achieving sustainable utilization and ecological balance.





3 Materials and methodologies



3.1 Study area

The core area of the Central Plains Urban Agglomeration, located in the geographical center of mainland China, encompasses parts of Henan Province, including cities such as Zhengzhou, Luoyang, and Kaifeng. This region is renowned for its abundant water resources, thriving socio-economic development, and diverse ecological environment. In terms of water resources, the core area of the Central Plains Urban Agglomeration is situated in the Yellow River Basin, enjoying rich water resources. As one of China’s major rivers, the Yellow River provides vital irrigation and water supply for the local area. Agriculture in the core area relies on the water from the Yellow River, and the farmland here can fully utilize these water resources through irrigation systems, supporting agricultural development. Additionally, the region is home to several lakes and reservoirs, such as the Luo River in Luoyang and West Lake in Zhengzhou, providing additional water resources for the local residents. In the socio-economic aspect, the core area of the Central Plains Urban Agglomeration is one of China’s economic centers, characterized by strong economic prowess and a relatively high population density. Zhengzhou serves as the political, economic, and transportation center of the region, as well as an important hub city in central China. Luoyang is renowned for its long history and cultural heritage, while Kaifeng holds the distinction of being a renowned historical and cultural city in China. These cities attract significant investments and talents, driving the rapid development of the regional economy. The industrial structure of the core area of the Central Plains Urban Agglomeration is diverse, including manufacturing, construction, finance, logistics, and more. In recent years, information technology, high-tech industries, and emerging sectors have also experienced rapid growth in the region. Despite rapid economic development, the core area of the Central Plains Urban Agglomeration recognizes the importance of environmental protection. Various measures have been implemented to strengthen environmental protection in the region. These include the implementation of energy-saving and emission-reduction policies, intensified environmental monitoring and governance, and the promotion of sustainable development. The region actively protects the ecological system of the Yellow River, promoting improvements in water quality and wetland preservation. Additionally, the core area of the Central Plains Urban Agglomeration is committed to promoting sustainable industries such as ecological agriculture and ecotourism, aiming to protect and restore the ecological environment. Overall, the core area of the Central Plains Urban Agglomeration showcases its rich water resources, thriving socio-economic development, and a strong focus on ecological conservation. The region’s efforts to balance economic growth with environmental protection contribute to its sustainable development and the preservation of its unique natural heritage. The elevation chart of the study area is shown in the Figure 1.




Figure 1 | Elevation Map of the Central Plains Urban Agglomeration Core Area.






3.2 The connotation of healthy water resource ecosystem

A healthy water resource ecosystem refers to the maintenance of a stable and healthy water environment, promoting sustainable development and the well-being of human and ecological systems. It encompasses several key aspects: Firstly, it entails water quality protection. Measures such as strengthening wastewater treatment, reducing pollutant emissions, and prohibiting illegal discharges are essential to ensure good water quality in water sources, providing clean and safe drinking water resources (Lu et al., 2022). This contributes to the preservation of human health and the stability of ecosystems. Secondly, water balance is a crucial element of a healthy water resource ecosystem. Through proper water resource management and allocation, the goal is to achieve a balance between water supply and demand. This means avoiding over-extraction and wastage, promoting sustainable utilization of water resources, and meeting the water needs of agriculture, industry, urban areas, and ecosystems. Thirdly, the protection of water ecosystems is emphasized in a healthy water resource ecosystem. This includes preserving the integrity of wetlands, conserving biodiversity in rivers and lakes, and safeguarding the natural ecological functions of water ecosystems. The establishment of ecological conservation areas, wetland restoration, and protection of aquatic life and habitats are crucial for the sustainable development of water ecosystems. Additionally, a healthy water resource ecosystem advocates for the rational utilization of water resources, avoiding waste and misuse. Promoting water-saving technologies, improving agricultural irrigation efficiency, and strengthening water resource management contribute to efficient water resource utilization and increased water use efficiency (van Dijk et al., 2013). Lastly, achieving a healthy water resource ecosystem requires broad social participation and interdisciplinary cooperation. Governments, businesses, the public, and non-governmental organizations need to collaborate in formulating and implementing policies and measures for water resource conservation and management, fostering improvements in water resource ecosystems and promoting sustainable development. In summary, a healthy water resource ecosystem is essential for maintaining a stable and healthy water environment, achieving sustainable development, and contributing to the well-being of human and ecological systems. Through water quality protection, water balance, water ecosystem conservation, rational water resource utilization, and increased social participation and cooperation, we can realize the health and sustainability of water resources, benefiting both humanity and the natural environment.




3.3 Water Resources-Socio-Economic-Environmental model framework

The Water Resources-Socio-Economic-Environmental model framework is an analytical approach used to study water resource management and sustainable development. It considers water resources, socio-economic systems, and ecological environments as interconnected and interacting elements, and utilizes modelling to analyse their relationships. The framework typically includes the following elements:

	1. Water Resources System: This element considers the supply and demand of water, including surface water and groundwater resources. It encompasses sustainable water use, water cycle processes, water quality management, and related factors.

	2. Socio-Economic System: This element examines the human societal and economic activities related to water resources’ demand and utilization. It includes factors such as population growth, urbanization, agriculture, industry, energy production, as well as policies, management, and economic activities associated with water resources.

	3. Ecological Environment System: This element considers the impacts of water resources on ecosystems and the dependency of ecosystems on water resources. It encompasses the protection and restoration of water-based ecosystems such as rivers, lakes, wetlands, as well as biodiversity conservation, water ecosystem services, and other aspects related to water resource management.



By establishing the Water Resources-Socio-Economic-Environmental model, researchers can simulate and evaluate the impacts of different water resource management strategies on socio-economic and environmental aspects. These models can be used to forecast indicators such as water supply-demand balance, water use efficiency, water pollution control, ecosystem health, and provide scientific evidence to support decision-makers in sustainable water resource management and development.

In summary, the Water Resources-Socio-Economic-Environmental model framework provides a comprehensive perspective to understand and manage the interrelationships between water resources, socio-economic development, and environmental protection, with the aim of achieving sustainable development goals. The evaluation system of this study is shown in the Figure 2.




Figure 2 | Water Ecological Health Evaluation Index System Diagram.






3.4 Weight calculation method

The Improved Entropy Weighting Method is an enhanced multi-criteria decision analysis approach used to calculate weights and determine the relative importance of multiple criteria or factors (Xi et al., 2022). In comparison to the traditional entropy weighting method, the improved version considers the correlation among the criteria when calculating the weights. The combination of subjective and objective weight values was achieved through the principle of Minimum Information Entropy. The application of this combined method effectively reduced the subjectivity of weight values in this research.

The entropy weighting method originates from the concept of entropy in information theory. In multi-criteria decision analysis, this method is primarily utilized to determine the weights of various criteria or factors. Its core function is to allocate a weight to each criterion or factor in the decision matrix, indicating its significance in the overall decision-making process. This way, for complex issues that involve numerous criteria or factors, the entropy weighting method offers a means to quantify their importance.

The basic mechanism of this method includes the following steps:

	1. **Standardization of Decision Matrix**: First and foremost, the raw data of the decision matrix needs to be standardized to eliminate disparities in data units or magnitudes.

	2. **Calculation of Entropy Value**: For each criterion, its entropy value is calculated based on its standardized data. This value represents the degree of dispersion of data for that criterion.

	3. **Determination of Weights**: The entropy value is used to determine the weight for each criterion. Typically, the smaller the entropy value, the greater the variability of the data for that criterion, and consequently, the greater its weight.

	4. **Features of the Improved Entropy Weighting Method**: Unlike the traditional entropy weighting method, the improved version also takes into account the correlation between criteria. This means that if two criteria are highly correlated, their weights might be adjusted to avoid exerting excessive influence on the decision.



In summary, the improved entropy weighting method offers a more comprehensive approach to determine the weights of criteria in multi-criteria decision analysis, especially when there’s a correlation between the criteria.

The Improved Entropy Weighting Method considers the correlation among criteria when calculating weights, providing a more accurate reflection of the relative importance of criteria. By using the improved entropy weighting method, biases that may occur in the traditional entropy weighting method when correlations exist can be avoided, thus enhancing the accuracy and reliability of decision analysis. The specific calculation process is as follows:

Data standardization processing:

Forward indicator:

	

Negative indicator:

	

In the formula:   represents the information entropy of the   index,   represents the specific year,   represents the   index, and m represents the total number of years.

As can be seen from the above formula,   >0, if the data of   occurs, this paper replaces the 0 value with 0.00001.

Calculate index weight:

	

Index subjective and objective combination weight calculation:

	

In the formula:   is the weight value of index combination; n is the number of indicators.   is the weight result obtained by three-scale AHP;   is the weight result obtained by the improved entropy weight method.




3.5 The improved TOPSIS method for evaluating the ecological condition of regional water resources

In this paper, the weighted Mahalanobis distance replaced the Euclidean distance of the original TOPSIS model, and the grey correlation analysis was introduced to improve the TOPSIS model (Yang et al., 2023). The flow chart of the formula is shown in Figure 3. Based on the original TOPSIS model, the improved TOPSIS model comprehensively considered the correlation between various indicators and intuitively showed the nonlinear relationship between sequences. The calculation process is as follows: criterion layer:   and 




Figure 3 | The flow chart of evaluation.



The standardized index matrix   was established: the matrix   comprised the standardized index data  .

where   is the standardized value of the sample   and index  : m and n are the criterion number of the criterion layer and the index number of the index layer, respectively.

Establishment of Weighted Norm Matrix

	

where   is the number of evaluation schemes;   is the number of indicators in each evaluation scheme;   is the value multiplied by the corresponding weight value after the standardized transformation.

Calculation of weighted Mahalanobis distance. The formula is:

	

where  ;   is the covariance matrix.

Calculation of grey correlation degree:

	

where   = 0.5,   is the grey correlation degree between the evaluation scheme and positive ideal solution,   is the grey correlation degree between the evaluation scheme and negative ideal solution.

Dimensionless processing weighted Mahalanobis distance  ,  , and grey correlation  ,  :

	

Calculates the relative paste progress:

	

where  、  ;  、  、  、  、  、   all reflect the distance between each evaluation object and the ideal solution;   is the relative progress, and the larger the value is, the higher the water cycle health level is, and vice versa.



3.5.1 The standard for classifying the ecological health of water resources

The assessment of water resource ecological health involves evaluating the ecological condition of water bodies by considering various indicators such as water quality, structure, and functioning of aquatic ecosystems. In the field of water resource management and conservation, a commonly used approach is the classification of water bodies into five levels based on their ecological health (Zhao Z. et al., 2022).

In the “Excellent” category, water bodies exhibit a pristine ecological state with clear water, intact aquatic ecosystems, abundant biodiversity, no apparent signs of pollution, and full preservation of water functional zones.

The “Good” category represents water bodies with a favorable ecological state, relatively good water quality, mostly intact aquatic ecosystems, considerable biodiversity, slight pollution indications that have minimal impact on the ecosystem, and substantial preservation of water functional zones.

In the “Fair” category, water bodies have a moderate ecological state with water quality being moderately affected by pollution, some degree of ecosystem degradation, reduced biodiversity, and partial preservation of water functional zones.

The “Poor” category indicates water bodies with a relatively deteriorated ecological state, significant water pollution, severe damage to aquatic ecosystems, substantial loss of biodiversity, and the inability to maintain water functional zones in a normal condition.

The “Very Poor” category represents water bodies with an extremely degraded ecological state, highly polluted water, near-collapse of aquatic ecosystems, severe loss of biodiversity, and the complete breakdown of water functional zones.

It’s important to note that this classification system is just one commonly used approach, and the actual assessment of water resource ecological health may involve further subdivisions or adjustments based on specific circumstances. The purpose of such classification is to enhance understanding and management of water resource ecological health, allowing for the implementation of appropriate protection and restoration measures to ensure the sustainable development of aquatic ecosystems. The classification of health levels is shown in Figure 4.




Figure 4 | Water Ecological Health Grade Classification Chart.







3.6 Analysis of ecological health disruptive factors in the core area of the Central Plains urban agglomeration water resources

The obstacle degree model is an analytical model used to assess and quantify the degree of obstacles in systems or processes. In the analysis of disruptive factors affecting water resource ecological health in the core area of the Central Plains Urban Agglomeration, the obstacle degree model can be employed to evaluate the impact of various factors on water resource ecological health. The basic steps of the obstacle degree model are as follows:

(1) Calculate the contribution   of the   evaluation indicator:

	

In the formula:   represents the weight value of the corresponding criterion layer.

(2) Calculate the deviation  :

	

(3) Calculate the obstacle degree for each evaluation indicator  :

	





4 Results and discussion



4.1 Water resource ecological health evaluation results



4.1.1 The temporal and spatial changes of WREH

To clearly demonstrate the ecological health status of water resources in the research area, this study presents the temporal trend graph using a bubble chart and the spatial trend graph using GIS. Specific results can be seen in Figures 5 and 6.




Figure 5 | Bubble Chart of Water Ecological Health Evaluation Results in the Core Area of the Central Plains Urban Agglomeration from 2013 to 2022.






Figure 6 | GIS Map of Water Ecological Health Evaluation Results in the Core Area of the Central Plains Urban Agglomeration from 2013 to 2022.



During the period from 2013 to 2015, the overall ecological health of water resources in the Central Plains Urban Agglomeration core area was relatively low. This was mainly due to the strong emphasis on socio-economic development by local governments during that period, while neglecting the protection of ecological resources such as water resources. However, the government has continuously optimized policies for the protection of ecological resources, leading to a gradual improvement in the ecological health of water resources in various cities from 2013 to 2015.

From 2016 to 2020, there was a qualitative improvement in the ecological health of water resources in the core area urban agglomeration. This was primarily because local governments gradually increased their attention to ecological resources such as water resources and implemented various related policies. The active implementation of these policies by cities greatly enhanced the ecological health of water resources.

However, in 2021, the ecological health of water resources in cities such as Zhengzhou experienced a certain degree of decline. This was mainly due to the occurrence of an extremely rare heavy rainstorm in Zhengzhou, which resulted in a daily rainfall of 552.5 millimeters from 20:00 on July 19th to 20:00 on July 20th, 2021. The extreme rainfall caused significant harm to people’s lives and property, leading to a decrease in the ecological health of water resources. Nevertheless, the implementation of smart water management and the construction of sponge cities in China have greatly mitigated the damage caused by heavy rain to the ecological environment of water resources. Additionally, the experience gained from dealing with extreme weather events during this period has greatly improved the ecological health of water resources in the core area urban agglomeration from 2021 to 2022.

The protection policies for various ecological resources in the Central Plains Urban Agglomeration core area, along with the capacity to handle extreme weather events, can provide valuable experience and theoretical basis for achieving sustainable development in urban agglomerations worldwide.




4.1.2 Analysis of factors hindering water resource ecological health in the core area of the Central Plains urban agglomeration

This study introduces the obstruction degree model and identifies eight major influencing factors that affect the ecological health of water resources in the core area of the Central Plains Urban Agglomeration. According to Figure 7, the obstruction factor with the highest impact value is the “Proportion of river length above class III water quality” (W7). This indicates that the water quality of rivers has a significant influence on the ecological health of water resources. Local governments should strengthen river protection and purification efforts and improve the capacity to purify river water quality. The average obstruction degree of “Rate of ecological water consumption” (W6) is second only to W7, suggesting that the water consumption rate for ecological environments should be increased during urban development, and efforts should be made to enhance ecological protection. The obstruction degrees of “Water resources per capita” (W2), “Water consumption per mu for farmland irrigation” (W4), “Water use per 104 Yuan of industrial production” (S3), “Water use per 104 Yuan of GDP” (S4), “Annual COD discharge” (E4), and “Percentage of forest cover” (E7) are higher compared to other selected indicators. This implies that local governments should focus on water resource protection while promoting economic development, minimize the discharge of harmful substances like COD, and improve urban greening in order to enhance the ecological health of urban water systems and achieve sustainable social development.




Figure 7 | Water Ecological Health Obstruction Factor Results Map for the Core Area of the Central Plains Urban Agglomeration in 2022.







4.2 Discussion on the results of the barrier factor analysis

The Barrier Degree model presents a novel and comprehensive approach to understand the intricate dynamics of water ecological health in densely populated urban areas like the Central Plains agglomeration. One of the primary strengths of this model is its emphasis on identifying specific hindering factors, which can pave the way for targeted interventions. This targeted approach, coupled with broad-spectrum solutions like green urban development, underscores the need for cities to harmoniously blend nature with urbanization. The concept of ‘sponge cities’, for instance, resonates with the idea of harnessing nature-based solutions to urban challenges, marking a departure from traditional engineering-heavy methods. Furthermore, the model’s recommendation on shifting the focus of water usage towards ecological purposes emphasizes the importance of viewing water not merely as a resource for consumption but as an integral part of urban ecosystems. With rapid urbanization and changing climate patterns posing significant challenges to water security, the Barrier Degree model serves as a timely reminder of the need for innovative, holistic, and environmentally-aligned strategies in urban water management. It will be interesting to see how cities adopt and adapt these recommendations in the years to come, and the resultant impacts on water ecological health.





5 Conclusions

This article adopts the Water Resources - Socio-Economic - Ecological Environment model framework to construct an evaluation index system for the water ecological health level in the core area of the Central Plains urban agglomeration. The system includes three criterion layers and 22 indicator layers. Based on this, the Improved Entropy Weighting Method is used to calculate the weights of the indicators. Combining these weights with the ITOPSIS model, the water ecological health conditions of a total of 14 cities in the core area of the Central Plains urban agglomeration from 2013 to 2022 are evaluated. By introducing the Barrier Degree model, the eight main influencing factors of the water ecological health level in the core area of the Central Plains urban agglomeration in 2022 are calculated. The following conclusions are drawn:

	1. The overall water resource ecological health level in the core area of the Central Plains urban agglomeration from 2013 to 2022 showed a generally improving trend. Although there were a few cities that experienced a decline in water resource ecological health in 2021 due to the influence of extreme weather, proactive measures taken by the government quickly restored the water resource ecological health level to its normal and steadily improving state. The promotion of smart water management and the ability to handle extreme weather in the Central Plains urban agglomeration can serve as a theoretical basis for cities worldwide.

	2. The introduction of the Barrier Degree model helps to deepen the understanding of the formation mechanism and key factors of the water ecological health level in the core area of the Central Plains urban agglomeration. According to the Barrier Degree model, the eight major hindering factors indicate that cities should focus on green urban development while promoting the construction of smart water management systems and sponge cities. In terms of water usage, it is important to promote water-saving appliances and shift the emphasis of water usage towards ecological environmental purposes, in order to enhance the health level of water resources and the ecological environment. This study provides an evaluation index system and methodology for assessing the water ecological health level in the core area of the Central Plains urban agglomeration, and offers scientific basis for relevant decision-making and management.
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Intensive human and economic activities in urban areas have had adverse effects on local resources and ecology, leading to a decline in ecological resilience. Enhancing ecological resilience is crucial for improving the urban ecosystem's ability to withstand and recover from external risks. However, quantitative research on urban ecological resilience remains somewhat ambiguous, with many studies lacking comprehensive assessment methods from multiple perspectives. In this study, we established a comprehensive framework to assess urban ecological resilience based on four regime attributes. The study's results indicated the following key findings: The average urban ecological resilience value exhibited a trend of initially declining and then recovering. Cities proposed different approaches when considering and managing social and ecological relationships during the development process. A significant correlation between urbanization levels and ecological resilience was observed, with urban ecological resilience increasing in areas with low urbanization levels and sharply decreasing in areas with high urbanization levels. The findings from this study provide a specific theoretical foundation for decision-makers involved in urban planning and development strategies.
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1 Introduction

Considering the continuous increase of urbanization processes and human activities in the biophysical environment, it has been observed that the vulnerability of cities to uncertain risks and extreme events increases exponentially, which is mainly derived from events associated with climate change, such as storms, floods, and extreme drought (Ribeiro and Pena Jardim Gonçalves, 2019). Such extreme environmental events cause over 30,000 deaths per year and US$ 250–300 billion yearly in global economic losses, according to statistical data (Eakin et al., 2017). Against this backdrop, many policymakers have proposed some related policies, such as One NYC 2050, which aims to build a strong and fair city, and 100 Resilient Cities, which aims to help cities improve self-resilience to resist environmental risks (Zhao et al., 2021). Resilience, as an attractive concept for cities, became a core goal of urban development (Batty, 2008). As a “way of thinking” in several empirical settings (Folke et al., 2002), resilience became foundational thinking to understanding how a complex system survives under external interference and uncertainty. Moreover, the resilience theory is widely used in urban research due to the definition of cities as the “example par excellence of complex systems” (Cai et al., 2009a; Meerow and Newell, 2016). Thus, many scholars have paid increasing attention to focusing on resilience.

In sustainable urban development and strategic approaches, the notion of urban resilience describes the ability of an urban system to absorb disturbances, and reorganize through reasonable preparation and buffering while retaining essentially the same characteristics (Shi et al., 2021; Cai et al., 2009b). Many scholars have broadened their studies on urban resilience. Some studies focused on exploring urban resilience from multiple perspectives, such as engineering, the economy, society, and ecology, on seeking practical measurements to quantify urban resilience (Pickett et al., 2013; Bozza et al., 2017; McGill, 2020; Man et al., 2021). However, these studies mainly focused on the resilience assessment of urban systems in the present moment or a certain state, which cannot analyze the change of urban resilience under extreme environmental events. Therefore, several researchers have become prone to explore the dynamic change of urban resilience to particular disasters, such as floods, earthquakes, and extreme climate, and discuss how cities can be more resilient to disasters (Crowley and Elliott, 2012; Dhar and Khirfan, 2017; Wang et al., 2019). With the construction of ecological civilization and the proposal of some ecological protection-related policies, research on the resilience of urban systems gradually began to investigate the characteristics of urban resilience from an ecological perspective.

Nevertheless, there are still some problems that need to be pointed out regarding urban ecological resilience. First, the definition of urban ecological resilience provided by academics with varied perspectives has not been fully agreed upon. Conceptually speaking, many studies confused the definition of ecological resilience, using other indicators to quantify resilience, such as vulnerability, exposure, and sensitivity. However, in fact, the obvious distinction lay in the definitions of these indicators. In general, vulnerability emphasizes the susceptibility of a system to face adverse impacts (Johnson et al., 2020). Sensitivity refers to the degree to which a system is altered or affected by perturbation (Fekete et al., 2014; Tan et al., 2010). Exposure means the degree of environmental or social stress that a system endures. The indicators mentioned above more likely reflect the impact degree to which a system is affected by risks and disasters. Differently, resilience focuses on a system’s ability to resist risks. The latter is a different understanding of the state of resilience. It can be concluded as two categories, single-state equilibrium and multiple-state equilibrium. Single-state equilibrium means the capacity of the urban ecosystem to resist disturbance and the ability to absorb interference and maintain essential function and structure (Holling, 1996; Folke et al., 2010). Multiple-state equilibrium refers to the capacity of urban systems to cause all of their socio-ecological and socio-technological networks to expand to maintain or recover perturbations of the functions needed to adapt to change and transform the system rapidly to reach a stable state (Meerow and Newell, 2015). However, both single-state equilibrium and multiple-state equilibrium tend to ignore the maximum anti-disturbance capacity of a system and pay more attention to the fundamental change of a system. In this study, combined with previous research, we suggest that there is a threshold (tipping point) in the urban ecosystem. If a system in equilibrium is perturbed but there is only one basin of attraction, it settles back to the same state. A sufficiently severe perturbation, though, might push the system into the center of another equilibrium if additional equilibria exist (Scheffer et al., 2015). Thus, the urban ecological resilience in this research is defined as the threshold of urban ecosystem transformation, that is, the capacity provided by the urban ecosystem to keep urban status stabilized in one basin of attraction.

The second problem is how to quantify and evaluate urban ecological resilience. In this respect, some quantitative frameworks for assessing urban ecological resilience have been proposed. For example, Baho et al. suggested a quantitative framework based on scales, adaptive capacity, thresholds, and alternative regime attributes to provide opportunities to supply a broader measurement of the general resilience of an ecosystem (Baho et al., 2017). Additionally, a number of studies attempted to quantify ecological resilience using the index system, which takes a variety of socioeconomic and environmental indices into account. Based on this framework, some indicator methods, such as PSR (Yang et al., 2020), DPSIR (Nathwani et al., 2019), and CAS theory (Wu et al., 2020), were used to analyze urban ecological resilience. However, there are clear disadvantages to the index method. The indicators taken into account could be insufficient or irrelevant, and spatial intangibles are not examined (Liu et al., 2022). Meanwhile, scholars claimed that it is unreasonable to ignore the function of landscape fragments and these spatial distributions with consideration of ecological resilience. The connection between landscape fragments primarily determines energy efficiency, information transfer, and biodiversity in a biophysical environment (Zhou et al., 2021). So, many studies focused on combining landscape ecology and network theory to construct the landscape ecological network for evaluating ecological resilience (Wang et al., 2021). Some specific indicators were used to represent ecological resilience, such as net primary productivity and species function (Roberts et al., 2019; Shi et al., 2022). Based on previous studies, we have found that when it comes to urban ecological resilience, whether it involves constructing an indicator system or incorporating other specific factors into the evaluation framework, the focus has primarily been on utilizing a particular characteristic of ecological resilience for quantitative assessment. However, these studies have lacked a quantitative assessment approach that considers the attribute of resilience. In fact, the multiple characteristics required to evaluate ecological resilience have a complex nature in their genesis, which allows them to interact and collectively represent resilience. Thus, in this study, our framework is based on decomposing ecological resilience as an ecosystem phenomenon into complementary attributes to evaluate resilience through multi-attribute analysis.

Based on the abovementioned, this study aimed to build a quantitative framework to evaluate urban ecological resilience, and four regime attributes, namely, adaptation, robustness, redundancy, and diversity, were chosen to conduct a comprehensive assessment of resilience and analyze the trends and characteristics of ecological resilience. In all, 48 cities from three major urban agglomerations in China were selected as targets to explore the spatiotemporal changing characteristics of urban ecological resilience during the period from 1985–2020. The results provided valuable information for decision-makers to manage urban sustainability and resilience development.




2 Methodology



2.1 Study area

A city eventually acquires a wide range of natural resources and policy support and develops into a complex and diverse social, economic, and ecological ecosystem. Thus, it is essential to strengthen ecological resilience for a city to develop sustainably. In this study, 48 cities from three typical urban agglomerations, namely, the Yangtze River Delta (YRD), the Beijing-Tianjin-Hebei (BTH), and the Pearl River Delta (PRD), were selected as the case study (Figure 1). These cities occupy a main regional strategic position in China and are the most competitive economic core areas in the world. The BTH, situated in the North China Plain, is a political and cultural center comprising two province-level municipalities (Beijing and Tianjin) and 11 cities in Hebei province. It occupies 1.9% of the land area in China (182,000 km2) but contains 118 million permanent residents. The region contributed to 8.5% of the country’s overall gross domestic product (GDP) in 2018, amounting to a total of 8,600 billion yuan. The YRD, which is located in the lower Yangtze River basin of China, consists of 26 cities spread across three provinces and one city, with a total size of 217,700 km2, or approximately 2.2% of the country’s total land area. It generated roughly 21,200 billion yuan in 2020 with an average GDP growth rate of 4%, outpacing the country as a whole (2.3%). Situated on the southern coast, the PRD region comprises nine cities spanning an area of 55,000 km2. In 2020, it played a vital role in contributing to the national GDP by accounting for a substantial 8.9% of the GDP (equivalent to 9,000 billion yuan), with the GDP per capita surpassing 110,000 yuan.




Figure 1 | The study area of 48 cities in China.






2.2 Theoretical framework

Urban ecological resilience is characterized by distinct attributes of ecosystems and other complex systems (Baho et al., 2017). By dissecting the characteristics of ecological resilience, it has been summarized that the ability to provide ecosystem services needs to be demonstrated in the whole urban area. Simultaneously, in the urban area, patches or infrastructures that can provide ecosystem functions should not be overaggregated or fragmented, because overaggregation causes a system to need more time to recover and fragmentation weakens the interconnection between ecosystem services and provision area, leading to ecosystem services having to spend more energy. Ecological resilience also ensures the redundancy of ecosystem services in a system. The reason is that a system becomes weak and unable to endure disruption from chance events without redundancy. To ensure the system continues to function normally, sufficient redundancy must be assured (Yun et al., 2007). To assure the diversity of service functions, a single function enhances the vulnerability of the system even if it can provide more services. In this paper, ecological resilience was decomposed into four measurable regime attributes: adaptation, robustness, redundancy, and diversity (Figure 2). Urban ecological resilience focused on the capacity of the urban ecosystem to absorb disturbances and concentrated on the persistence of a combination of interdependent structures and activities (Smit and Wandel, 2006). The ecological adaptive capacity is often used to emphasize that ecosystem properties constantly adapt to absorb ecological loss. A system must deploy scarce resources to respect perceived or ongoing pressures. Thus, adaptation is described as the capacity of actors to manage and influence the system by maintaining the status of the system (Engle, 2011). We used the ecosystem services provided by the urban ecosystem to quantify adaptation, demonstrating how many ecosystem services are needed to keep the current status. The spatial distribution of urban areas that can supply ecological function embodies a certain degree of robustness, which is another attribute of urban ecological resilience. The spatial network structure constructed by patches can indicate robustness, which denotes that the loss or damage of patches alone or in part cannot affect the city’s ability to provide adequate resistance to external disturbances. Concurrently, the provision of ecological function, whether it satisfies or not the demands of a city in urban development, may improve the city’s vulnerability, which is solved by functional redundancy. For systems to withstand disruption, extremely high-pressure levels, or demand spikes, redundancy needs to rely on the offers of extra capacity that have been purposefully constructed within the systems (Spaans and Waterhout, 2017). The redundancy attribute represents the components in an urban ecosystem that have the same function so that the system does not fail when one of the components fails. Simultaneously, ecological resilience also has diverse attributes; although a system can supply a single excessive type of ecological function, the system still has a high vulnerability and low capacity to resist risk. Diversity refers to the existence of many functionally completely different parts to guard the system against varied threats. The additional diversity the system possesses, the higher the flexibility to adapt to a good variety of circumstances (Allan et al., 2013).




Figure 2 | The theory framework of urban ecological resilience.






2.3 Evaluation of urban ecological resilience



2.3.1 Adaptation

The adaptation of urban ecological resilience describes the capacity of the urban ecosystem to cope with environmental changes in order to survive. Ecosystem services provide the natural environment conditions and effects that human beings depend on for survival from the formation of the ecosystem and ecological process. The provision ability of ecosystem services denotes the maximum adverse effects the system adopted from external risks (Pettorelli et al., 2021). In this study, we used the support capacity of ecosystem services to denote their adaptation. With the increasing attention to ecosystem services, many methods are now used to quantify them. The Emergy method is widely utilized to calculate ecosystem services because it incorporates the interaction between human preference and natural systems. Odum first developed the concept of Emergy in 1996, quantifying it by converting different kinds of substances, energy, and services into the same units for calculation (Odum, 1996). Based on this method, a non-monetary ecosystem services accounting framework is established to evaluate the adaptation capability of ecosystem services in an urban area. The global emergy baseline in this study was 12.0 E+24 seJ/yr (Brown and Ulgiati, 2016). All the unit emergy values (UEVs) in this study were modified based on the global emergy baseline. The calculation process for each ecosystem service can be seen in the Appendix, direct services, indirect services, and existing services were calculated by equations (1–3), and the total ecosystem service was the sum of direct services, indirect services and existing services (equation (4)):









where Edirect is the emergy of direct services (seJ/yr), Eindirect is the emergy of indirect services (seJ/yr), Eexisting is the emergy of existing services (seJ/yr), Etotal is the emergy of the total ecosystem services (seJ/yr), Erenewable is the emergy of renewable resources (seJ/yr), EGR is the emergy of the groundwater recharge service (seJ/yr), EAP is the emergy of the air purification service (seJ/yr), EWP is the emergy of the water purification service (seJ/yr), ETR is the emergy of temperature mitigation service (seJ/yr), ESR is the emergy of the soil retention service (seJ/yr), ENR is the emergy of the nutrient recycling service (seJ/yr), ERR is the emergy of runoff regulation service (seJ/yr), EPO is the emergy of pollination service (seJ/yr), ENOR is the emergy of the noise regulation service (seJ/yr), EWT is the emergy of waste treatment service (seJ/yr), ECUS is the emergy of the cultural service (seJ/yr), and EGCC is the emergy of the global climate change service (seJ/yr).




2.3.2 Robustness

Robustness refers to the potential to resist attacks or different external forces and denotes a sturdy style that anticipates potential system failures, ensuring systems are foreseeable, secure, and not disproportionate to their causes (Spaans and Waterhout, 2017). It is essential to consider the spatial distribution of ecological function in the ecological resilience quantification process. That is, consider whether the spatial correlation degree of the ecological sources provides the ecological function that can ensure that the whole region can maintain a stable ecological structure and function when a certain source area is damaged. The spatial distribution of ecological source areas in urban areas has a crucial impact on the resilience of the whole region, and the linkage between ecological sources can effectively enhance information transfer and substance migration. The network structure constructed with the source area as the node can reveal ecological robustness. When the system is subjected to external shocks, high robustness will enable the system to maintain the ability to provide ecological functions. Ecological networks (ENs), with the help of landscape ecology, are considered an effective method to maintain a system’s high robustness. The ecological network is introduced as an effective tool for recovering and maintaining ecological connectivity and environmental continuity. The basic research paradigm of “identification of ecological sources construction of resistance surfaces extraction of ecological corridors” was formed (Miao et al., 2019). The details can be seen in the Appendix. First, it is necessary to examine the aggregation degree of network nodes to ensure that any damaged node can be efficiently replaced with a similar functional node. Additionally, maintaining high connectivity between nodes is crucial for the smooth flow of materials and information within the network. It is also important to consider the degree of correlation between nodes and the network as a whole, as a low degree of correlation can result in a decentralized network structure that may have poor stability. High connectivity between modes can reflect the system’s capacity to adapt to ecological challenges, which is manifested by trans-information between nodes and edges (Gao et al., 2021). Furthermore, some investigations showed the incredible precision of network efficiency as a robustness indicator by measuring the distance between nodes and links (Li and Yang, 2011). Thus, five network structure analysis indicators, namely, network agglomeration, network connectivity, network density, network diversity, and network transformation, were chosen to evaluate the robustness of the network. The equations are as follows:

(1) Network agglomeration

The degree of aggregation of network nodes and clustering of the entire network can be defined as the degree of aggregation. The higher the agglomeration value, the closer the connection degree between nodes and the entire network. The expressions are as follows:





where A is the agglomeration index, ki represents the degree of node I, Ci is the local clustering coefficient of node i, Ei represents the actual number of edges between adjacent nodes of node i, and n represents the total number of nodes in the network.

(2) Network connectivity

Network connectivity, as an important indicator to measure the characteristics of the network, refers to the degree of ecological nodes, which is calculated by the number of edges between each node. The equation is as follows:



where C represents the mean connectivity degree of the network, ki represents the degree of node i, and n represents the total number of nodes in the network.

(3) Network density

Network density describes the degree of the closeness of node relationships in the network. Higher indicators mean that the network is closely related. The calculation formula is:



where D is the network density, E is the number of edges, and N is the number of nodes.

(4) Network diversity

Network diversity depicts the average number of independent paths. When one independent path is affected by the disturbance, the other independent paths guarantee normal operation between the two nodes. The expression is as follows:



where V is the average of independent paths, nij is the number of independent paths between node i and node j, and n is the total number of nodes in the network.

(5) Network transformation

Network transformation is used to evaluate the effectiveness of information transfers between network nodes. The equation is:



where T is the transformation index, n is the total number of the network, and dij is the distance between node i and node j in the network.

Thus, the robustness of the network was calculated as follows:



In the formula, A’, C’, D’, V’, and T’ are the normalization of the A, C, D, V, and T index.




2.3.3 Redundancy

Redundancy refers to the diversity of response and the presence of multiple or alternative interactions, which is beneficial to mitigating the impacts of shocks and faults within a system. Redundancy can increase the resilience of ecological processes to environmental stressors as long as functionally redundant ones respond differently to environmental conditions (Feit et al., 2019). Four indicators related to redundancy were identified: the ratio of ecosystem service supply and demand, urban population density, urban road area per capital, and nighttime light index. The mismatch between the supply and the demand of ecosystem services can be utilized to judge whether the services provided by the urban ecosystem are redundant. The heterogeneity of ecosystem services supply and demand can ensure that supply meets or exceeds the demand, and provides an effective way to evaluate redundancy. It is calculated by equations (12)–(14). Meanwhile, population density, road area per capita, and nighttime light index were used to demonstrate the redundancy state of social vitality (equations (25)–(27) in Supplementary Materials), which can provide solid assurance for the functioning of a city and increasing its redundancy in the event of disasters (Huang et al., 2021). The four indicators were given equal weight to get the final redundancy.







where ESS is the ecosystem services supply, ESD is the ecosystem services demand, ESM is the ratio of ecosystem services supply and demand, n is the type of ecosystem services, and TESM is the total ratio of ecosystem services supply and demand.




2.3.4 Diversity

Ecological diversity could be a primary characteristic of ecological communities, which shows necessary variation around the globe, and impacts several aspects of community and scheme functioning (Calcagno et al., 2017). Global ecological diversity includes genetic diversity, species diversity, and landscape diversity. We used landscape diversity to represent the diversity attribute of ecological resilience. The reason is that compared with the other two, landscape diversity can improve the stability and functionality of the ecosystem, and also improve the diversity of plant species. Landscape diversity refers to a specific location on the geographical scale and is made up of a variety of interdependent abiotic and biotic systems. This concept takes into account dimensions and represents the landscape ecosystem’s structural, functional, and temporal patterns (Yeh and Huang, 2009). Shannon’s diversity index, a widely used indicator of diversity in community ecology, is used in this context to describe landscapes. Simpson’s diversity index is less sensitive to uncommon patch types than Shannon’s index. One measure of biodiversity that aims to assess both species richness and species evenness within an ecosystem or community is Shannon’s index. The equation is as follows:



where SHDI is Shannon’s diversity index and Pi is the proportion of the landscape occupied by patch type i.




2.3.5 Urban ecological resilience

Based on the abovementioned indicators, all indicators were normalized to 0–1. This approach assumes that all the components or indicators are equally important in contributing to the overall resilience of the ecosystem. By assigning the same weight ratio to all the components or indicators, the index can provide a comprehensive and balanced assessment of the overall ecological resilience of the urban ecosystem (Timpane-Padgham et al., 2017). Adaptation, robustness, redundancy, and diversity belong to different attributes (Yu et al., 2023), thus urban ecological resilience can be calculated as follows:



where UER is the urban ecological resilience, A is the adaptation, Ro is the robustness, Re is the redundancy, and D is the diversity. All indicators were normalized into the range of 0–1.






3 Results



3.1 The attributes of urban ecological resilience



3.1.1 Ecological adaptation

Adaptation capacity is related to the functional supply capacity of the ecosystem to maintain critical functions and processes (Angeler et al., 2014). The adaptation of the urban area in this study was defined to be equal to the total ecosystem services. Figure 3A shows the normalization result of the ecological adaptation of 48 cities from 1985 to 2020. The results showed that the cities with high adaptation provision were Hangzhou, Chengde, and Zhaoqing, indicating that the ecological functions inside these cities were not ignored in the whole process of urban development. By contrast, Zhoushan was the lowest city ranked, resulting from the disadvantages of geographical conditions and the city’s development, although the adaptation capacity in Zhoushan expanded from 0 to 0.03. Its forest area (6.66 E+4 ha) is only one-tenth of that in Hangzhou (117.79 E+4 ha). Land use changes are widely used to guide urban development, which in turn can impact the adaptation capacity that supplies within urban areas. The low proportion of non-ecological land can provide enough ecosystem services to address natural hazards and enhance the urban resistance capacity. For example, the proportion of non-ecological land in Hangzhou (3.24%), Chengde (0.71%), and Zhaoqing (1.89%) in 2020 was less than 5%, whereas, at the other extreme, Zhoushan and Tongling had 8.62% and 5.42% of non-ecological land, respectively. Furthermore, the temporal feature of the adaptation capacity of cities presented a gradually increasing trend with a 60% growth rate owing to decision-makers seeking a balance between economic development and ecological civilization rather than focusing on the improvement of a single item; the development pattern of cities transited from the traditional economy-oriented development pattern to ecological and economic melodic construction pattern.




Figure 3 | (A) The ecological adaptation of 48 cities from 1985 to 2020; (B) direct services of cities; (C) indirect services of cities; (D) existing services of cities.



Furthermore, we explored the contribution of each ecosystem service category to the city’s adaptation capacity (Figures 3B–D). The amount of flows and storage in the examined ecosystems is referred to as the direct services, which mainly depend on natural resources, such as sunlight and climate-related factors. It can be seen that Qinhuangdao and Handan have higher direct services compared with other cities. Indirect services indicate the additional services generated by the ecological process. Shanghai had the most extensive indirect services and Zhoushan had the lowest indirect services. The local allocation of global services and human preference-focused services is the existing services. Beijing, Zhaoqing, and Chengde were senior suppliers from 1985 to 2020, which reflects the value that can be shared based on human preferences and global services.




3.1.2 Ecological robustness

The ecological network analysis was chosen to evaluate the robustness of the urban ecosystem. The ENs were constructed based on ecological sources and resistance surface and five indicators were selected to analyze the robustness. As seen in Figure 4A, the average value of the robustness presented a fluctuating trend in the interval of 0.71 and 0.73, determining that the spatial distribution and material flow and connection between the ecological source of the city changed slightly, and the overall structure did not change significantly. From 1985 to 2015, the most robust city was Yancheng with an average value of 0.91, and Zhaoqing (0.86) became the most robust city in 2020 (Figure 4B), indicating that a city can efficiently reduce external risk and maintain a relatively stable ecological environment in urban areas, which is a safeguard measure for ecological protection and restoration. The least robust city was Nantong, owing to it having the lowest ratio of ecological land occupied in urban areas; the ecological land area of Nantong in 2020 was 7,492 ha, which is 50% of that of Yancheng. It is necessary to increase the effectiveness of connection between ecological sources and reduce unnecessary material flow costs for decision-makers in urban planning. The number of ecological sources and their links have an important impact on robustness, and the increase of ecological sources and links may enhance robustness, such as seen in Yancheng, Cangzhou, and Zhaoqing. At the same time, over-concentration of the spatial distribution of ecological sources or reduced connectivity between ecological sources would reduce robustness, as seen in Langfang and Chengde. The change in land cover and biophysical conditions caused by urban development would decrease ecological sources and links, resulting in reduced connectivity between plaques and increasing the difficulty of information transfer in the urban ecological environment. To enable biological beings, data, and materials to move and communicate between various locations and varied habitats it is necessary to build ecological corridors that link the remaining ecological sources rationally.




Figure 4 | (A) The redundancy of 48 cities from 1985 to 2020; (B) the value of redundancy indicator of 48 cities






3.1.3 Ecological redundancy

Redundancy indicates the diversity of response and presence of multiple or alternative interactions in urban areas, which is beneficial to mitigating the impacts of shocks and faults within a system. It can reflect the system’s capacity to adapt to ecological challenges. The mismatch between the supply and the demand of ecosystem services can be used to assess the redundancy in urban areas. As seen in Figure 5, the top-level redundancy of cities was in Shenzhen, Dongguan, and Guangzhou, with the main reason being that the per capita resources in these cities are relatively high, especially in Shenzhen. Comparatively, the redundancy in Zhuhai and Zhoushan was the lowest in all of the 48 cities due to the limitation of ecological resources. As with Shenzhen, the redundancy of Guangzhou, Dongguan, and Nanjing was increased by enhancing reasonable urban planning and effective ecological protection strategies. Comparatively, the trend of redundancy in some cities, such as Yancheng and Xuancheng, decreased sharply due to the reduction of green space caused by rapid urban expansion.




Figure 5 | The ecological redundancy of 48 cities from 1985 to 2020.






3.1.4 Ecological diversity

Figure 6 illustrates the ecological diversity among 48 cities from 1985 to 2020. The findings indicated a notable decline in the average diversity value, ranging from Dongguan (0.93) to Nantong (0.04). Dongguan was the city with the largest diversity, the main reason being the implementation of ecological city construction, vigorously implementing measures to increase the greening of the city, and the construction of a large area of urban parks. Therefore, various landscape types in this city led to a landscape patch of intricate distribution resulting in powerful landscape diversity and heterogeneity, which reflect ecological and environmental quality. Compared to other cities, the diversity in Chizhou and Nanjing increased from 1985 to 2020, indicating that during the rapid urbanization stage, the landscape pattern of these cities underwent drastic changes, the level of landscape diversity improved significantly, and the landscape patches tended to be more evenly distributed. In stark contrast to the cities mentioned earlier, there was little difference between the characteristics of landscape diversity in Dongguan and Zhangjiakou; this was mainly due to the richer diversity in land use, the presence of living green infrastructure, and the gradual improvement in traffic layout, all of which contributed to the superior ecological environment conditions in these cities. Hengshui and Nantong showed that the dominant landscape patches in these regions were concentrated and distributed, mainly for constructed land and cultivated land. The landscape diversity level was low, with better physical connectivity.




Figure 6 | The ecological diversity of 48 cities from 1985 to 2020.







3.2 Evaluation of urban ecological resilience

Urban ecological resilience (UER) refers to when the urban ecological environment system is disturbed by uncertain risks. The larger the value is, the stronger the capability is to maintain the regular operation of the urban ecological environment system or to produce dynamic changes to reach a new equilibrium system state. Based on the ecological indicator system, the UER was calculated to evaluate the ecological condition in the urban areas analyzed. The results are presented in Figure 7. The results showed that the UER of 48 cities presented an increasing trend over 20 years, and ecological resilience was enhanced through the implementation of the ecological civilization construction policy, which emphasizes the adherence to the ecological protection red line and the preservation of the natural ecological security boundary. This was especially true in Nanjing and Zhuhai. Zhuhai made noticeable advancements in its journey toward ecological and resilient urban development, moving from a previously low ecological resilience level to firmly establishing itself at a moderate ecological resilience level. This progress reflects the city’s commitment to embracing ecological principles and enhancing its ability to adapt and withstand environmental challenges. On the other hand, Nanjing continues to intensify its focus on bolstering ecological resilience, signaling a continued dedication to strengthening its capacity to thrive in an ever-changing environmental landscape. The factors influencing the change of a city’s UER in different orientations are complex and one of the crucial reasons is that the difference between the direction of considering and dealing with ecological problems in the development process was proposed by cities. On the UER enhancement of direction, the main development activity is the expansion of urban green areas, which is required to improve the living environment and promote positive interaction between people and the natural environment, enhancing regional habitability issues. The area of artificial development construction of moderate intensity is an aspect of social and ecological benefits. The green area in Changzhou increased from 95.6 ha in 1985 to 11,934 ha in 2020. Increasing the urban green area can also improve the quality of life and enable people to have closer contact with nature, improving their comfort levels, and is essential for a city to adapt to and mitigate thermal shocks of local weather changes. However, the decreasing trend of UER, such as observed in Xuancheng and Zhangjiakou, was mainly concentrated in industrial parks and other high-intensity artificial development and construction areas, The industrial land in Xuancheng increased by 131.95 km2 since 2000. Developers of industrial parks tend to pay more attention to economic benefits rather than focus on other aspects of their developments such as the local environment and community, resulting in areas surrounding industrial parks that are usually dirty, chaotic, and poor. The ecological and social benefits of these developments and subsequent development processes are often ignored. The UER is influenced by the intensity of pressure disturbance, the stability of ecosystem structure, and the response of ecosystem service function. Therefore, the UER can be enhanced by improving the stability of urban system structure and ecosystem service function when facing risk disturbance of uncertain external factors. Some policies, such as promoting balanced development within the city region, strictly controlling wetland development, strengthening the quality and quantity of ecological land construction, and enhancing overall urban resilience, are required to be implemented. For example, Hangzhou implements ecological protection and strengthens the original ecological protection of West Lake, Xixi Wetland, and Qiandao Lake. The proportion of ecological protection red line areas in the whole city has reached more than 33.2%, the soil and water loss rate has been controlled to within 6.5%, and the ecological environment status index (EI) has increased to more than 79, effectively improving urban ecological resilience.




Figure 7 | The evaluation of urban ecological resilience.






3.3 Relationship between urbanization level and the UER

Urbanization is a multifaceted global process that is implemented by rapidly changing land cover and human population densities (Ernstson et al., 2010). The urbanization development in China made remarkable achievements, with the country’s urbanization rate rising from 17.9% in 1978 to 59.6% in 2018 (see Supplementary Materials). Urbanization derives materially from the natural world, and the need for ecological services among people makes it sustainable (Wang et al., 2022). We further investigated the connection between the urbanization level and the UER based on the findings of the UER and urbanization level in the analyzed cities. As seen in Figure 8, we used the restricted cubic spline (RCS) to make the model flexible and to visualize the relationship between the urbanization level and the UER (details can be found in Supplementary Materials). The change of the UER was relatively flat until around 44.11 of the urbanization level and then started to decrease rapidly afterward (P for non-linearity < 0.001). Above 44.1%, the UER increased slowly with the increase in urbanization level, and the areas with an urbanization level of less than 25 were mainly rural areas that primarily consist of undeveloped or natural stage land. Some infrastructure construction in the urbanization process can enhance ecological and resilience functions in urban areas. Below 44.1%, the UER decreased sharply with the increase in urbanization level, and high urbanization rates mean that there could be problems in terms of improving a city’s vulnerability when risk and disturbance are present, especially in locations closer to a city’s central area or where more urbanization is concentrated. Overexploitation and utilization of land resources can reduce ecological resources leading to a decrease in resilience. In general, the UER increased in places with low levels of urbanization and drastically dropped in areas with high levels of urbanization. In the present study, the changes in UER were found to be closely related and stage-specific, despite the consensus that ecosystem conditions are seriously harmed by increasing urbanization levels. This can be used as a reference for the development of various ecological protection strategies in urban areas at various stages of development.




Figure 8 | The correlation between urbanization level and the UER.







4 Discussion



4.1 Land use management for improving the UER

Urban ecosystems are the best examples of mosaics of vegetational cover and land use of any other landscape, enormously influencing the capacity of ecological function provision and disturbance resistance (Colding, 2007). The change or loss of land can also cause the loss of ecological resilience and options for future generations. Decision-makers need to improve ecological resilience by reasonably managing land occupation. First, it is suggested that ecological source protection and restoration should be implemented in urban planning and design. According to the consensus, ecological protection and restoration should be used to address the world’s ecological concerns (Tao et al., 2022; Cai et al., 2018). As the origin of the ecological process, the ecological source is important for the survival of species, the stability of the ecosystem, and for ecological flow. Ecological sources directly determine ecological resilience, thus, they should be classified into the no-construction area and all development and construction activities should be prohibited from encroachment or destruction of ecological source areas, maintaining their natural development (Wu et al., 2020). The limitation of expansion of surrounding construction land for the ecological sources that were destroyed by human activities is an efficient way to restore and improve the habitat quality and ecological function. Meanwhile, ecological protection and restoration should be proposed in a timely manner through land reclamation, regulation, and vegetation cover type change. Furthermore, what should be emphasized is that optimization and adjustment of land use structure and giving priority to protecting ecological space cannot be avoided and eliminated in the development of a city. A profound shift is necessary for urban planners to strengthen the general land planning and ecological environment-related planning and to prioritize, via layout optimization, the coordination of cohesive, reasonable arrangement of land space, and the maximum protection of rivers, lakes, mountains and other natural ecological land (Cai et al., 2011). Focusing on maintaining ecological functional land, improving ecological quality by combining the characteristics of natural resources, and protecting preferentially ecological red lines are of great significance to ecological resilience. Finally, local governments could implement regulations limiting new construction by regulating how land is used. Institutions for urban planning could create a series of plans, such as the Land Use Plan and Master Plan, that alter the city’s spatial patterns and land use. It might encourage proactive attention to urban ecological resilience in urban areas. By taking into account diverse demands at the land use level and balancing the various needs of a particular location, a resilient city can be governed effectively and fairly (Du et al., 2020). However, the acceleration of urbanization is inevitable and aims to meet human survival needs. Effective policies need to be proposed to enhance urban ecological resilience in the later stages. It is essential to adhere to the concepts of ecological industrialization and industrial ecological development, promote coordinated development of ecological construction within and outside the city, synchronize ecological construction with economic development, and advance the construction of key ecological functional areas. This is all achieved through human intervention, optimizing the morphology, structure, and network connectivity of blue-green infrastructure, and ensuring the continuous supply and transmission of ecosystem services. This idea is based on natural solutions to ensure the continuous functioning of ecological processes and enhance urban ecological resilience.




4.2 Exploring the influence of socioeconomic factors on urban ecological resilience

Furthermore, we explored the impact of different socioeconomic factors on urban ecological resilience. Ecosystem services, GDP, population, road length, green space, and municipal capacity were selected as factors in this study (Figure 9). The random forest method was used to identify the impact of each socioeconomic index on urban ecological resilience. It was observed that ecological services have the greatest impact on ecological resilience, and the improvement of ecological services can effectively improve ecological resilience. In contrast, municipal capacity, which refers to the treatment process of sewage and other wastes, for example, is the least important factor, with its effect on urban ecology being relatively low.




Figure 9 | The importance of indicators to urban ecological resilience.






4.3 Limitation

In this study, an ecological indicator system was established to evaluate urban ecological resilience. Compared with other methods, we established a multi-attribute quantitative framework to comprehensively assess ecological resilience by decomposing its properties, namely, adaption, robustness, redundancy, and diversity, and analyzing the trends and characteristics of ecological resilience. Simultaneously, we further explored the relationship between urbanization level and ecological resilience. However, some limitations require improvements. First, we selected four indicators to calculate urban ecological resilience, but, due to the accuracy of the data, some characteristics were not considered, such as efficiency and resources. Second, we identified ecological resilience more from a one-dimensional perspective and did not quantify resilience in terms of overall system transformation processes. The main reason is that a time factor was not added, however, future research will introduce the time variable. Finally, resilience is a dynamic process, and the next step will be to make an analysis in combination with the system dynamics model. This study is more about the quantitative framework of resilience. Next, we will try to explore the changes in urban ecological resilience under climate change or flood disaster scenarios.





5 Conclusion

This study proposed to establish an urban ecological resilience assessment model from four aspects of the basic characteristics of resilience (adaptation, robustness, redundancy, and diversity). A total of 48 cities from three major urban agglomerations in China were selected as targets to explore the changing characteristics of urban ecological resilience during the period from 1985 to 2020. The results showed that the average urban ecological resilience value presented a trend of first declining and then rising, indicating that the rapid expansion and development of cities in the context of the cost of ecological degradation at the first stage and a series of issues such as ecological protection were considered in the process of urban development. Meanwhile, the difference in dealing with ecological and social relationships led to a change in the development trend of urban ecological resilience. Reasonable planning and design of urban space and increasing urban green areas will enhance urban ecological resilience. Comparatively, pursuing excessive economic and human activities will lead to the decline of urban ecological resilience. Furthermore, the correlation between urbanization level and ecological resilience indicated that urban ecological resilience was increased in the areas with low urbanization levels and decreased sharply in the areas with high urbanization levels. It was indicated that the urbanization process affects urban ecological resilience in different stages. The current findings serve as a case study for urban ecological resilience and assist decision-makers in developing workable recommendations for urban design from an ecological standpoint.
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With the rapid progression of urbanization, cities are increasingly confronted with multifaceted challenges encompassing climate change, population expansion, and resource constraints. Consequently, fostering the development of resilient cities has emerged as a pivotal imperative within future territorial spatial planning. In this paper, we searched the Web of Science Core Collection database for data related to resilient cities in the perspective of territorial spatial planning from 2004 to 2022, and conducted a bibliometric analysis using the Bibliometrix R software package. The results show that: (1) From 2004 to 2022, the number of papers in the field of resilient cities research in the perspective of land spatial planning totaled 933, with a fluctuating upward trend of annual publications. The top three journals in terms of publication are Sustainability, Cities and Landscape and Urban Planning. (2) There are 2,651 researchers from 71 countries or regions contributing to the field,with the top three authors being SHARIFI A, BRUNETTA G, and BARTHEL S, but most of the authors (90.49%) have published only one paper. In addition, developed countries have strong research strength in this field. (3) The top ten keywords in the field of resilient cities research from the perspective of territorial spatial planning are Cities/City, Resilience, Management, Ecosystem services, Climate-change, Urban, Framework, Adaptation, Governance and Space. These keywords reflect the fact that topics related to resilience management and sustainable development of urban areas are hot topics in the field. Water, Health, Geography, Demand, Decision-Making and Built Environment are the research directions of resilient cities from the perspective of future territorial spatial planning.
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1 Introduction

The city, as the most intricate social ecosystem, has been exposed to diverse external and internal shocks and disturbances since its inception (Shao and Xu, 2015; Chang et al., 2021). These disturbances include not only natural disasters such as earthquakes and floods, but also cumulative shocks caused by energy shortages, global climate change. (Jabareen, 2013; Zhang et al., 2023). With rapid urbanization, a growing world population and increasingly complex social networks, cities are being hit harder and harder (Liu et al., 2019; Yang et al., 2021). In the face of these shocks, there is a wide disparity in the response of different urban systems, and the essence of the different outcomes is the difference in urban resilience (Jennings et al., 2013; Pickett et al., 2014). Resilient cities are better able to adapt to uncertain perturbations, while less resilient cities lag in their ability to respond (Shao and Xu, 2015). Research on resilient cities has attracted extensive attention from academia and society, and there is now a wealth of theoretical and practical research. In 2015, the United Nations Sustainable Development Goals (UN-SDGs) took the enhancement of urban resilience as one of the global sustainable development goals. The construction of resilient cities has become an important issue in the process of global urbanization (Gao, 2019).

Toughness has its origins in physics and is used to describe the ability of an object to recover after deformation by an external force. By the 1970s, it was gradually introduced into ecology (Gunderson, 2000). Ecological resilience emphasizes the ability to adapt to external shocks and control interactive changes. As an important research component of ecology, the idea of resilience is naturally applied to urban research, laying the foundation for the formation of the theory of resilient cities (Auziņš, 2019; Liang, 2021). The concept of resilient cities has been widely accepted by countries around the world and has been incorporated into the fields of urban planning, urban construction, disaster prevention and mitigation and urban governance (Tao, 2022). At present, in order to cope with the latest challenges of globalization, urbanization and sustainable development, the conduct of territorial spatial planning will play a positive role in promoting national and regional economic and social development. Under the guidance of the idea of resilient cities, more and more attention has been paid to the study of the concrete practice of spatial planning, which involves urban design methods and principles, land use optimization strategies and landscape design strategies, and other aspects (Li et al., 2020). Resilient city research is facing a series of new requirements and challenges, and how to integrate resilient city research into the whole process of territorial spatial planning is one of the important issues to be solved.

Current research on resilient cities focuses on system characteristics, evaluation indicator systems and policy formulation. Studies have shown that urban resilience is related to spatial planning policy formulation in the context of climate uncertainty (Lu and Stead, 2013). Despite the importance of related research, there is still a lack of comprehensive overview studies on resilient cities. Resilient cities constitute a crucial interdisciplinary research domain encompassing ecological environment, engineering technology, economics, social sciences, and other disciplines. Within the framework of territorial spatial planning, enhancing resilience has emerged as a pivotal value orientation for spatial governance. Consequently, conducting bibliometric analysis becomes imperative to comprehensively comprehend the research progress and current focal points in the field of resilient cities.

Bibliometrics is a powerful tool for analyzing the progress of scientific research by quantifying the information in online scientific citation databases related to a specific research topic, including the distribution of research authors, number of publications, and research institutions in the field (Wang and Lu, 2020). In addition, the software could identify the important literature in the research field and quantifies the current status and future trends of the research topic (Rousseau, 2012). Bibliometrix is an open source tool developed in R for performing bibliometric analyses (Aria and Cuccurullo, 2017). It can import and convert literature data from databases such as Web of Science, and analyze and visualize literature information and results. A number of scholars have used this tool to quantitatively analyze the literature in ecology, geography, and other related fields (Xie et al., 2020; Li and Song, 2022).

Therefore, this paper will utilize a bibliometric approach by screening potential literature in the field of Territorial spatial planning and resilient cities research, followed by a comprehensive analysis and visualization of the literature published in the core database of Web of Science during the period of 2004-2022 using Bibliometrix software. In order to achieve the research objectives of this paper, the following questions are addressed: (1) What are the trends in the production of literature related to resilient cities in a territorial spatial planning perspective? (2) How have the journals, authors, research countries and institutions focusing on resilient cities in a territorial spatial planning perspective changed? (3) What are the research hotspots and themes in the field and how have they developed and evolved? (4) What are the future research directions in the field?




2 Research data and methods



2.1 Data

A comprehensive search of subject areas was conducted to collect literature on territorial spatial planning and resilient cities. After trial and error and consultation with experts, the following search formula was established: TS = (((spatial planning) or (space planning) or (territorial planning)) and ((resilient cities) or (resilient city) or (urban resilience))). To ensure the quality of the articles, restrictions are applied in the Web of Science Core Collection database. The language is full language, and document types are limited to Articles, Review Articles, and Conference Papers, excluding book chapters, editorial material, and other content. The search period ends at the end of 2022, and the initial year is the time when the relevant literature first appeared (2004). Finally, 954 data were filtered from 1719 data. Downloaded data is saved and exported in plain text format.




2.2 Methodology

Bibliometrics provides a more objective and reliable analysis of literature (Sheng et al., 2022). The literature review of this study can be divided into the following two steps. The first step includes the topic selection of the review, sorting and combining the different definitions of the keywords, searching in WoS, primary selection and detailed screening of the data, downloading and compressing the filtered data. It should be pointed out that “or” is used between different keys of the same definition; The preliminary screening time is limited to 2022, with the earliest studies as the initial time, and the search scope is “topic”; Detailed screening includes the type of literature and the category of journal. The second step is to use metrology software for literature metrology analysis, including data set import, data visualization analysis and mapping. Specific procedures and methods are as follows (Figure 1).




Figure 1 | Research ideas for Bibliometric analysis.



The research idea of this paper is shown in Figure 1. A comprehensive overview, analysis, and presentation of 954 data (screened in 2.1) was conducted by quantitatively analyzing the Web of Science Core Collection database to objectively identify past and present research topics and future research trends. The quantitative analysis of the bibliometrics was realized by means of the Bibliometrix R package. The Bibliometrix R package provides a set of tools for quantitative research. It is written in the R language and features efficient statistical analysis and visualization of large amounts of data. The indicators selected for the literature review are shown in Table 1.


Table 1 | Bibliometric indicators and meanings.







3 Results



3.1 Analysis of the number of articles issued and the publishing journal



3.1.1 Annual trends in the number of publications

Over the timeframe spanning from 2004 to 2022, an extensive corpus of scholarly works, comprising 933 papers, has emerged within the domain of resilient cities from the vantage point of national spatial planning. These scholarly contributions reveal an overarching pattern characterized by undulating growth (refer to Figure 2). To discern the developmental phases within this chronology, we classify pertinent studies into three distinct epochs predicated upon publication frequency: 2004-2011, 2012-2019, and 2020-2022. The inaugural phase, extending from 2004 to 2011, denotes an embryonic stage marked by a dearth of scholarly output, with an annual average of fewer than ten papers. During this octennial span, these publications accounted for a mere 3.22% of the cumulative total. Subsequently, the period encompassing 2012 to 2019 signifies a juncture characterized by the expansion and dissemination of research. Notably, the annual publication rate surged significantly, registering an average of 52.4 papers per annum, constituting 44.91% of the aggregate publications. The most recent phase, commencing in 2020 and persisting to the present, represents an era of accelerated growth. Within this timeframe, research papers published account for an impressive 51.87% of the comprehensive body of works collated for this study. Evidently, during the brief interval from 2020 to 2022, the annual publication tally consistently surpassed 161.3 papers.




Figure 2 | Analysis of the annual number of documents issued by resilient cities from the perspective of national spatial planning from 2004 to 2022.






3.1.2 Analysis of publication journals

From 2004 to 2022, the research landscape in the realm of resilient urban development, as approached from the purview of national spatial planning, has primarily gravitated toward two principal scholarly outlets: “Sustainability” and “Cities” (as depicted in the accompanying figure). Notably, “Sustainability” has ascended as the preeminent platform for academic discourse, boasting a publication record of 155 research papers. In a closely trailing position is the journal “Cities,” which has showcased 38 scholarly contributions, while “Landscape and Urban Planning” has accommodated 36 such works (as illustrated in Figure 3). It is noteworthy that both “Sustainability” and “Landscape and Urban Planning” exhibit a discernibly elevated H-index within this constellation of periodicals, emblematic of their substantial influence within this scholarly domain (as elucidated in Figure 4).




Figure 3 | Top 10 periodicals in the field of resilient cities from the perspective of territorial spatial planning from 2004 to 2022.






Figure 4 | Top 10 journals in the H Index of resilient cities from the perspective of territorial spatial planning from 2004 to 2022.



The trend analysis concerning the top five journals, as determined by publication count (as depicted in Figure 5), yields noteworthy observations. Firstly, “Landscape and Urban Planning” has established a historical precedence, boasting a publication history that dates back to 2004. In contrast, “Sustainability,” although embarking on its scholarly journey at a later juncture, has displayed an impressive trajectory of exponential publication growth over time. Additionally, it is discernible that, spanning the period from 1990 to 2022, the remaining four journals have consistently and progressively expanded their publication output, underlining a persistent scholarly engagement within this field.




Figure 5 | The publication trend of the top five journals in the field of resilient cities from the perspective of territorial spatial planning from 2004 to 2022.







3.2 Analysis of principal researchers, institutions, and nations



3.2.1 Principal researchers

The findings of this analysis reveal the involvement of a collective of 2,651 researchers in contributing to the research domain of resilient cities from the perspective of national spatial planning. Among this cohort, 65 authors have exhibited a notable commitment by authoring three or more papers within this field. Notably, the substantial proportion of authors, amounting to 90.49%, have contributed a solitary paper, signifying a prevailing pattern of relatively limited sustained engagement among experts in this particular domain.

In accordance with the evaluative criteria pertaining to the contributions and scholarly impact of researchers within this purview, the following enumeration delineates the foremost ten influential scholars: ANGUELOVSKI I, BARTHEL S, BRUNETTA G, SALVATI L, SHARIFI A, ADMIRAAL H, ANDERSSON E, CAI M, CONNOLLY JJT, and HAASE D (as tabulated in Table 2). Among this cohort, ANGUELOVSKI I, who embarked on research endeavors in this domain in 2016, has proffered five published works, accrued a cumulative citation count of 512, and lays claim to the highest h-index while ranking within the top three for g-index. These metrics underscore ANGUELOVSKI I’s preeminent stature within the sphere of national spatial planning and resilient cities. Meanwhile, BRUNETTA G, commencing scholarly inquiries in this field in 2013, excels in terms of prolificacy with seven publications, shares the pinnacle h-index, and clinches the highest g-index; however, it is noteworthy that the total citation count remains comparatively modest, amounting to 84.


Table 2 | Top 10 most influential scholars in the field of resilient cities from the perspective of national spatial planning from 2004 to 2022.



A more comprehensive analysis of the results unveils that ANGUELOVSKI I’s most prominently cited contributions within this domain materialized in the year 2016, garnering an average citation frequency of 34.12 occurrences (as delineated in Figure 6). Furthermore, BRUNETTA G exhibited a peak in publication output during the year 2019, amassing five papers, with an associated average citation frequency of 15.4 instances.




Figure 6 | Changes of article output in the field of resilient cities over time from the perspective of national spatial planning from 2004 to 2022. The size of the circle indicates the number of documents, and the shade of the color indicates the number of citations.






3.2.2 Leading nations

The publication of research papers by different countries provides valuable insights into their prominence and influence within the realm of resilient cities from the perspective of national spatial planning. Since 2004, a total of 71 countries or regions have actively contributed to research in this field. Among the top ten nations with the highest publication volumes (as detailed in Table 3), a diverse representation emerges, encompassing two Asian nations (China and Israel), one from the Americas (the United States), six European countries (Italy, the United Kingdom, the Netherlands, Spain, Sweden, and Germany), and one from Oceania (Australia). The United States claims the highest number of published papers, tallying at 271, and maintains a commendable average citation frequency ranking third at 37.70. This noteworthy metric underscores the notably high quality of papers emanating from the United States. Conversely, Canada, with the lowest publication count at 51, distinguishes itself by commanding the highest average citation frequency at 71, attesting to the superior quality of Canadian contributions within this field. Following closely in terms of average citation frequency are Sweden (41.10) and the Netherlands (22.20). This revelation serves as a testament to the robust research capabilities inherent in developed nations operating within this domain.


Table 3 | The top 10 countries in terms of papers published on resilient cities from the perspective of territorial spatial planning between 2004 and 2022.



An examination of international collaborative research outcomes on a global scale (as presented in Figure 7) elucidates distinct levels of collaboration among nations, leading to the delineation of two discernible clusters. In the domain of national spatial planning and resilient cities, a notable deepening of collaboration and knowledge exchange has been observed among scholars from Italy, the United Kingdom, and the Netherlands. In contrast, the United States, China, and Australia manifest closer interconnections within this field. Furthermore, the network analysis underscores the United States’ preeminence in the number of international collaborations, with Italy and China following closely. While the United States surpasses both Italy and China in terms of the sheer quantity of published papers, China’s robust international linkages suggest a higher degree of autonomy in research endeavors among Chinese scientists. This phenomenon underscores the evolving dynamics of global scholarly engagement in this domain.




Figure 7 | National cooperation networks in the field of resilient cities from the perspective of national spatial planning from 2004 to 2022. Note: The 40 circles generated represent cooperation maps for 40 countries. The same color means that these countries are in the same cooperative network. The size of the circle indicates the amount of research produced. The connecting lines between countries indicate the status of cooperation between these countries, and the thickness of the lines indicates the intensity of cooperation.







3.3 Keyword analysis



3.3.1 Analysis of high-frequency keywords

Within the realm of national spatial planning and resilient cities, the examination of the top 100 high-frequency keywords offers valuable insights into prevailing research focal points (as visually represented in Figure 8). The preeminent ten keywords and their corresponding frequencies are elucidated as follows: “Cities/City” (242 occurrences), “Resilience” (158 occurrences), “Management” (81 occurrences), “Ecosystem Services” (72 occurrences), “Climate Change” (71 occurrences), “Urban” (63 occurrences), “Framework” (61 occurrences), “Adaptation” (58 occurrences), “Governance” (46 occurrences), and “Space” (46 occurrences). These keywords effectively encapsulate the central thematic contours and areas of paramount significance within this field of inquiry. Of noteworthy significance is the distinctive attention bestowed by scholars upon topics inextricably linked to resilient urban administration and the sustainable development of urban environs. These encompass the augmentation of ecosystem services within urban settings, the fortification of governmental capacities, and strategies for effectively contending with the impending challenges emanating from evolving climate patterns.




Figure 8 | Cloud map of high frequency keywords in the field of resilient city research from the perspective of national spatial planning from 2004 to 2022.






3.3.2 Analysis of high-frequency keyword co-occurrence network

A meticulous clustering analysis of keywords within the domain of national spatial planning and resilient cities has been undertaken, leading to the formulation of a network illustrating the co-occurrence of keywords (as visually represented in Figure 9). This resultant co-occurrence network delineates four distinct clusters, each anchored by core nodes: “Management,” “City,” “Cities,” and “Resilience.” Furthermore, the robust interconnectivity observed among these four nodes underscores the critical importance of scientifically grounded planning and management policies in the effective realization of resilient cities within the framework of national spatial planning.




Figure 9 | Network analysis of the top 100 keywords in the field of resilient city from the perspective of national spatial planning from 2004 to 2022.






3.3.3 Cluster analysis and multiple correspondence analysis of high-frequency keywords

Cluster analysis of high-frequency keywords offers an intuitive means of delineating research directions and thematic foci within a specific research domain. This analytical approach groups keywords based on their interrelationships, thus shedding light on the extent of associations within the field. Through the lens of high-frequency keyword cluster analysis (as presented in Figure 10), the realm of national spatial planning and resilient cities can be effectively categorized into four primary research directions. The first direction pertains to theoretical inquiries into resilient cities from the vantage point of national spatial planning, with a pronounced emphasis on the field’s evolution and underlying mechanisms. The second direction delves into spatial planning strategies aimed at bolstering urban resilience, particularly addressing vulnerabilities within urban communities and grassroots organizations. The third direction scrutinizes the intricate feedback mechanisms and ramifications of spatial planning within resilient cities, particularly in the context of confronting challenges such as climate change. Finally, the fourth direction accentuates the imperative alignment of spatial planning endeavors with the principles of resilient cities within the purview of social sustainability. This encompasses a wide spectrum of considerations encompassing land systems, ecosystems, social systems, policy mechanisms, and the practical implementation of research findings within spatial planning and design frameworks.




Figure 10 | Hierarchical clustering analysis of high frequency keywords in the field of territorial spatial planning and resilient city from 2004 to 2022. Different colors in the figure represent different clusters.






3.3.4 Analysis of theme evolution

The topic of territorial spatial planning and resilient cities is visually presented, and it is found that the related research topics in this field are divided into three stages in Figure 11. The initial phase (2004-2011) denotes a period characterized by the developmental emergence of research in the context of national spatial planning and resilient cities. During this epoch, the predominant themes revolved primarily around “City,” “Biodiversity,” and “Conservation.” The subsequent phase (2012-2020) marked a phase of thematic enrichment, with a pronounced emphasis on “Resilience,” “Impact,” “Framework,” and “Space Syntax.” This phase demonstrated a discernible trend toward comprehensive development from a multifaceted perspective.




Figure 11 | Thematic evolution in the field of territorial spatial planning and resilient cities from 2004 to 2022.



The concluding phase (2021-2022) signifies a pronounced shift toward diversified and multifaceted research themes. Central themes in this period encompass “Cities,” “Impact,” “Framework,” “Water,” “Health,” “Geography,” “Demand,” “Decision-making,” and “Built Environment.” This transformation underscores an enhanced emphasis on human sustainable development and environmentally-friendly practices within the purview of national spatial planning and resilient cities research.






4 Discussion



4.1 Analysis of resilient cities trends in the context of national spatial planning

The development of resilient cities is intrinsically linked to comprehensive urban planning and management (Leitner et al., 2018). Within the domain of national spatial planning, it becomes imperative to carefully deliberate over factors encompassing sustainable urban development, ecological conservation, and socioeconomic prosperity. To illustrate, within the realm of national spatial planning, it is imperative to harmonize the urban development agenda with the imperatives of nature conservation, ensuring the preservation and rejuvenation of urban ecosystems. In tandem, prudent urban infrastructure planning is essential to heighten urban resilience and bolster emergency responsiveness (Pontrandolfi, 2020).

Resilient cities place notable emphasis on community participation and collaboration (Wang et al., 2018). The active engagement of community residents affords invaluable experiential insights and knowledge, thereby fostering democratization and transparency in the ambit of urban planning. Furthermore, robust collaboration among diverse municipal departments and stakeholder groups constitutes a pivotal constituent of resilient city-building. It is only through such concerted synergies that cities can efficaciously confront an array of challenges and dynamic transformations.

In addition, resilient cities are compelled to accentuate the application of technological innovation (Evans and Karecha, 2014). Cutting-edge technologies, such as smart transportation systems and intelligent energy management, have the potential to augment urban efficiency and sustainability. By way of example, smart transportation systems hold promise in ameliorating traffic congestion and emissions, thereby elevating the efficiency and safety of urban transportation networks. Similarly, intelligent energy management initiatives can judiciously optimize energy utilization, curtail energy wastage, and curbing reliance on conventional energy sources.




4.2 Analysis of resilient city practices from the perspective of national spatial planning

Within the framework of national spatial planning, the implementation of resilient city practices plays a pivotal role in ensuring both sustainable urban development and the safety and well-being of urban populations. First and foremost, national spatial planning assumes a central role in ensuring the rational allocation of urban space and the coherent distribution of urban functions. Through the application of rigorous planning methodologies, urban scale, functional zoning, and infrastructure deployment can be judiciously orchestrated, thereby enhancing urban operational efficiency and resilience (Leitner et al., 2018). Secondly, national spatial planning takes into meticulous consideration the natural environment and ecosystems within urban landscapes, thereby fostering ecological preservation, risk mitigation against natural calamities, and augmenting urban adaptability (Pontrandolfi, 2020). Furthermore, it contributes to the promotion of coordinated development among urban centers, resulting in resource efficiency and a diminished environmental footprint.

From the perspective of national spatial planning, the practical implementation of resilient cities warrants profound reflection on the seamless integration of urban planning with the principles of sustainability. The resilient city concept underscores urban adaptability and resilience when confronted with diverse challenges, such as natural disasters, climate change, and socioeconomic fluctuations. To attain this goal, planners must embrace a multi-tiered planning approach, harmonizing national, urban, and community-level planning to ensure holistic urban resilience. Land use and spatial layout should be optimized, thereby avoiding construction within high-risk zones and simultaneously creating accessible green spaces that facilitate evacuation and post-disaster recovery. Additionally, the establishment of green infrastructure proves to be instrumental, as it bolsters environmental sustainability through urban parks, water management systems, and enhanced vegetation coverage, ultimately mitigating the impacts of climate change (Lee et al., 2021). Considering these factors comprehensively, the practical implementation of resilient cities from the vantage point of national spatial planning can offer robust support for the long-term sustainable development and disaster resilience of urban environments.

In the practice of resilient cities, it becomes imperative that national spatial planning incorporate the objectives of resilient cities into planning policies. Firstly, the planning process should prioritize the multifaceted and intricate nature of urban centers. Urban planning endeavors should take into full account the interplay and convergence of various functional zones, thereby mitigating the development of single-purpose areas and fortifying urban resilience and adaptability. Secondly, national spatial planning should accentuate urban compactness and intensification. By judiciously demarcating urban development boundaries, the encroachment of land can be minimized, land use efficiency heightened, and urban sustainability achieved (Sheng et al., 2022). Furthermore, national spatial planning should underscore urban accessibility and the meticulous planning of transportation networks. An efficient transportation system serves to enhance urban resilience and adaptability, curbing traffic congestion and energy consumption (Goncalves and Ribeiro, 2020). To fulfill the aims of resilient cities, national spatial planning necessitates the close collaboration of pertinent stakeholders and experts. The active engagement of government entities, private enterprises, local communities, and the public-at-large stands as paramount in the realization of resilient cities (Schauppenlehner-Kloyber and Penker, 2016). National spatial planning should actively encourage public involvement and input, thoroughly addressing their needs and expectations, thereby ensuring the viability and sustainability of urban planning endeavors.




4.3 Future research directions for resilient cities from the perspective of national spatial planning

Examining the trajectories for the development of resilient cities through the lens of national spatial planning is integral to ensuring urban locales remain steadfast and sustainable when confronted with forthcoming challenges. These research domains encompass climate change adaptation, urban infrastructure resilience, community engagement, digital urban planning, resource sustainability, urban policies and governance, urban innovation and technological applications, and social equity and inclusivity resilience. A comprehensive exploration of these facets can furnish a structured framework for crafting urban strategies, fortifying urban resilience, and safeguarding the quality of life and environmental sustainability of urban inhabitants. These research directions are inextricably tied not only to the future of urban environments but also harmoniously aligned with the overarching objectives of global sustainable development.



4.3.1 Climate change adaptation and mitigation

Climate change stands as an imposing global challenge bearing profound implications for urban landscapes. Future endeavors in the realm of national spatial planning must delve rigorously into the intricacies of provisioning urban areas for climate change adaptation. This remit encompasses the imperative to mitigate flood risks, enhance resistance to urban heat island effects, secure water resources, and address rising sea levels (Wang, 2022). Proactive measures include the enhancement of drainage systems, augmentation of green cover, and augmentation of building energy efficiency to mitigate the impacts of climate change. Additionally, cities should formulate comprehensive climate action plans, bolstering emergency response capacities and ensuring the safety of urban residents during extreme climate events.




4.3.2 Resilience of urban infrastructure

Urban infrastructure systems are the linchpin of urban functionality (Sheng et al., 2023), yet their vulnerability to natural disasters and emergencies is conspicuous. Accordingly, prospective national spatial planning should place a premium on bolstering the resilience of urban infrastructure. This encompasses a purview extending over water supply, electricity, transportation, communication, and waste management systems (Shaker et al., 2019). In this context, research should be directed toward the design and modernization of these systems, enhancing their capacity to withstand disasters and emergencies. Notably, cities can invest judiciously in the construction of sustainable and resilient water supply systems, ensuring the provisioning of a reliable water source for residents even in times of drought or emergencies.




4.3.3 Community engagement and social resilience

The active engagement of communities constitutes a linchpin in the construction of resilient cities. Within the rubric of prospective national spatial planning, scrutiny should be directed toward the augmentation of urban resilience through the prism of community participation and the cultivation of social capital (Wang et al., 2018). This necessitates the cultivation of an environment that encourages residents to actively engage in urban planning and disaster preparedness and nurtures the bonds of social cohesion. Such community engagement augments urban adaptability, granting residents greater autonomy in urban decision-making and emergency response actions, ultimately redounding to the resolution of urban challenges while concurrently bolstering social unity and cohesion.




4.3.4 Digital urban planning

The meteoric ascendancy of digital technology engenders newfangled tools and methodologies for urban planning. In the context of future national spatial planning, the confluence of data science and advanced urban models can substantially enhance urban planning processes, engendering superior predictive capabilities and management acumen to navigate urban risks, be they natural disasters, traffic congestion, or resource management concerns (Ye et al., 2023). For instance, cities are poised to harness the analytical potential of big data to pinpoint latent risk zones and to proffer bespoke planning interventions. Furthermore, digital technology augments operational efficiencies and resource utilization within urban environments.




4.3.5 Resource sustainability and environmental resilience

The sustainable evolution of urban ecosystems is inexorably tethered to the sustainable exploitation of resources (Wu et al., 2022). Future national spatial planning ought to scrutinize how to advocate for resource sustainability, encompassing domains such as energy, water resources, and land usage (Xu et al., 2020). The gambit includes the vouchsafement of renewable energy, waste management, and the development of green infrastructure (Kabisch, 2019). Cities can promulgate policies that incentivize energy conservation and the incorporation of renewable energy sources, thereby mitigating dependencies on finite resources (Li et al., 2023).




4.3.6 Urban policies and governance

Urban policies and governance serve as the bedrock upon which resilient cities are founded. In the context of prospective national spatial planning, analysis should be devoted to the methodologies of buttressing urban resilience through the prism of policies and governance measures. This ambit spans the gamut of regulations, urban planning paradigms, and emergency management policies. Notably, the establishment of cross-sectoral collaboration frameworks equips cities to amplify the integration of urban planning and management, thereby bolstering urban aptitude to grapple with multifaceted challenges (Sanchez et al., 2018).




4.3.7 Urban innovation and technological applications

Emergent technologies such as the Internet of Things, artificial intelligence, and big data portend the amplification of urban resilience (Arfanuzzaman, 2021). In future national spatial planning, connoisseurship should be applied to the harnessing of these technologies to augment urban operational efficiency, monitor disaster contingencies, and elevate infrastructure. To wit, cities have the capacity to institute intelligent traffic systems for the augmentation of traffic flow and the attenuation of traffic accidents (Gao and Li, 2022). Furthermore, data analytics proffers the capability to monitor environmental dynamics and enhance air and water quality.




4.3.8 Social equity and inclusive resilience

Urban resilience should be built in such a way as to ensure that it does not exacerbate social inequalities. Future territorial spatial planning needs to focus on how to take into account the needs of vulnerable groups in resilient urban planning to ensure that all residents can benefit from resilience measures (Schauppenlehner-Kloyber and Penker, 2016). This includes the provision of appropriate social benefits, secure employment opportunities and educational resources.






5 Conclusion

Using bibliometric analysis, this paper relies on the Web of Science Core Collection database to explore the future directions, challenges, and opportunities of researching resilient cities in the context of territorial spatial planning from the perspective of literature chronological analysis, main researchers and high-frequency keywords. Overall, from 2004 to 2022, the number of annual publications has continued to increase based on relevant research on resilient cities in the perspective of territorial spatial planning. Globally, 71 countries/regions have contributed to this field. China has the most prominent research results in developing countries, and the United States has the greatest influence in the field among developed countries. In addition, in terms of national cooperation, the United States, China and Australia are the most closely linked in this field.

It is crucial to study resilient cities in future territorial spatial planning, which involves a number of areas, including climate change adaptation, infrastructure resilience, community participation, digital urban planning, resource sustainability, policy governance, science and technology applications and social equity. In addition, building resilient cities requires cross-sectoral cooperation and the participation of the whole society in order to meet the challenges of future urban development and ensure the sustainable development of cities and the well-being of their residents.
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It is of important theoretical and practical value to scientifically evaluate tourism ecological security for the sustainable development of tourist cities. The study focuses on the “characteristics of the impact factors on tourism ecological security at different levels” of tourism ecological security that have been neglected in the previous literature. From the perspective of Compound Ecological systems theory, we built an evaluation index system for tourism ecological security in Huangshan City based on the Pressure-State-Impact-Economic-Environmental-Social (PSR-EES) model and used a combination of the entropy weight TOPSIS (Technique for Order Preference by Similarity to an Ideal Solution) method, traditional and spatial Markov chains, and panel quantile regression to analyze and characterize the spatial-temporal dynamics of security levels and driving factors. The results showed that (1) the level of tourism ecological security of the districts and counties in Huangshan City improved rapidly, but the difference was expanding. The level of tourism ecological security in the four counties was generally higher than that in the three districts. (2) In terms of the spatial-temporal dynamic evolutionary characteristics, the transfer of tourism ecological security in Huangshan City has its characteristics of stability and path dependence. Type transfers usually occur between adjacent levels. The lower the level of tourism ecological security, the higher the probability of upward transfer. A neighborhood background plays an important role in the process by which a higher neighborhood rank increases the probability of upward transfer. (3) Regarding the driving factors, environmental pollution and economic development have a negative inhibitory effect on tourism ecological security, and the negative effect decreases as the level of TES improves. The top three positive effects were government intervention and educational levels. The degree of regional greening and government intervention had greater positive marginal effects on lower-level areas. In contrast, tourism development, educational level, and labor input had greater positive marginal effects on areas with higher TES levels.
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1 Introduction

As a key policy objective at the global, national, and local levels (Peng et al., 2017), development of sustainable tourism has long been a focus worldwide (Ahmad et al., 2018). With its dual attributes of environmental friendliness and resource consumption, the tourism industry exhibits a binary relationship with the environment (Shi et al., 2019). Once considered a “clean” industry, tourism has become an important driver of urbanization in cities with abundant tourism resources, and many government incentives have been introduced to promote its development (Tao et al., 2017; Kapera, 2018). However, the utilization of resources in tourism development has significant negative externalities. The negative impacts of increasing tourist activities, consumption, and development are becoming increasingly evident, contradicting the need to protect the ecological environment (Williams and Ponsford, 2009). These negative effects hinder the development of the tourism industry and form a vicious cycle that impairs the integrity and services of tourism destination ecosystems, posing a threat to their ecological security (Qian et al., 2018; Xiaobin et al., 2021). It has become a consensus of all sectors of society to ensure the integrity of the structure and function of the tourist destination ecosystem, maintain the safety and stability of tourism ecology, and promote sustainable development of the tourism industry. (Ruan et al., 2019). Tourism ecological security has become a primary indicator for assessing environmental impacts and sustainable development and now it is a focal point in current research (Liu et al., 2017a). This is also in response to China’s major national strategy to promote the progress of the ecological civilization established in 2012 and the policy of developing tourism into a core industry of ecological civilization construction and becoming a strategic pillar industry of the national economy. In this context, scientifically describing the spatiotemporal evolution of tourism ecological security and its influence and driving factors in the long-term dimension of tourist cities is conducive to improving the degree of ecological security and service levels in tourist destinations and formulating targeted tourism development policies. It also has significance in promoting the coordinated and sustainable development of tourist cities.

The application of complex ecosystem and system theories provides a theoretical basis and an innovative foundation for developing an ecological security evaluation index system for tourist cities. The essence of complex ecosystem theory is that social, economic, and environmental systems differ from and restrict each other; however, they connect to form an open and complex composite ecological system with structure and function. A tourist city can be regarded as a complex ecosystem comprising economic, environmental, and social subsystems (Zhou et al., 2015). Each subsystem includes certain elements, including organisms and circumstances. Through energy flow, material circulation, and information transmission, a state of high adaptation, coordination, and unity can be achieved (Liu et al., 2007). System theory emphasizes the overall concept of the system and believes that the elements of the system are not mechanical existence and combination, but the organic relationship between the whole and parts, part and part, whole and external environment (Kenneth, 1956). However, the index system of many previous studies is only a simple list of statistical data. This not only ignores the essential issues of ecological security, that is the human-land interaction in pursuit of sustainable development and harmonious symbiosis, but also the multilevel characteristics of the economic-environmental-social subsystems of tourism cities. Additionally, it fails to evaluate the interaction between the internal elements of each system. On a theoretical basis, this study adopts the pressure-state-response-economy-environment-society model (PSR-EES) (Wang et al., 2021c), comprehensively considers the economic, environmental, and social subsystems in tourist cities, clarifies the logic between pressure-state-response (P-S-R) model (Zhou et al., 2002), innovates the ecological security evaluation index system of tourism cities, and expounds the mechanism of interaction among tourism, economy, society, and the environment in the sustainable development of tourism.

This study chose Huangshan City as the research region (Figure 1) for the following reasons: as a typical and world-famous mountainous tourist city in China, Huangshan City boasts superior cultural and tourism resources, including Mount Huangshan, which is a UNESCO-approved cultural and natural dual heritage site, and the ancient villages in Southern Anhui (Xidi and Hongcun) are listed as World Cultural Heritage sites. The city also had 5A-level scenic spots, 8 scenic areas, and 22 4A-level scenic spots. The tourism industry has experienced rapid growth, receiving a total of 71.153 million domestic and foreign tourists by 2019, with a cumulative tourism income of 59.52 billion yuan, accounting for over 70% of the city’s GDP. Therefore, the selection of this region for the case study is of significant practical importance. (2) Huangshan City is a typical mountainous tourist city with a forest coverage rate of over 82.9%, driven by the urbanization of the tourism industry (Leung, 2001; Xie et al., 2021), and faces a sharp contradiction between development and protection. With the rapid development of the tourism industry, the increasing input of resource elements and tourism waste (Wang and Chen, 2021), poses significant pressure on natural (Leung, 2001), economic, and ecological systems in scenic spots. Because the ecosystems of mountainous tourist areas are relatively fragile and easily damaged (Scott, 2006), a mountainous tourist city would lose its value as a tourist attraction without a good natural ecological environment (Lin, 1997). The districts and counties of Huangshan City have abundant cultural and tourism resources, and their tourism economies are closely linked. According to related research, tourism flows are geographically concentrated (Mou et al., 2020). The self-driving tourism flow in Huangshan City presents characteristics of agglomeration, circumnavigation, and radiation, with tourists frequently moving between districts and counties (Song et al., 2013). Therefore, high-intensity tourism activities over short distances bring about the transfer of tourism waste and pollutants, which deepens the impact on the ecological security of tourism destinations and transfers and changes between regions.




Figure 1 | Study site map.



This study focuses on the following key objectives and innovations: (1) Construct an evaluation index system from the perspective of complex ecosystem theory and system theory, comprehensively considering multidimensional factors and the logical relationship between various systems and elements. In addition, innovating the tourism ecological security evaluation model for tourist cities. (2) Innovate research methods to investigate the transition probability, as well as the temporal and spatial evolution characteristics of security levels among districts and counties in tourist cities from a small-scale regional perspective. (3) It clarifies the key factors affecting tourism ecological security, defines the degree and characteristics of the effects of different factors at different levels, and constructs tourism ecological security driving mechanisms in different dimensions. Additionally, it enriches the content and research methods of tourism ecological security research and provides a scientific reference for promoting the sustainable development of the tourism industry in other tourist cities.




2 Literature review



2.1 Tourism ecological security

Ecological security is an important field in the study of the sustainable development of tourist destinations (Liu et al., 2009). It refers to the state in which human survival, health, well-being, basic rights, sources of life security, necessary resources, social order, and human ability to adapt to environmental changes are not threatened. Tourism ecological security refers to the ability of ecosystem of tourist destination to provide services for the sustainable development of human society and the economy within a certain time and space to maintain the long-term coordinated development of the natural-society-economic complex system (Li et al., 2019; Fan and Fang, 2020). This allowed it to become a new conceptual paradigm (Tang et al., 2018). Comparing with ecological security involves protecting an entire ecosystem, tourism ecological security focuses on protecting and managing the impact of tourism on the ecological environment. The goal is to protect and maintain the ecological environment and resources of tourist destinations during the tourism season (Zhang et al., 2008). Tourism ecological security mainly focuses on practitioners, tourists, and local communities, as well as the ecological environment directly related to tourism activities (Qin et al., 2019). This study mainly focuses on the following aspects: From a disciplinary perspective, research on tourism ecological security is distributed across tourism (Liu and Yin, 2022), landscape ecology (Malekmohammadi and Jahanishakib, 2017; Chen et al., 2021), geography (Tang et al., 2018), management (Wolfslehner and Vacik, 2008), environmental science (Jurado et al., 2012), system dynamics (Qin et al., 2019), and energy science (Tang et al., 2015) as well as presents multidisciplinary features. The research content presents the characteristics of continuous expansion from shallow to deep and has gradually expanded from the origin of ideas (Lv, 2007), concepts and connotation (Zhang et al., 2008), evaluation (Li et al., 2017a), spatiotemporal characteristics (Ruan et al., 2019; Chen et al., 2023), influencing factors, trend forecasting (Cheng and Yue, 2011), early warning system construction (Xu et al., 2017), dynamic simulation, and other issues (Lu et al., 2019). The case studies included islands (Xiao et al., 2011; Chen et al., 2021; Wang et al., 2021a), wetlands (Li et al., 2012; Sun et al., 2021), grasslands (Lu et al., 2008), mountains (Chen et al., 2022), forests (Zheng et al., 2015), and coastal cities (Wang et al., 2016), etc. The research scale is comprehensive and covers the country (Liu and Yin, 2022), region (Ruan et al., 2019), city (Tang et al., 2018), and scenic spots (Wang et al., 2021b). Evaluation methods include the use of the environmental impact of tourism to assess (Green and Hunter, 1992) the tourism carrying capacity assessment (O’Reilly, 1986), and an acceptable change limit system for tourism development (McCool, 1994). Currently, the index evaluation model method has become the choice of most scholars for the quantitative calculation of TES because of its high applicability, strong operability, and high comparability. Scholars usually use the following models: P-S-R (Zhou et al., 2015); DPSIR (Xiaobin et al., 2021); PSR-EES (Tang et al., 2018); and the Ecological Footprint (Zhang et al., 2008; Zhou et al., 2016); the capacity-support-attraction-continuation-development capacity (CSAED) model; the threaten-quality-regulation (TQR) model (Zheng et al., 2015);and the Institutional environment-Regulatory and construction acts-Disturbing Activation-Security state (IRDS) model. The evaluation and measurement methods chosen by scholars are different. Measurement methods for tourism ecological security include the improved Technique for Order Preference by Similarity to an Ideal Solution (TOPSIS) and linear weighting method (Li et al., 2017a), fuzzy comprehensive evaluation method (Du et al., 2021), ecological footprint method (Qian et al., 2018), grey relational projection method (He et al., 2018), system dynamics model (Qin and Cheng, 2019), and DEA data envelopment analysis (Ruan et al., 2019), etc. In previous studies, the research case, temporal and spatial evolution, and influencing factors are key issues that lay the foundation for current and future tourism research. Not only can it help us effectively understand the spatiotemporal evolution characteristics and driving factors of tourism ecological security in tourist cities, but it can also provide theoretical guidance for the sustainable development of tourism.




2.2 Methods on spatial-temporal evolution of tourism ecological security

Spatiotemporal pattern evolution is the focus of tourism geography research and has been widely applied in tourism ecological security research in recent years. (Liu et al., 2022) used a spatial autocorrelation model to analyze the spatial-temporal differentiation pattern characteristics of Chongqing’s ecological security. (Zheng et al., 2023) used the standard deviation ellipse method, and the center of gravity model method was used for analysis in 31 provinces of China. (Wang and Chen, 2021) used interpolation analysis and spatial variation models to analyze the temporal and spatial dynamic evolution characteristics of the tourism ecological security level in 11 provinces of the Yangtze River Economic Belt from 1998 to 2017. (Xiaobin et al., 2021) used the spatial measurement model Spatial Durbin Model (SDM) to analyze the spatial characteristics of tourism ecological security in 41 cities in the Yangtze River Delta. Additionally, there was also the kernel density analysis (Wang et al., 2021c; Chen et al., 2023) and the dynamic degree model method (Tang et al., 2018). (Mu et al., 2022) used Markov and space Markov chains to explore the dynamic evolutionary characteristics of tourism ecological security in the Yellow River Basin. Compared with other spatial-temporal pattern analysis methods that focus on the spatial-temporal differentiation characteristics and changes in the entire study area and use cross-sectional data of the entire study area, a single year, or between years. The Markov chain and space Markov chain theory can not only be used to describe the spatial and temporal evolution of the ecological security level but also to analyze the probability of ecological security level evolution over time. Overall, considering the influence between neighborhoods, the analysis of the evolution probability and spatial-temporal evolution characteristics of the ecological security level of all research units in all years has the advantage of being meticulous and comprehensive. Used in this research,it not only explores the spatial effect of tourism but also helps to provide targeted policy formulation suggestions for units with different ecological security levels and different development levels to promote the sustainable development of tourism.




2.3 Research on influencing factors

In recent years, research on the factors influencing tourism ecological security has become a popular topic, which is also a manifestation of the expansion of the content to deeper issues and a symbol of the gradual maturity of tourism ecological security research. To scientifically and reasonably explore the effects and mechanisms of tourism’s ecological security and its driving factors within a system, the choice of research methods for the influencing factors is crucial. Current research on the factors driving tourism ecological security involves research areas, including China (Qin and Cheng, 2019; Liu and Yin, 2022), the Yangtze River Delta (Ruan et al., 2019; Xiaobin et al., 2021), Shaanxi Province (Zhang et al., 2022) and other large-scale regions, Beijing(Tang et al., 2018), Dalian (Lu et al., 2019) Jiuzhaigou Scenic Area (Zhang et al., 2008), and other small-scale areas. In the research method of influencing factors, the gray correlation model was used to measure the degree of correlation between the 39 indicators in the evaluation system and the tourism ecological security index to research influencing factors (Tang et al., 2018). (Zhao and Guo, 2022) used geographic detectors to study the impact of 33 evaluation indicators on system security (Xiaobin et al., 2021) and spatial econometric models (SLM model and SEM models) to calculate the direct effects of influencing factors and indirect effects, as well as the obstacle model (Mu et al., 2022). The grey relational degree analyses the degree of influence according to the similarity degree of the geometric relationship of the data sequence curve; however, this method does not carry out the statistical testing of data; the obstacle degree calculates the influencing factors by calculating the weight of each index. This method also does not carry out the statistical testing of data, and the geographic detector method only measures the q value of the degree of influence at a single time point and cannot explore the positive and negative effects of the influence. Compared with the above methods, the panel quantile regression method must test the stationarity of each influencing factor before use, which ensures the rationality of the method. It can not only analyze the overall influencing factors of all research units at all-time points simultaneously but also explore the positive and negative effects of influencing factors, with comprehensive and holistic advantages. Moreover, compared to other methods, it has the characteristics and advantages of observing the changing trend of the independent variable regression coefficient value when the dependent variable is at different quantile points. It is convenient to draw more reliable research conclusions that have been applied and confirmed in some studies (Mu et al., 2022).




2.4 Current gaps in the literature

To clarify the necessity of this study to better explore the innovation of tourism ecological security evaluation methods and the key driving mechanisms, this paper comprehensively reviews previous related research and highlights the current research gap in tourism science. (1) In previous studies, when constructing the evaluation index system, researchers only referred to previous studies or simply listed them based on existing data, while ignoring the importance of providing a theoretical basis for the evaluation of tourism ecological security. However, a strong theoretical background not only helps to elucidate the interactions among multiple actors in tourism ecosystems but also helps to translate complex system operating mechanisms into simple explanations. Therefore, this study introduces the ecological system as well as the system theory. (2) In terms of spatiotemporal evolution, existing studies mostly start from spatial autocorrelation and analyze the spatial evolution pattern of a large number of city-level research units based on large-scale research areas, such as provinces, river basins (Xu and Liu, 2018), and economic belts. It is significant to explore the temporal and spatial evolutionary characteristics of small-scale regional tourism ecological security especially tourist cities, and innovative research methods. (3) Scholars have previously used a variety of methods to study the influencing factors of tourism ecological security. However, these methods have limitations in terms of data inspection, reliability, and time. The panel quantile regression method has advantages and is conducive to the establishment of a comprehensive, multilevel, scientific, and accurate driving mechanism for tourism ecological security.





3 Materials and methods

The methodology used by this study for evaluating tourism ecological security of Huangshan City is composed of three parts: indicators selection and evaluation system construction, data collecting and processing, and research method including: entropy-weighted TOPSIS model, Markov chain, spatial Markov chain, panel quantile regression. The study’s method framework is shown in Figure 2.




Figure 2 | The method framework for evaluating tourism ecological security in Huangshan City.





3.1 Materials



3.1.1 Model construction

The scientific selection of indicators is key to ensuring research results and is the core of evaluating tourism ecological security (Liu and Yin, 2022). Based on the perspective of the composite ecological system theory, this study considers tourism cities as a system composed of economic-environment-social subsystems that are mutually different, mutually restrictive, and interrelated: comprehensive consideration of economy, society, tourism, transportation, energy consumption, ecology, environmental protection, and other factors. At the same time, based on the system theory, focusing on the integrity, relevance, hierarchical structure, and dynamic balance characteristics of the evaluation system, an evaluation index system based on the PSR-EES model was constructed, and it was applied to the research on the operation mechanism of the tourism ecological security system. Mountain-type tourism city: Huangshan City tourism ecological security issues are to be re-examined.

The operating mechanism of the PSR-EES model in tourism ecological security can be expressed as follows: human tourism activities exert economic, environmental, and social pressures on the ecosystem (P), which is the dominant cause of ecological security problems in tourist destinations; under the impact of pressure, the function and state (S) of tourism and ecological dual system change, which leads to a change in destination tourism ecological security level; to reduce risk pressure and continue the positive effect to promote and maintain the benignity of tourism and ecological environment development, tourism stakeholders are bound to exert their subjective initiative.

Taking appropriate measures to respond positively (R), this study combines the theory of tourism ecological security, following the principles of scientificity, comprehensiveness, systematization, hierarchy, and data availability, and starts from the perspective of the interaction of the three subsystems of economy, society, and the ecological environment. Using indicators with their characteristics in the tourism industry and soliciting relevant expert opinions, a tourism ecological security evaluation index system consisting of three subsystem-level first-level indicators and 38 factor-level second-level indicators was constructed, and the weight of each indicator is determined by the entropy weight method for all administrative units and 38 indicator data from 2000 to 2019. Table 1 shows the units, positive and negative attributes, weights and related references of the 38 indicators.


Table 1 | Evaluation index system of tourism ecological security in Huangshan City.




Currently, there is no unified standard in the academic community for evaluating tourism ecological security. This study proposes a grading standard based on existing research results (Yajuan et al., 2013; Tang et al., 2018), and the actual situation in Huangshan City (Peng et al., 2017; Hu et al., 2019; Yu et al., 2020). The proposed standard divides tourism ecological security into seven categories: deterioration, risk, sensitivity, critical security, general security, relative security, and extreme security.




3.1.2 Data sources

The statistical data used in this paper come from the Huangshan City Statistical Yearbook “Huangshan City Statistical Yearbook,” “Anhui Statistical Yearbook,” “China Tourism Statistical Yearbook,” “China County Statistical Yearbook,” “China City Statistical Yearbook,” “China Energy Statistics Yearbook” from 2001 to 2020 Yearbook”, the National Economic and Social Development Statistical Bulletin of Huangshan City and its seven districts and counties from 2000 to 2019, the Environmental Status and Environmental Protection Work Target Completion Report, and so on. NDVI data were obtained from the Resource and Environment Science and Data Center of the Chinese Academy of Sciences (https://www.resdc.cn/) from 2000 to 2019, and the Chinese 30 m land cover fine classification product (CLCD30) of Yang Jie’s team at Wuhan University (https://zenodo.org/record/5210928) from 1999 to 2019. Linear interpolation was used for the missing data to complement and complete the dataset.





3.2 Methods



3.2.1 Entropy-weighted TOPSIS model

TOPSIS was first proposed by Hwang and Yoon (1981). This method constructs the optimal and worst-case scenarios for each indicator and then calculates the relative closeness to the optimal and worst-case scenarios. It evaluates the advantages and disadvantages of each scenario based on the distance between positive and negative ideal solutions. This method has the advantages of being true, intuitive, and reliable, with no strict restrictions on data distribution, sample size, or the number of indicators, and has been used successfully by many scholars (Zhou et al., 2015). In this study, we use this method to evaluate the level of tourism ecological security in Huangshan City. The steps are as follows: (1) standardize the evaluation indicators using the range method; (2) calculate the indicator weights using the entropy weight method, which has strong objectivity; (3) establish a weighted normalization matrix; (4) determine the positive and negative ideal solutions; (5) calculate the distance from the target value to the positive and negative ideal solutions; and (6) calculate the proximity index of each evaluation object to the optimal solution in each year, with a value range of [0,1]. The larger the value, the safer the tourism ecological system of the research unit, and vice versa. The specific calculation formula can be found in the reference (Huang, 2008; Behzadian et al., 2012).




3.2.2 Markov chain

A Markov chain is a type of Markov process in which both the time and state are discrete (Hastings, 1970).This method discretizes the continuous tourism ecological security index into k categories and calculates the probability distribution and interannual transition changes of the corresponding categories to approximate the entire regional evolution process. It can be used to analyze the probability of the evolution of tourism ecological security levels over time and extreme security, and the specific level classification is shown in Table 2. The probability distribution of tourism ecological security levels in year   can be represented as a   state probability vector  . The transition between different tourism security levels in different years is represented by the Markov transition probability matrix  .


Table 2 | Tourism ecological security level standard in Huangshan City.



 

The element   represents the probability of a region belonging to category   in year t transitioning to category   in the following year, where  . Here,   represents the sum of the number of regions belonging to category   in year  , that transitioned to category   in year  , and   represents the sum of the number of regions belonging to category   during the study period. If the tourism ecological security of a region remains the same in the following year as it was in the initial year, it indicates that its transition is in a steady state. If the tourism ecological security level improves, it is defined as an upward transition; otherwise, it is defined as a downward transition.




3.2.3 Spatial Markov chain

A Spatial Markov Chain is a combination of the traditional Markov Chain method and spatial lag(Roberts and Rosenthal, 2004). By introducing spatial lag factors, the Spatial Markov Chain accounts for the states of neighboring regions, thereby compensating for the shortcomings of traditional Markov chains in terms of spatiality. This method can be used to analyze the possibility of upward or downward transitions of tourism ecological security in a unit affected by neighboring units and reveal the spatial interaction relationship in the process of tourism ecological security change and the relationship between the probability of tourism ecological security type transition and neighboring counties.

The spatial Markov transition probability matrix decomposes the traditional   Markov matrix into     transition probability matrices, based on the spatial lag type of region i in the initial year. For the  th conditional matrix, the element   represents the one-step spatial transition probability that the region belongs to type   in the current year and transitions to type   in the following year, given that the spatial lag type is  . The spatial lag value   of unit   is the weighted average of the observation values of its neighboring units, as shown in the following formula:

 

  represents the observation value of unit  ;   is the spatial weight matrix. Because of the significant spatial adjacency and continuity among the districts and counties of Huangshan City, this study used the adjacency weight matrix, where adjacent units have a weight of 1 and otherwise a weight of 0, representing the spatial relationship between units   and unit  .




3.2.4 panelquantile regression

The quantile regression method was first proposed by (Koenker and Bassett, 1978), and has been widely used in panel data research in recent years (Huang et al., 2017). The quantile regression method has the characteristic of observing the regression coefficient values at different quantile points and can comprehensively and systematically study the influence of the independent variable X on the dependent variable Y (Koenker and Hallock, 2001). Compared with ordinary linear OLS regression, the quantile regression algorithm is more robust, and the conclusion is more testable when there are outliers in the data when the dependent variable Y is not normally distributed, or when heteroscedasticity problems occur. In short, panel quantile regression does not need to consider that the data obey a normal distribution and can also better eliminate the interference of outliers. Controlling for differences in the explanatory variables effectively describes the differences between the explained variables at different quantile points influences relationships (Koenker, 1994). Its expression is:

 

In the formula:   is the conditional quantile function of tourism ecological security;   is the value of tourism ecological security;   is a constant item;   is the explanatory variable matrix;   is the research sample size;   is the research period;   Indicates the influence coefficient under the   quantile; the quantile points set in this paper are 0.1, 0.25, 0.5, 0.75, 0.9

 

In the formula:   is the influence coefficient;   is the number of quantile arrays;   is the  th group of quantiles;   is the quantile loss function;   is the weight coefficient of the  th quantile;   is the influence coefficient of the  th quantile.

Considering the real situation in Huangshan City and the calculated results of tourism ecological security in this study, a representative index was selected to construct a model system of driving factors for the comprehensive effect of multiple factors on tourism ecological security in Huangshan City. From the aspects of tourism development level, economic development level, labor input, environmental pollution, tourism load level, regional greening degree, government intervention, and education level, the spatiotemporal evolution process of tourism ecological security under the influence of multiple factors was systematically quantified. Table 3 shows types, interpretations, and statistical descriptions of the variables.


Table 3 | The main variables of the panel quantile regression equation and their descriptive statistics.








4 Result



4.1 Temporal evolutionary characteristics of tourism ecological safety

To ensure the reliability and comprehensiveness of the data as much as possible, the time before COVID-19 was analyzed for as long as possible to better explore the cyclical characteristics of tourism ecological security. This paper analyzed and calculated the 2000-2019 Huangshan and comprehensive index of tourism ecological security in each district. The average index of tourism ecological security in Huangshan City and its districts steadily increased from 0.288 in 2000 to 0.432 in 2019, with an average annual growth rate of 2.16%, as shown by the line graph (Figure 3A) and box plot (Figure 3B). The development of tourism and protection of the ecological environment has been priorities for governments at all levels. Policies such as the State Council’s “Opinions on Accelerating the Development of Tourism” (No. 41, 2009), the Joint National Ecotourism Development Outline (2008-2015) issued by the former National Tourism Administration and the Ministry of Environmental Protection, and the “Huangshan Ecological Strong City Construction Implementation Plan” (No. 20, 2013) issued by the Huangshan City Government aim to strengthen the relationship between ecological protection and tourism development. These policies have led to a decrease in the number of counties and districts that are deteriorating or at risk, whereas the number of sensitive and critically safe areas has continued to increase, showing an overall positive trend (Figure 4). However, during the study period, different districts showed varying degrees of improvement in the ecological security of tourism. The difference in the tourism ecological security index among districts also showed a widening trend. Therefore, there remains great potential for improvement in the tourism ecological security level in Huangshan City.




Figure 3 | Changes and characteristics of tourism ecological safety index by districts and counties in Huangshan City from 2000 to 2019 (A) Folding Line Chart; (B) Box line chart.






Figure 4 | Spatial distribution of tourism ecological security types in Huangshan City.



The comprehensive tourism ecological safety index for Huangshan City and its districts and counties from 2000 to 2019 was analyzed and calculated, showing a steady upward trend in the overall index, with some fluctuations in certain years. However, the gap between the ecological safety indices of various districts and counties is continuously widening, and there are differences in the ecological safety status of each district and county. Specifically, She County, Xiuning County, and Yi County showed steady upward trends, reaching their highest values in 2019. Tunxi District experienced significant declines in 2003–2004 and 2012–2013 but has otherwise steadily increased. Qimen County and Huangshan District steadily increased before 2013–2014 but have since slowly decreased each year. Huizhou District steadily increased before 2011 and has remained stable since then. Sorting the average tourism ecological safety index of each district and county during the study period from the highest to lowest results in the following order: “Yi County (0.413) > She County (0.380) > Tunxi District (0.359) > Huizhou District (0.342) > Qimen County (0.341) > Huangshan District (0.338) > Xiuning County (0.337)”, with Yi County having the highest level of tourism ecological safety. From the perspective of the degree of improvement, the order of each district and county’s tourism ecological safety index increase value and proportion is: “She County (0.214, 72.76%) > Yi County (0.187, 57.98%) > Xiuning County (0.156, 57.37%) > Huizhou district (0.137, 50.23%) > Huangshan district (0.113, 41.63%) > Tunxi district (0.110, 37.02%) > Qimen county (0.093, 32.38%)”. The county had the highest increase in tourism ecological safety level during the study period, with an increase of 0.214 and an average annual growth rate of 2.92%, indicating that the degree and speed of tourism ecological safety optimization were better than those of other districts and counties.




4.2 Spatial evolutionary characteristics of tourism eco-safety types

This study examined the dynamic transfer characteristics of tourism ecological security levels among different districts and counties in Huangshan City by constructing traditional and spatial Markov transition matrices. According to the classification criteria of tourism ecological security levels, the ecological security of Huangshan City is divided into four types: deterioration level I (0, 0.3], risk level II (0.3, 0.4], sensitivity level III (0.4, 0.5], and critical safety level IV (0.5, 0.6].

In the Markov transition probability matrix, the diagonal elements represent the probability of a single unit’s tourism ecological security level remaining unchanged, while the off-diagonal elements represent the probability of transition between different tourism ecological security levels. Table 4 illustrates the dynamics of tourism ecological security transfer in Huangshan City from 2000 to 2019, disregarding the geographical spatial pattern. The results indicated that all level types showed convergence and stability, with values on the diagonal being higher than those off the diagonal. The probability of an area belonging to a particular level remaining in that level in subsequent years is at least 60.71%, 78.48%, and 69.23% for levels I, II, and III, respectively, and level-type transfers have a “path-dependent” effect. Additionally, off-diagonal elements indicate that transfers usually occur between adjacent levels, with few cross-level transfers. Finally, the probability of counties in level I remaining unchanged was 60.71%, while the probability of transferring to a higher level was 39.29%. The probability of counties in level II transferring to a higher level was 15.19%, while the probability of transferring to a lower level was 6.33%. Based on Table 4, the research findings suggest that the probability of upgrading Levels I and II tourism ecological security is relatively high, indicating the need for urgent promotion of the upgrading of low-level tourism ecological security regions. However, the probability of level III transferring to a higher level was only 7.69%, whereas the probability of transferring to a lower level was 23.08%. Thus, regions with tourism ecological security level III require attention to prevent them from falling to lower levels, expand their safety level, and guide them toward transforming into a higher safety level.


Table 4 | Markov transition probability matrix of tourism ecological security types in Huangshan City from 2000 to 2019.



The level of tourism ecological safety is not isolated and is often influenced by changes in the safety level of the surrounding areas, exhibiting certain spatial agglomeration and spatial interaction effects. Compared with traditional Markov models, the traditional spatial Markov probability transition matrix not only reflects changes between different types but also considers the influence of changes in the safety level of neighboring counties on the tourism ecological safety type in the study area (Figure 5). By adding spatial lag terms to the traditional Markov transition probability matrix, we construct a spatial Markov transition probability matrix for tourism ecological safety in Huangshan City. Table 5 shows that compared with the traditional Markov transition matrix, the transition probabilities of tourism ecological safety types in Huangshan City have undergone significant changes under different neighborhood conditions. The neighborhood background plays a significant role in the dynamic changes in ecological safety levels in various districts and counties in Huangshan City, and the types of tourism ecological safety levels under different neighborhood backgrounds exhibit significant differences.




Figure 5 | The spatial pattern of the types of tourism ecological security transfer and neighbor transfer types in Huangshan City.




Table 5 | Markov transition probability matrix of tourism ecological security type space in Huangshan City from 2000 to 2019.



Generally, if a region has high ecological safety level areas as neighbors, the probability of upward transition will increase and its probability of downward transition will decrease. Conversely, if it has low-level areas as neighbors, the probability of an upward transition decreases, and the probability of a downward transition increases. For example, in the traditional Markov transition probability matrix, the probability of level II transitioning to level III is 15.19%, whereas considering the spatial neighborhood background adjacent to level III, the transition probabilities are 24.12% and 0 when adjacent to levels II and III, respectively. The probability of level III transitioning to level IV was 7.69%. However, when adjacent to level II, the transition probability was 0, whereas it was 22.22% when adjacent to level III. There is a certain degree of “club convergence” phenomenon, and there is a certain spatial inertia in the spatial and temporal changes of each type’s transition probability. For Level II, the probabilities of maintaining itself unchanged when its neighborhood background is Level I, Level II, and Level III are 0.8824, 0.7576, and 0.7586, respectively. For level III, the probabilities of maintaining itself unchanged when its neighborhood background was level II and level III were 0.8235 and 0.3333, respectively.




4.3 Influencing factors

To explore the influencing factors and driving mechanism of tourism ecological security in Huangshan City, this study chooses the panel quantile regression method for estimation and selects five representative quantile points: 0.1, 0.25, 0.5, 0.75, and 0.9 in the model, these five representative quantile points At the same time, the calculated ordinary OLS regression results are compared with the panel quantile regression results to explore the changes in the elastic coefficients of all influencing factors. To avoid the phenomenon of spurious regression, between panel quantile regression, this paper chooses Levin, Lin, and Chu’s t-test (LLC test), ADF-Fisher Chi-square (ADF test), and PP-Fisher Chi-square (PP test). Three commonly used unit root test methods are used to test the stationarity of panel data. As shown in Table 6, all the variables passed the test at a significance level of 1%.


Table 6 | Unit root test of panel data.



From the estimation of the panel quantile regression results (Table 6) and its visualization results (Figure 6), environmental pollution factors and economic development levels have a negative inhibitory effect on tourism ecological security in general, while other factors have a significant promotion effect. However, there were significant differences in the sizes of the influence coefficients of each variable at different quantile points.




Figure 6 | Quantile regression results of tourism ecological security in Huangshan City.



(1) In terms of the change in the impact coefficient of the tourism development level variable, the level of tourism development has a significant effect on the tourism ecological security of Huangshan City at each quantile point and continues to rise as the quantile point, from 0.064 at the 10th percentile point to 0.074 at the 90th percentile point. Owing to low resource consumption, low pollution, and recyclable green characteristics of tourism in the process of promoting economic development, tourism development is an important way to improve the level of tourism ecological security in various regions. (2) The overall economic development level negatively affected the change in the influence coefficient of the economic development level variable. The negative effect increased in the low quantile, decreased in the middle quantile, and gradually approached a positive effect above the 90% quantile. Overall, the higher the level of development, the smaller the negative effect. This shows that we must actively promote high-level and high-quality economic development, develop tourism, optimize and promote the evolution of the industrial structure toward rationalization and advanced development. (3) In terms of the change of the influence coefficient of the labor input variable, the labor input has a significant positive effect on the tourism ecological security, and the influence coefficient at each quantile point presents an inverted “N” trend. The impact coefficient was greater than that of the low quantiles. Tourism is a typical labor-intensive industry that can absorb large amounts of labor. This shows that vigorously developing the tourism industry, promoting the optimization of the labor force structure, increasing the number of people engaged in the tertiary industry, and increasing the proportion of the entire labor force in the station has a positive effect on improving the level of tourism ecological security. (4) In terms of the impact coefficient of environmental pollution variables, environmental pollution has a significantly negative inhibitory effect on the ecological security of tourism. Industrial solid waste, the largest and most important pollutant in Huangshan City, significantly impacts the ecological security of tourism. The estimated coefficient of the upper environmental pollution quantile decreased with an increase in the quantile, indicating that environmental pollution is the main obstacle in low-level tourism ecological security areas, and that strengthening environmental governance is an important measure to improve the safety of regional ecological systems. The negative effect of pollution at higher levels is weaker. This is attributed to the implementation of relevant policies on environmental governance, optimization of the energy structure, and the development of green emission reduction technologies. (5) The change in the impact coefficient of the tourism load level variable has a positive impact effect, and the effect increases from the low quantile point to the high quantile point, indicating that the tourism reception and tourism load of Huangshan City have not yet exceeded the reasonable carrying capacity of the regional tourism environment; however, there is still room to receive more tourists and promote the development of tourism. (6) In terms of the changes in the influence coefficient of the regional greening degree variable, the influence coefficient of the regional greening degree decreases from the low quantile point to the high quantile point, indicating that the greening level of lower-level tourism ecological security units is low, and the resource background is not good. Moreover, the carrying capacity of the tourism industry is limited, and the degree of greening of such units has a greater marginal effect on the improvement of tourism ecological security. At the same time, with improvements in the level of tourism ecological security, all regions must strengthen urban greening construction, and the degree of greening cannot keep pace with the development of tourism which has a negative effect. (7) In terms of changes in the influence coefficient of the government intervention variables, overall government intervention has a positive effect with a large influence coefficient, and the influence coefficient decreases from the low quantile point to the high quantile point. The relatively large influence coefficient of government intervention on the low quantile points indicates that government departments should pay more attention to and strengthen the maintenance and governance of tourism ecological security in low-level areas. At the same time, with the improvement in the level of tourism ecological security, change the government intervention model, increase investment, and be wary that government intervention will not keep pace with the development of tourism. Governments should increase investments in environmental protection funds, strengthen environmental protection publicity, integrate tourism resources, and improve management efficiency which would affect the tourism’s ecological security. (8) In terms of the change in the influence coefficient of the educational level variable, the overall effect was positive and fluctuated upward, and the influence coefficient was relatively large. Residents in areas with high educational levels have a strong awareness of environmental protection, and travel modes tend to be green and low. Carbon can improve the ecological security of tourism. Education levels should be improved, which is important for promoting tourism ecological security in various regions.





5 Discussion



5.1 Theoretical implications

This study has important theoretical value for tourism ecological security, including the following points: First, from the perspective of composite ecological system theory and system theory, the interaction between the economy and environment-society subsystems in the tourism ecosystem is clarified. Moreover, the integrity, relevance, hierarchical structure, and dynamic balance of the evaluation system are emphasized. The PSR-EES evaluation index system was used to explore the temporal change and spatial evolution characteristics of tourism ecological security in Huangshan City. This is a follow-up research on ecotourism in tourism cities and has reference value for the evaluation of urban resilience and land security (Wang et al., 2021a).

Second, it explored the spatiotemporal evolution patterns and characteristics of tourism ecological security of tourism cities represented by Huangshan City and the small-scale regional perspectives at the district and county levels. This study not only provides a theoretical basis for the sustainable development of tourism ecology in the future but also makes great contributions to the implementation of policies and the coordinated development of regional tourism. This study not only reveals the characteristics of each grade transfer but also proves that the grade change process is affected by neighborhood grades. This study has theoretical contributions and practical value for the government to formulate policies that focus on the improvement of low-level areas, guard against the decline of high-level areas, promote the coordinated development and system of regional tourism, and improve the ecological security level of the entire tourist city.

Third, it clarifies the key factors of tourism ecological security and the direction and degree of different quantiles, which enriches the research methods for the factors affecting tourism ecological security. This solves the shortcomings of the lack of data verification and reliability in previous studies; only a single time point is calculated, and the direction of the influencing factors is lacking. This method not only measures the influencing factors of the whole period and the entire unit as a whole but also emphasizes the dynamic heterogeneity characteristics and changing trends of the driving factors under the background of different levels of tourism ecological security to better reflect the impact of various factors on tourism ecology. The reality of security impacts will help make policies more scientific and reasonable.




5.2 Practical implications

The results of this study will help maintain and improve the level of tourism ecological security and provide targeted improvement policies and suggestions. First, it is necessary to consider the systemic issues of the economy, environment, and society involved in the ecological security of tourism. Government managers should formulate policies to comprehensively promote tourism ecological security (Cernat and Gourdon, 2012), starting from the three levels of economy, environment, and society. It should strengthen restrictions on pressure factors, actively promote the improvement of tourists’ civilized quality and ecological awareness, reduce energy and resource consumption, and at the same time levy taxes on high-polluting industries to reduce pollutant emissions (Liu et al., 2017a); actively improve tourism ecology, strengthen regional greening, improve tourism service level and service quality, and actively promote the development of eco-tourism; take active response measures; strictly implement environmental protection-related policies; vigorously develop low-carbon industries and green industries; and strengthen pollution control (Ahmad et al., 2018), while strengthening spending on environmental protection and education, raising tourists’ awareness of ecotourism, and improving the cultural and professional levels of practitioners(Watson, 2008).

Second, the research results show that although the level of tourism ecological security in the districts and counties of Huangshan City has improved, there is an imbalance in the development of tourism ecological security between districts and counties. Simultaneously, the changes in the ecological security level of each district and county are affected by the neighborhood background. Therefore, the government must treat this phenomenon correctly, strengthen its guiding role, formulate targeted policies for the different development stages of each district and county, and promote the coordination and balance of development in each district and county (Liu, 2003). At the same time, it promotes inter-regional cooperation, giving full play to the leading role of regions with high levels of tourism ecological security such as She County and Huizhou District, each is the highest levels in counties and districts, promoting their governance experience, and providing experience and material support to regions with low levels. Promoting the coordinated development of tourism ecological security in Huangshan City and sustainable tourism development.

Third, the results show that government intervention, education level, and tourism development level have significant positive effects, whereas environmental pollution and economic development level have negative inhibitory effects on tourism ecological security. To promote sustainable development of the tourism industry, the government should actively promote the upgrading of the industrial structure, actively develop the tourism industry, and promote the development of the tourism industry from traditional to sustainable, green, and low-carbon to drive economic development (Ahmad et al., 2018). Large financial, environmental protection, and educational expenditures. Simultaneously, we formulated different strategies for different stages of ecological security levels, increased the degree of regional greening (Nepal et al., 2019), and fiscal expenditures in lower-level areas such as Qimen County and Huangshan District, and focused more on units with higher levels of tourism ecological security transformation and upgrading of the tourism industry, investment in education, and improvement in the overall quality of tourism practitioners.




5.3 Limitations and future research

Although this study draws some conclusions in the analysis of tourism ecological security in Huangshan City, there are still some deficiencies, such as the difficulty in obtaining statistical data on environmental pollution and energy consumption directly caused by tourism. Owing to the difficulty in collecting data from districts and counties, the absence of older data has led to certain limitations in the research results. At the same time, at the data level, data types can be enriched in future research (e.g., satellite remote sensing image data(Sun et al., 2021), especially hyperspectral (HS) data and high spatial resolution (HR) (Sun et al., 2022), tourism flow big data, pollution monitoring site data, tourists’ and residents’ ecological security perception questionnaire data) to further enrich the evaluation of the tourism ecological security index system.





6 Conclusions

Based on the PSR-SEE model, this study scientifically measures the tourism ecological security index of Huangshan City from 2000 to 2019 and uses the entropy weight method, the improved TOPSIS method, Markov chain, space Markov chain, gray correlation analysis, and other methods to analyze Huangshan. The characteristics and influencing factors of the dynamic evolution of the city’s tourism ecological security were deeply analyzed. The main conclusions are as follows.

During the study period, the average level of tourism ecological security in all districts and counties of Huangshan City was 0.359, and the average index increased from 0.288 in 2000 to 0.432 in 2019, showing a steady upward trend. The ecological security of tourism in Huangshan City lies between deterioration and risk levels. The number of districts and counties gradually decreased. In contrast, the number of sensitive levels and critical safety levels continued to increase. The overall development has been positive; however, there is still great potential for improvement. The ecological security indices of the four counties were generally higher than those of the three districts, and the tourism ecological security index of Yi County ranked first.

In terms of dynamic evolutionary characteristics, the type of transfer of tourism ecological security in Huangshan City has the characteristics of self-stability and path dependence. The transfer of regional tourism ecological security usually occurs sequentially between adjacent levels, and there is a risk of downward transfer. The transfer of tourism ecological security types in Huangshan City does not occur in isolation in geographical space. The neighborhood background plays a very important role in the dynamic change process of ecological security levels in various districts and counties of Huangshan City. There were significant differences in the types of tourism ecological security levels among different neighborhood backgrounds, which played different roles in the transfer of regional ecological security levels. The higher the neighborhood level, the higher the probability of upward transition.

In terms of influencing factors, tourism ecological security in Huangshan City is positively promoted by tourism development level, labor input, tourism load level, regional greening degree, government intervention, and education level. It is negatively affected by environmental pollution and economic development level inhibition. Among them, the negative inhibitory effect of environmental pollution and economic development level on low-level tourism ecological security units was more obvious, and the negative effect decreased with an increase in the tourism ecological security level. The overall positive impact coefficients of government intervention, educational level, and tourism development rank among the top three. The positive coefficients of the degree of regional greening and government intervention on low-level tourism ecological security units are larger, whereas the other indicators have larger impact coefficients on higher-level regions. The research results indicate that optimizing the structure of the above variables and improving the quality of comprehensive development is key to optimizing tourism ecological security in Huangshan City.
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It is of great practical significance to regional ecological conservation and restoration to explore the spatiotemporal variation characteristics of habitat quality in the ecologically fragile Loess Plateau. This study firstly explored the habitat quality in the Loess Plateau during 2000-2020 with the Integrated Valuation of Ecosystem Services and Trade-offs model. Then this study revealed the response characteristics of habitat quality to the fractional vegetation cover (FVC) change and human disturbance with the geographically weighted regression (GWR) model. Results showed habitat quality tended to improve in 51.16% of the study area, and area of high or very high habitat quality increased by 1.78%. Besides, FVC showed dominantly significant increase (62.42%) and high stability (69.66%) in the study area, and human disturbance increased remarkably in 18.11% of the study area but maintained the same level in 91.83% of the study area. Additionally, areas with positive correlation between habitat quality change and FVC and between habitat quality change and human disturbance change accounted for 52.56% and 37.38% of the study area, respectively, indicating FVC played dominant role in affecting the regional habitat quality variation. This study can provide important decision support information for the future ecological conservation of the Loess Plateau.
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1 Introduction

Habitat quality is one of the most important indicators of the regional ecosystem stability and sustainability, which has undergone significant variation in a number of ecologically fragile regions under the dual impacts of human activities and global climate change (Nelson et al., 2009; Wu, 2016). Habitat quality lays an important foundation for the provision of various ecosystem services such as the biodiversity conservation, reflecting the ability of regional ecosystems to provide the natural resources needed for the survival and sustainable development of plants and animals (Wilsey et al., 2012; He et al., 2021; Pan et al., 2022). Habitat quality improvement is a key step of safeguarding regional ecological safety and human well-beings, which is of great significance to promoting the construction of ecological civilization (Grondin et al., 2014; Liu et al., 2021; Zhang et al., 2021). However, human activities such as land reclamation and urban construction land expansion have led to remarkable changes in the utilization mode, intensity and pattern of ecological resources, triggering various problems such as habitat fragmentation and degradation, which further lead to biodiversity loss and determination of various ecosystem services (Liu and Wang, 2018; Sun et al., 2019; Luan and Li, 2021; Luo et al., 2019). Exploration of the spatial and temporal variation characteristics of habitat quality can contribute greatly to clarifying the rationality of utilization of ecological resources and reflecting the effects of ecological restoration, which is of great significance to promoting regional ecological protection and construction (Wu, 2016; Lu et al., 2021).

The habitat quality has been explored with various models in recent decades, e.g., Artificial Intelligence for Ecosystem Services (ARIES), Social Values for Ecosystem Services (SolVES) and Integrated Valuation of Ecosystem Services and Trade-offs (InVEST) (Nelson et al., 2009; Niu et al., 2022). In particular, the InVEST model has been widely used to explore the habitat quality and its response to land use change due to its advantages such as easy operation, high accuracy and spatial visualization. For example, Nelson et al. (2009) explored the biodiversity of the Willamette Basin in the United States with the lnVEST model and revealed its relationship between habitat quality and species diversity. Baral et al. (2014) revealed the relationship between biodiversity and land use change with the InVEST model, and Sallustiol et al. (2017) explored the habitat quality in Italy with the InVEST model. Additionally, a number of scholars have carried out habitat quality assessment at different scales with the InVEST model in many regions of China such as Lanzhou, the Yellow River Basin, and western China, which provided important scientific support for ecological management (Yang et al., 2021; Niu et al., 2022).

Habitat quality is influenced by a variety of factors, among which the fractional vegetation cover (FVC) and human disturbance generally play a dominant role (Tang et al., 2018; Zhou et al., 2019; Wang J.F. et al., 2023). In fact, FVC generally serves as an effective indicator to reveal the response relationship between regional vegetation and habitat (Shi et al., 2016; Wang S.W. et al., 2023). FVC is closely related with various environmental factors (e.g., atmosphere, soil, and hydrology) and generally plays an important role in influencing various ecosystem services such as soil and water conservation, wind erosion control, climate regulation and carbon sequestration. In particular, FVC is generally sensitive to the habitat change and is therefore widely used an important response indicator of regional habitat quality change (Wilsey et al., 2012; Zellweger et al., 2016; Rechsteiner et al., 2017). However, most of previous studies have focused more on the habitat quality change under the influence of land use change and less on the relationship between vegetation change and habitat variation (Hou et al., 2021; Jiang and Wu, 2021; Wang et al., 2021). Land use change can affect the climate and ecological environment, and the human interference index (HII) based on the land use type can effectively reflect the degree of impacts of human activities on the ecological environment, which has been widely used to quantify the intensity of human activities (Liu et al., 2022). For example, the research of Grondin et al. (2014) and Zhao et al. (2015) laid a firm foundation for estimating the HII to reveal the intensity of human activities accurately.

The Loess Plateau as a key area connecting the upper and lower reaches of the Yellow River is an important part of ecological security strategic pattern of “Two Barriers and Three Belts” in China, playing a very important role in ensuring national ecological security and promoting coordinated regional development (Zhou and Cao, 2022; Wang S.Q. et al., 2023). However, the Loess Plateau is located in the transition zone of the arid and semiarid regions, with large topographic relief and complex topography, which is a typical ecologically fragile area sensitive to global climate change and human activities (Zhao et al., 2021; Wang Y. et al., 2023). Unfortunately, the increasing disturbance from human activities have led to great pressure on regional habitats in the Loess Plateau (Gao et al., 2016). Ecological protection and construction projects such as returning cropland to forest and grassland have therefore been implemented in the Loess Plateau, which acts as an important demonstration area of these projects. The habitat quality variation in the Loess Plateau has attracted wide attention, which can provide a scientific demonstration of the effectiveness of ecological protection and an example for the sustainable development of ecologically fragile areas. This study has therefore aimed to reveal the habitat quality of the Loess Plateau and explore its response characteristics to changes in the FVC and human disturbance so as to provide a reliable scientific basis for improving the ecological pattern of “landscapes, forests, fields, lakes, grass and sand” in the Loess Plateau.




2 Materials and methods



2.1 Study area

The Loess Plateau is located in the transition zone between the monsoon zone in eastern China and the arid zone in northwestern China (33°43′-41°16′N, 100°54′-114°33′E), with a total area of 640,000 km2 (Figure 1). The overall terrain is high in the west and low in the east, declining continuously from northwest to southeast, with a complex landscape including plains, plateaus, basins, mountains and hills, and the altitude is generally between 1200-1600 m. There is generally a temperate continental climate in the Loess Plateau, and the average annual temperature is approximately 9°C, with a low average annual precipitation of only 150-750 m, making the regional ecological environment very sensitive to climate change. In particular, the regional soil types mainly include cultivated loessial soil, cinnamon soil, burozem and dark loessial soil, and the regional vegetation types mainly include temperate deciduous broad-leaved forests, meadow grasslands and desert grasslands. The Loess Plateau has suffered from various ecological and environmental problems such as extensive soil erosion and high wind erosion under the influence of natural and anthropogenic factors such as loose soil, complex topography, concentrated rainfall and steep-slope reclamation. Improving the ecological environment and accelerating the comprehensive ecological management of the Loess Plateau are of great practical significance to maintaining the national ecological security and promoting the ecological protection and high-quality development of the Yellow River Basin. In fact, the habitat quality of the Loess Plateau has been restored to a certain extent since the implementation of a series of ecological protection and construction projects since the 1990s, e.g., returning cropland to forests and grasslands.




Figure 1 | Geographic location of the Loess Plateau.






2.2 Estimation of fractional vegetation cover and human disturbance

This study estimated the FVC on the basis of the Normal Difference Vegetation Index (NDVI) data extracted from the Spatial Distribution Dataset of Annual Vegetation Index (NDVI) in China with the spatial resolution of 1 km, which were provided by the Center for Resource and Environmental Science and Data of the Chinese Academy of Sciences (http://www.resdc.cn). This study extracted the NDVI data of the study area according to boundary data of the Loess Plateau and subsequently estimated the FVC during 2000-2019 with Equation (1) (Chen et al., 2023).

 

where FVC is the fractional vegetation coverage, NDVI is the NDVI value in each pixel, and NDVImax and NDVImin are the NDVI values in the densely vegetated pixels and sparsely vegetated pixels, respectively. This study then categorized the FVC into five classes, i.e., low coverage (0<FVC ≤ 30%), moderate-low coverage (30% <FVC ≤ 45%), moderate coverage (45%<FVC ≤ 60%), moderate-high coverage (60%<FVC ≤ 75%) and high coverage (FVC>75%) according to the “Soil Erosion Classification and Grading Standard” (2008). Thereafter, this study carried out trend analysis of the FVC at the pixel scale using the one-way linear regression method (Zhu et al., 2018), which reflected the trend of FVC the slope in Equation (2):

 

where slope is the slope of the trend line; ti is the ith year of 2000-2019; n is the total length of the time series (n = 20);   is the FVC in the ith year. The F-test was further conducted to analyze the significance of the results to check whether the change of FVC is significant. The study area was thereafter classified into five categories according to the results of linear regression and F-test, i.e., significantly improved areas (slope>0 and P<0.01), improved areas (slope>0 and 0.01<P<0.05), basically stable areas (P>0.05), degraded areas (slope<0 and 0.01<P<0.05), and significantly degraded areas (slope<0 and P<0.01). Additionally, this study used the coefficient of variation (CV) of the FVC to further reveal the spatial characteristics of the FVC change. The FVC change in the study area was thereafter classified into five categories according to the CV, namely, very low variation (CV ≤ 0.1), low variation (0.1<CV ≤ 0.2), moderate variation (0.2<CV ≤ 0.3), high variation (0.3<CV ≤ 0.4), and very high variation (CV>0.40).

The human disturbance intensity reflects the degree of human utilization, modification and exploitation of the terrestrial surface (Zhu et al., 2018). As for a given region, there are generally multiple ecosystem types with various area percentage and different human disturbance intensity. This study therefore determined the grade of human disturbance intensity of different ecosystem types according to the results of previous studies at the spatial resolution of 1 km (Zhao et al., 2015; Liu et al., 2022) (Table 1). Specifically, the ecosystem types were determined based on the Global 30-meter Land Cover (GlobeLand30) dataset (http://www.globallandcover.com/), which contains 10 major land cover types, namely, cropland, forest, grassland, shrub land, wetland, water bodies, tundra, man-made land, bare ground, glacier, and permanent snow. This study estimated the human disturbance index with weighted summation, which can reflect the degree of human disturbance in the study area, and it was meanwhile standardized as Equation (3):


Table 1 | Grades of the human disturbance intensity of different ecosystem types.



 

where HDI is the human disturbance index, ranging between 0-1. Di is the grade of human disturbance intensity of the ith ecosystem types, Propiis the area percentage of the ith ecosystem types. The human disturbance intensity in the study area was categorized with the natural breakpoint method into five levels, i.e., very low disturbance, low disturbance, moderate disturbance, high disturbance and very high disturbance.

In this study, the changing trend of human disturbance was characterized with the degree of change of the human disturbance index (Vd), which was calculated as Equation (4):

 

where Vd is the degree of change of the human disturbance index from the ith year to the jth year. HDIi and HDIj are the human disturbance indices in the ith and jth year, respectively; Vd was further classified into five categories, i.e., significant decrease (Vd≤-0.1%), slight decrease (-0.1%<Vd≤-0.01%), basic equilibrium (-0.01%<Vd ≤ 0.01%), slight increase (0.01%<Vd ≤ 0.1%), and significant increase (Vd>0.1%).




2.3 Assessment of habitat quality

This study assessed the habitat quality with the InVEST model based on the regional land use, habitat suitability, threat source intensity and sensitivity (Huang et al., 2020; Liu et al., 2021) as Equation (5):

 

where   is the habitat quality index of the xth grid of the jth ecosystem type;   is the threat level of the xth grid of the jth ecosystem type;   is the habitat suitability; k and z are the scale parameters, which are constants. The habitat quality of the study area was classified into five categories with the equal interval method, i.e., very high (0.8-1), high (0.6-0.8), moderate (0.4-0.6), low (0.2-0.4), and very low (0-0.2).

In this study, the man-made land surface and cropland were treated as the threat factors affecting the habitat quality of the study area. Taking into account the characteristics of terrain of the Loess Plateau and referring to the previous studies (Huang et al., 2020; Liu et al., 2021; Pan et al., 2022; Zhou and Cao, 2022), this study determined the distance and weight of the impact of the threat factors (Table 2). Thereafter, this study determined the habitat suitability of the different ecosystem types and their relative sensitivity to different threat sources (Table 3).


Table 2 | Parameters of threat factors.




Table 3 | Habitat suitability of different ecosystem types and their sensitivity to threat factors.






2.4 Exploration of response relationship of habitat quality change

This study used the 5 km × 5 km grid as the basic unit for exploring the spatial variation characteristics of habitat quality in response to FVC and human disturbance. Taking the habitat quality change as an explanatory variable and the change of FVC and human disturbance index as explanatory variables (Pan et al., 2022), this study analyzed the causal relationship between them with the Geographically Weighted Regression (GWR) in the ArcGIS software as Equation (6).

 

where   is the habitat quality change, of the ith sample unit;   is the geocentric coordinates of the ith sample unit; β0(ui, vi) is the intercept of the ith sample unit;   is the coefficient of local estimation about the independent variable  ; and   (i =1,2,…k) is the error term with a mean of 0 and variance of  . The AICc model was used to estimate the bandwidth in this study, with a width of 14.49 km.





3 Results and discussion



3.1 Characteristics of FVC change

The results showed that the FVC of the Loess Plateau showed an overall increasing trend during the study period (R2 = 0.8116). In particular, the FVC after 2011 was all higher than the average annual value and peaked in 2018 (Figure 2). This may be mainly due to the fact that the pilot work of returning cropland to forests and grasslands was carried out in the study area in 1999 to control human activities such as land reclamation, and the vegetation restoration effect proved to be satisfactory, with a significant increase of the FVC. Additionally, the FVC of the Loess Plateau showed remarkable fluctuation, with a fluctuation cycle of approximately 5 years. This may be mainly due to the influence of climatic fluctuations such as precipitation variation.




Figure 2 | Inter-annual variation of the FVC of the Loess Plateau during 2000-2019.



The FVC was overall stable in most part of the Loess Plateau, generally showing a slightly increasing trend, which was closely related to the mountain range orientation and distribution of vegetation types. First, the average value of the FVC was overall high in the east part and low in the west part of the Loess Plateau during 2000-2019, showing a decreasing trend from east to west (Figure 3A). The area of high coverage accounted for 30.64% of the Loess Plateau, mainly distributed in the Luliang Mountains, Qinling Mountains, Ziwuling Mountains and Huangshui Valley, roughly coinciding with the direction of the mountain ranges, where the vegetation types dominantly included the forest, grassland, and cropland. The area of low coverage and moderate-low coverage accounted for 28.64% of the study area, mainly distributed in the Ordos Plateau, Helan Mountains, Yinshan Mountains, Mu Us Sandland, where the vegetation types were relatively few, mainly including grassland and desert. The area of moderate coverage and moderate-high coverage accounted for 40.72% of the study area, mainly distributed in the transition zone between the areas of high coverage and low coverage. Besides, most part of the Loess Plateau showed a significant increase of the FVC, accounting for 62.42% of the study area (Figure 3B). the area of significant decrease of the FVC accounted for only 2.41% of the study area, which was mainly distributed in the built-up parts of the urban areas and neighboring areas of cities such as Luoyang, Xi’an, Xianyang, Weinan, Yinchuan, Baotou and Hohhot. There was generally more drastic urban development and construction activities in these areas, which led to an obvious decreasing trend of the FVC. In addition, most part of the study area showed low variation of the FVC, accounting for 69.66% of the study area, where the CV was generally less than 0.2 (Figure 3C). Specifically, the CV was even lower in of the areas of high coverage, indicating the high stability of the FVC in these areas, which was primarily due to the fact that these areas were dominated by forest and the local ecosystems were very stable. Moreover, there was significant variation of the FVC in western part of the study area, mostly in the upper reach of the Yellow River. This was mainly due to the fragile ecological environment and the relatively homogenous vegetation types in these areas, which are generally very vulnerable to climate change and human disturbance.




Figure 3 | Spatial pattern of (A) fractional vegetation cover, (B) significance test results and (C) coefficient of variation of FVC on the Loess Plateau.






3.2 Characteristics of human disturbance

There was significant spatial and temporal heterogeneity of the human disturbance index in the Loess Plateau. First, the human disturbance index of the Loess Plateau showed an overall spatial pattern of increasing from the center to the surroundings (Figure 4A), with the mean value of 0.4862 in 2020, which was higher than the national average level (0.4154). Specifically, there was dominantly moderate disturbance in most part of the Loess Plateau in 2000, accounting for 41.74% of the study area (Table 4), which was mainly distributed in the forest and forested grassland zones. The area of low disturbance accounted for 35.29% of the study area, which was mainly distributed in the forest and grassland areas of the Kubuqi Desert, Mu Us Desert, Meridian Ridge, Lvliang Mountains and hilly forest and grassland areas of the Haidong Mountains. The areas of moderate or low disturbance together accounted for 77.03% of the study area, covering the main part of the Loess Plateau. The areas of high and very high disturbance accounted for 21.90% and 1.06% of the study area, respectively, which were mainly distributed in urban built-up areas in border regions of the Loess Plateau.




Figure 4 | Spatial pattern of the classes of the human disturbance index in 2020 (A) and interconversion of human disturbance classes during 2000-2020 (B) in the Loess Plateau.




Table 4 | Statistics of the habitat quality change in the Loess Plateau.



The spatial characteristics of human disturbance in the Loess Plateau was further revealed with the inter-transformation of different human disturbance classes (Figure 4B), which suggested the human disturbance level kept approximately stable in 91.83% of the study area. The change of the human disturbance level occurred in a few parts of the study area, which were mainly concentrated in the desert grassland area along the Dongsheng-Yulin route. There was mainly the transformation from low disturbance to moderate disturbance and from moderate disturbance to high disturbance, which accounted for 41.93% and 32.16% of the total area with the change of the human disturbance level, respectively.




3.3 Characteristics of habitat quality change

The habitat quality in the Loess Plateau showed remarkable spatial heterogeneity during the study period (Figure 5). Specifically, the percentage of areas of high or very high habitat quality was 44.96% in 2020, with an overall increase of 1.78% during the study period. These areas were mainly distributed in the Taihang Mountains, Luliang Mountains, northern Qinba Mountains, Qilian Mountains of Qinghai and Ziwuling Mountains, etc. There was mainly mountainous terrain in these areas, where the land use types are dominantly woodlands and grasslands and the main vegetation types included deciduous broadleaf forests, deciduous and evergreen broadleaf forests and alpine meadows, with a high FVC and limited human activities. The areas with low or very low habitat quality accounted for 42.84% of the study area in 2020, with a decrease of 0.79% during the study period. These areas were mainly distributed in the Ordos Plateau, Ningxia Plain, Hetao Plain, Fenwei Plain, etc., which were generally centered on the urban areas and expanded in all directions. These areas were generally dominated by cropland and desert grassland, but the encroachment of grassland by cropland reclamation and urban construction land expansion led to gradual degradation of the habitat quality. The areas with moderate habitat quality accounted for 12.02% of the study area in 2020, decreasing by 0.98% in comparison with that in 2000, these areas were scattered in the eastern part of the Ordos Plateau and the forest and forest-steppe ecological zones of the pre-mountain hills of the Yellow River in Shaanxi Province and Shanxi Province. Overall, the habitat quality was generally stable in areas with high habitat quality but showed relatively drastic variation in areas with low habitat quality, especially in the Hetao Plain, the Yinshan Mountains, the northern Shaanxi Plateau and the northern Longzhong Plateau.




Figure 5 | Habitat quality in the Loess Plateau in (A) 2000, (B) 2010 and (C) 2020.



The results suggested there was an overall improvement of habitat quality of the Loess Plateau (Table 4). Specifically, the area of high and very high habitat quality both showed an expanding trend during the study period, increasing by 0.84% and 0.94%, respectively. Meanwhile the area of low habitat quality showed a decreasing trend, decreasing by 0.11% and 2% during the first period (2000-2010) and the second period (2010-2020), respectively. The area of very low habitat quality increased to some degree, with an increase of 0.29% during the first period and 1.02% during the second period. By contrast, there was limited change of the area of moderate habitat quality. Besides, the areas with transformation of habitat quality classes accounted for 40.75% of the study area during 2000-2020, 20.85% out of which showed a shift to better habitat quality. In particular, 4.16% of the study area showed the transformation from very low habitat quality to high habitat quality, which was mainly distributed in the Erdos Plateau and the Haidong forest-steppe zone. Meanwhile 12.01% of the study area upgraded from low habitat quality to moderate habitat quality, which was mainly concentrated in the Hetao Plain, Yinshan Mountains, Shaanxi Plateau, and northern Longzhong Plateau, etc., accounting for the largest percentage of the area with transformation of habitat quality. 7.81% of the study area upgraded from low habitat quality to high habitat quality, which was widely distributed and scattered, generally with a small area. 7.02% of the study area upgraded from moderate habitat quality to high habitat quality, which was most prominent in the northern Shaanxi Plateau. 7.76% of the study area transformed from high habitat quality to very high habitat quality, which was widely distributed but generally with a small area, especially in the Mu Us Sandland and the Kubuqi Desert. This was primarily due to the fact that the continuous enhancement of regional ecological protection projects has contributed to the restoration and improvement of the habitat in these parts of the Loess Plateau to some extent (Zhao et al., 2017).




3.4 Response characteristics of habitat quality to influencing factors

The results showed there was significant spatial heterogeneity of the influence of FVC change and human disturbance on the habitat quality (Figure 6). On the whole, the FVC change showed a positive correlation with habitat quality change in 52.56% of the study area, indicting a greater effect on the habitat quality relative to human disturbance (37.38%). This suggested the positive influence of the FVC change on the habitat quality on the Loess Plateau gradually increased with the improvement of vegetation cover to some extent. Specifically, the correlation between the FVC change and habitat quality change was stronger in the Kubuqi Desert, Mu Us Desert, and Longzhong Plateau, where the local FVC was generally low and the implementation of ecological protection and construction projects effectively improved the regional vegetation cover and promoted the habitat quality while. By contrast, the areas with higher correlation between human disturbance and habitat quality change were mainly distributed in the Hetao Plain, Longzhong Plateau, Huangshui Valley, Haidong Forest Meadow Area, Qinba Mountainous Area, Shaanxi Plateau and the western part of Ordos Plateau. These areas were generally more densely populated, with larger area of cropland and construction land, and it is therefore necessary to continue to maintain the ecological protection and construction projects in these areas in order to obtain greater ecological benefits. Additionally, the spatial pattern of areas with lower correlation between FVC change and habitat quality change was generally consistent with that of the areas with high or very high FVC, where the ecological background was generally better and the vegetation types were primarily forest, grassland and meadow, with limited change of the FVC. By contrast, the areas with low correlation between human disturbance and habitat quality change were primarily consistent with the areas of low or very low habitat quality, where there was generally limited population.




Figure 6 | Spatial distribution of regression coefficients of the GWR model for habitat quality change in the Loess Plateau based on: (A) Fractional vegetation cover and (B) Human disturbance.







4 Discussion

The results of this study were consistent with previous studies (Zhou and Cao, 2022; Wang Y. et al., 2023), that is, the habitat quality of the Loess Plateau showed a significant spatial agglomeration trend and tended to improve continuously. On the spatial scale, the areas with high habitat quality were mainly distributed in the Taihang Mountains, Luliang Mountains, northern Qinba Mountains, and Ziwuling Mountains, etc. The land cover types in these areas were dominated by woodlands and grasslands, and the main vegetation types were deciduous broadleaf forests, deciduous and evergreen broadleaf forests, and alpine meadows, etc., the FVC of which was generally high. While the habitat quality was generally low in the Ordos Plateau, Ningxia Plain, Hetao Plain, Fenwei Plain, which was mainly due to the encroachment of grasslands by cropland reclamation and urbanization, showing a pattern of spreading in all directions with the towns and cities as the center. In particular, the habitat quality of the Loess Plateau showed significant spatial agglomeration. The high agglomeration areas were generally closely associated with the distribution of woodland and grassland, where there was low human disturbance and high habitat quality. While low agglomeration areas were generally in areas with more intensive human disturbance and lower habitat quality. In particular, land use change as one of the most important ways the human beings intervene in the ecological environment has been one of the most important influencing factor of the habitat quality in the Loess Plateau, among which the change of cropland and construction land greatly affects the regional habitat quality. The habitat quality of the Loess Plateau generally tended to improve on the time scale, which is mainly due to the implementation of policies such as “returning cropland to forests and grasslands” and also reflects the gradual realization of the effectiveness of some other ecological protection measures. It is therefore necessary to further maintain the ecological protection on the Loess Plateau at the current level, with more attention continuously paid to the changes in cropland and construction land, and ecological restoration measures should be tailored to local conditions in order to further improve the habitat quality.

The InVEST model was widely used to estimate the habitat quality in this study, which can increase the visibility of the results, but the parameter settings of the threat factors still rely heavily on expert knowledge, which is somewhat subjective and still needs to be further improved. It is necessary to further optimize parameter settings and carry out parameter localization based on long-term field observation and comprehensively consider the effects of different vegetation types, threat types, and FVC of the same vegetation types on the habitat quality in the future studies. Besides, the study area of this study is too large for carrying out large-scale validation, and small-scale experimental observations can be carried out for model validation and optimization according to the specific conditions in the future. In addition, this study only quantitatively analyzed the relationship between the habitat quality change and the FVC change and human disturbance, and it is necessary to further strengthen the research on the impacts of more influencing factors (e.g., climate change) on the habitat quality in the future research. In particular, it is necessary to further explore the specific impacts of different human disturbance on the habitat quality so as to better support the formulation and adjustment of major national policies.

Changes of vegetation cover in the Loess Plateau are influenced by a combination of geographic factors, which may interact with each other at the same time. For example, returning farmland to forests and grasslands on the slopes can lead to large-scale restoration of vegetation, which in turn has a feedback effect on the regional climate such as the local precipitation processes and ultimately contributes to the re-establishment of vegetation. In this cyclic feedback process, human activities can influence the change direction of vegetation to a certain extent. Besides, this study used the FVC as a factor affecting habitat quality because it is also a manifestation form of the impacts of human activities, which can influence the change of habitat quality. The human disturbance intensity is a comprehensive indicator that can reflect the extent to which all human interventions affect the ecosystems, but it is still a crude way to quantify the characteristics of human activities with only the land use change. In addition, ecological disturbance and restoration are a continuous process, but this study only obtained the human disturbance intensity in 2000, 2010 and 2020, the data of which are discrete, and the choice of time interval and spatial scale may lead to some uncertainties of the results. Moreover, this study used different grid scales such as 1 km and 5 km, and this study ignored the impacts of geographic, administrative, and economic distances due to the large area of the study area, all of which may lead uncertainties in the results to some degree. It is therefore necessary to take into account more natural factors and further refine the effects of human behaviors on vegetation cover in the future research. For example, it is necessary to use long time-series land use change as the basic data and explore long time-series habitat quality change and its response to drivers on multiple scales and take into multiple factors so as to better provide scientific support for the regional harmonious development of human and nature.




5 Conclusions

This study explored spatial and temporal change of the habitat quality in the Loess Plateau during 2000-2020 with the InVEST model and revealed its response characteristics to the FVC change and human disturbance with the GWR model. The major conclusions were as follows:

	(1) The habitat quality exhibited significant spatial and temporal heterogeneity in the Loess Plateau, and the spatial distribution of areas of high habitat quality was generally consistent with the direction of the Taihang Mountains, Luliang Mountains and Ziwuling Mountains during the study period, which was highly consistent with the spatial distribution pattern of the FVC.

	(2) The habitat quality tended to improve in 51.16% of the study area, which was a direct and concrete manifestation of the national ecological protection and restoration policies, and the areas of high or very high habitat quality increased by 1.78%, primarily including the Hetao Plain, Shanbei Plateau, northern Longzhong Plateau, Mu Us Sandy, and Kubuqi Desert.

	(3) The FVC change played a dominant role (52.56%) in influencing the habitat quality change in the Loess Plateau.
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Accurate identification of key areas for ecological restoration is an important foundation for orderly promotion of ecological restoration of territorial space. This study identified the key areas for ecological restoration in Kangbao County according to the research paradigm of “source identification – resistance surface construction – corridor extraction”. First, ecological source sites were identified and screened based on habitat quality modeling, morphological spatial pattern analysis and landscape connectivity analysis. Then, the base resistance surface was constructed using ArcGIS software and nighttime light data. Thereafter, ecological corridors were extracted and ecological pinch points and ecological barrier points identified with the Linkage Mapper plug-in. Forty ecological source sites with a total area of 68.06 km2 were identified in Kangbao County. These sites were dominated by woodland and grassland, and the integrity of these ecological source sites still needed to be improved. The 96 ecological corridors (total length of 743.81 km) were identified, which were densely distributed in the south and east parts of the study area, and there is still much room for improvement of the habitat connectivity. Additionally, 75 ecological pinch points (total area of 31.72 km2) and 69 ecological obstacles (total area of 16.42 km2) were identified. The key areas to be restored were mainly distributed in Yan Yufang, Har Chimega, Tuchengzi, Zhangji, and Danchenghe Townships. This study can lay a firm foundation for the ecological restoration in Kangbao County.
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1 Introduction

Territorial space is the material basis for the construction of an ecological civilization, formed by the interaction between the ecosystem and human society (Dai et al., 2021; Li et al., 2021). China’s long-term rough economic development model has led to a series of resource and environmental problems such as soil erosion, desertification, degradation of grassland and forest vegetation, and pollution of soil, water, and air (Di Giulio et al., 2009; Solow, 2017; Wang et al., 2019; Tutak et al., 2021; He et al., 2023). Therefore, the ecological restoration of land space has attracted increasing attention, and it is urgent to carry out ecological restoration (Yuan et al., 2022). The foundation for carrying out ecological restoration of Territorial space is to identify key areas for ecological restoration. In particular, Yu (1996) proposed the theory and method of identifying key areas for ecological restoration by constructing an ecological security pattern. This method comprehensively considers ecological landscape elements, spatial location, and connectivity strength and can effectively enhance the integrity of ecosystem structure and function, which provides an important way to identify key areas for ecological restoration in territorial space.

In recent years, research concerning the ecological security pattern has increasingly focused on ecological restoration of territorial space, and the basic research paradigm of “source identification – resistance surface construction – corridor extraction” has gradually formed (Liu and Chang, 2015; Ma et al., 2019; Peng et al., 2020). There are roughly two methods for identifying ecological sources: the most direct and simplest method is to select green spaces, water bodies, protected areas, mountain areas, and scenic sites as ecological sources (Vergnes et al., 2013; Zhao and Xu, 2015). Another method is to construct a comprehensive evaluation index system to identify ecological sources, where ecological sensitivity, ecological functions, landscape connectivity, ecological risk and habitat importance are generally involved, among which the habitat importance has been widely used (Peng et al., 2018a; Huang et al., 2020; Wang et al., 2022a; Ran et al., 2022). As an ecosystem service evaluation tool, the Integrated Valuation of Ecosystem Services and Trade-offs (InVEST) model can quantitatively assess the habitat quality, carbon storage and fixation, soil conservation and other service functions of ecosystems, identify ecological source areas based on landscape functional attributes (Rahimi et al., 2020; Zhang et al., 2020a; Zhang et al., 2020b; Zawadzka et al., 2021). The MSPA model can accurately distinguish the types and structures of landscapes, and has been widely used in the construction of ecological security patterns in recent years (Wang et al., 2022b; Yang et al., 2022). Based on the comprehensive application of the Integrated Valuation of Ecosystem Services and Trade off model and morphological spatial pattern analysis, this study considers landscape connectivity and identifies ecological sources by combining the functionality, structure, and connectivity of landscapes. Resistance surface construction studies usually select land use types and natural background characteristics as resistance factors, and use nighttime light data, Impervious Surface Index, traffic, and topography to correct the resistance surface to better reflect the impact of anthropogenic interference on the ecosystem (Zhu et al., 2020; Jin et al., 2021; Wang et al., 2022a). The ability of species to migrate and exchange is not only influenced by land types, but also influenced by factors such as human activities. Nighttime light data can accurately reflect the economic development situation, energy consumption, urbanization level, and other human activity factors (Zhang et al., 2016), and therefore the nighttime light data can be used to accurately determine the spatial pattern of human activity intensity levels. Methods for ecological corridor extraction generally include the minimum cumulative resistance, colony model, and circuit theory (Peng et al., 2019; Wang et al., 2020; Dai et al., 2021; Zhang et al., 2021). In particular, the circuit theory can overcome the limitation that the least cumulative resistance model only identifies the least-cost paths. Additionally, advantages of the circuit theory include the ability to explore the width of the corridor and accurate identification of the location of the nodes (McRae and Beier, 2007; McRae et al., 2008; Dilt et al., 2016; Peng et al., 2018b; Dickson et al., 2019; Huang et al., 2022; Zhang et al., 2022; Wu et al., 2023). Due to these characteristics of the circuit theory, studies of ecological security pattern based on the research paradigm of “source identification – resistance surface construction – corridor extraction” have generally included the identification of ecological obstacle points – irreplaceable key areas in the corridor, and ecological “pinch points”, areas in the ecological corridor that impede the flow of organisms (McRae et al., 2008; McRae et al., 2012; Cushman et al., 2013). Ecological pinch points and ecological obstacle points are both key aspects for ecological restoration of territorial space.The findings contributed to forming a more perfect research paradigm of “source identification – resistance surface construction – corridor extraction – key point identification” (Xu et al., 2022; Wu et al., 2023). While many studies have been performed, fewer studies have addressed ecological restoration of territorial space at the county scale based on the framework of “source identification – resistance surface construction – corridor extraction – key point identification”.

Kangbao County is an important part of China’s “Capital Water Cultivation Functional Area and Ecological Environment Support Area”. Kangbao County is also a national key ecological functional area, shouldering the construction of the Beijing-Tianjin-Hebei Ecological Protection Barrier meant to guarantee regional ecological security. In recent years, irrational resource utilization, development, and construction practices have seriously degraded and fragmented the county’s ecosystem. The forest coverage is now <30%, structure of forest stands is unreasonable, overall quality of arable land is poorer, and soil erosion and siltation of reservoirs are more serious. The contradiction between ecological environmental protection and economic development is becoming increasingly prominent, and ecological restoration of the national land space is an urgent priority. From the perspective of ecological security pattern, accurately identifying the key areas of ecological restoration in the country is necessary for ecological conservation in the region.

This study identified key areas for ecological restoration of territorial space in Kangbao County based on the ecological security pattern and the research paradigm of “source identification – resistance surface construction – corridor extraction – key point identification”. This study utilized the habitat quality model, morphological spatial pattern analysis and landscape connectivity analysis to comprehensively identify ecological sources. Then, this study constructed a comprehensive ecological resistance surface based on the minimum cumulative resistance (MCR) model and utilized nighttime light data to correct the basic ecological resistance surface to obtain the integrated ecological resistance surface. This study thereafter extracted the ecological corridors by combining with the circuit theory and finally identified the ecological pinch points and ecological obstacle points. The findings of this study can lay a firm foundation for a proposed restoration strategy for the key areas of ecological restoration in the territorial space. This study can also provide a theoretical basis for holistic and systematic ecological restorations of territorial space in Kangbao County, and reference data for other county scale land space ecological restoration studies.




2 Materials and methods



2.1 Study area

Kangbao County is located in the northwestern part of Hebei Province (114°11′–114°56′ E, 41°25′–42°08′ N) (Figure 1). The county has a total area of 3,365.67 km2. Kangbao County includes seven towns, eight townships, and two township-level units, with a total population of 269,600 in 2021. Located in the southeastern edge of the Inner Mongolia Plateau, the terrain from the northeast to the southwest is gently tilted, with diverse geomorphological types arranged in a well-organized manner from the northeast to the southwest of the ladder-type arrangement of the gradual decline. Kangbao County is in the temperate sub-arid zone of the East Asian continental monsoon climate, with no perennial rivers and rainfall as the main source of water. The whole area has 3169.93 km2 of agricultural and forest land, 88.99 km2 of construction land, and 106.75 km2 of other land (Figure 2). Kangba Nuoer National Wetland Park in Kangbao County is a natural plateau lake wetland with a well-protected ecosystem. The total area of 368.1 hectares includes 220 hectares of marsh wetlands.




Figure 1 | Overview of the study area: (A) geographical location, (B) geographical location, (C) elevation.






Figure 2 | Present situation of land use types of the study area.






2.2 Methods



2.2.1 Research framework

Based on ecological theory, this study utilizes the ecological security pattern to identify key areas for ecological restoration of territorial space at the landscape level. Three methods of habitat quality, morphological spatial pattern analysis, and landscape connectivity analysis were integrated in the ecological source area determination. The habitat quality index (HQI) of Kangbao County was calculated based on the habitat quality module in the InVEST model. Then, the morphological spatial pattern analysis method was used to analyze the landscape type, in which the core area was the potential ecological source area. Finally, the landscape connectivity analysis method was used to calculate the probable connectivity index of the patches and the importance index to realize the screening of the ecological source area patches. In order to simulate the distribution of resistance surfaces more accurately, based on the traditional explicit resistance surfaces based on land use types, implicit resistance surfaces, slope, and undulation factors were introduced to construct the base resistance surfaces. In order to more accurately simulate the distribution of resistance surfaces, on the basis of explicit resistance surfaces which is based on land use types, implicit resistance surfaces, slope, and undulation factors were introduced to construct the base resistance surfaces. The nighttime lighting index, which characterizes human activities, was used to correct the resistance surface. Based on the ecological source and comprehensive ecological resistance surface, the ecological corridor is extracted by combining the MCR model and the Linkage Mapper plug-in in the circuit theory. The ecological “pinch point” area and the ecological “obstacle point” area were identified to complete the construction of the ecological security pattern. Finally, ecological restoration strategies are proposed to address the problems in different regions. The research framework is shown in Figure 3.




Figure 3 | Technology roadmap.






2.2.2 Ecological source area identification



2.2.2.1 Habitat quality assessment based on the InVEST model

The HQI reflects the impact of human activities on the ecosystem; the greater the intensity of human activities, the greater the threat to the habitat and the lower its quality. Ecological source areas are places where the structure and function of ecosystems are relatively stable. These areas play an important role in maintaining ecosystem stability and providing high-quality ecosystem services and products (Yu, 1996). Considering the spatial structure of landscape elements and the importance of service functions, this paper comprehensively identifies patches with important ecosystem services, good connectivity, and a certain area as ecological source sites from three aspects: habitat quality, MSPA model and landscape connectivity. Specifically, in this study, based on the distribution of the integrated HQI and the results of the MSPA analysis, we selected the area where the high-quality habitat area intersects with the core area and screened out patches with an area < 0.01 km2, to reduce the negative impacts of the fine patches on the entire ecological source area, and to determine the preliminary ecological source area. In addition, with reference to the relevant literature, forest land, watershed, and grassland were selected as habitats, and transportation, urban villages, industrial and mining land, water conservancy facility land, cultivated land, and facility agricultural land were selected as habitat threat sources. The specific parameter settings are shown in Tables 1, 2 (Zhang and Fang, 2021). In this study, the Habitat Quality module of the InVEST model was used to estimate the HQI for Kangbao County using Equation 1 and Equation 2 (Berta Aneseyee et al., 2020; Zhang et al., 2020; Li et al., 2021).


Table 1 | Threats and their maximum influence distance, weight, and decay type.




Table 2 | Sensitivity of different land use types to threats.



 

 

where Qxj is the habitat quality of grid x in land use type j, and Hxj is the habitat suitability of grid x in landtype j, with land types determined with 2020 Kangbao County Current Land Use data at a spatial resolution of 30 m (data were provided by the Kangbao County Department of Natural Resources and Planning); k is the half-saturation constant, which is half of the highest habitat degradation value; z is the normalization constant, which takes the default value of 2.5; Dxj is the degree of habitat degradation of grid x in land type j; R is the number of threat factors; Yr is the total number of grid cells for the threat factor; Wr is the weight; ry is the number of threat factors on the grid cell; irxy is the influence distance of the threat factor; βx is the reachability level of the grid x; and Sjr is the sensitivity of the land type to the threat factor. In this study, the initial value of the half-saturation parameter was set as 0.5 to obtain the maximum degradation fraction of 0.706. Then, the k value was set to half of the maximum degradation fraction (0.353) for the second adjustment of the parameter. The results of the calculations were classified into five categories using the natural breakpoint method, which finally resulted in the distribution map of the HQI in the study area.




2.2.2.2 Landscape pattern analysis based on MSPA

MSPA was used to accurately identify landscape types that play an important role in maintaining landscape connectivity and do not overlap with each other (Vogt et al., 2009). Based on the current land use status classification standard, the land use types in the study area were classified into seven categories: cropland, forest land, garden land, grassland, watershed, construction land, and unutilized land. The three types of natural landscapes with high ecological service values, including forest land, grassland, and watershed, were taken as the foreground of the MSPA. The rest of the land use categories were taken as the background (Zhu et al., 2020). In order to preserve the small but important landscape elements in the study area, the grid cell size was set to 30 m × 30 m. The grid data were analyzed using Guidos Toolbox software, and the eight-neighborhood analysis was used to obtain seven landscape types that did not overlap with each other, including the core area, isolated island, pore, edge area, bridging area, traffic circle area, and spur (Zhang et al., 2017).




2.2.2.3 Landscape connectivity analysis

Landscape connectivity can reflect the level of connectivity between core patches within a region, which is key to maintaining ecosystem stability and wholeness, and is an important indicator of landscape patterns and ecological processes (An et al., 2021; Xu et al., 2022). In this study, Conefor 2.6 and Conefor Inputs for the ArcGIS plug-in were used to calculate Probability of Connectivity and patch significance index (dPC) for each patch to screen the initially identified ecological source sites. The patch connectivity distance threshold was set to 2500 m and the connectivity probability was set to 0.5. PC and dPC are calculated by Equation 3 and Equation 4 (Saura and Rubio, 2010; Cao et al., 2022).

 

 

Where PC is the landscape possible connectivity index; n denotes the total number of ecological patches; ai, aj is the area of ecological patches i and j, respectively; pij is the maximum value of the final connectivity of all paths between patch i and patch j; AL is the total area of the study area; dPC is the value of the importance of the connectivity of the patches, and PCremove is the connectivity index of the landscape after removing the patches.





2.2.3 Integrated ecological resistance surface construction

Explicit resistance surfaces and implicit resistance surfaces were constructed from the perspectives of patch extent and interactions of ecological resistance between patches, respectively. The weights of factors and resistance coefficients were determined with reference to relevant research results (Merrick and Koprowski, 2017; Wang et al., 2020). The results are shown in Table 3. Among these aspects, for explicit resistance surface construction, this study only considered land use types and assigned ecological resistance values to each type of patch. For implicit resistance surface construction, the first step was the extraction of the center of mass of each patch using ArcGIS. Then, ecological resistance values were assigned to the corresponding centers of mass of different land use types. Finally, comprehensive ecological resistance surfaces were constructed by Kriging interpolation. In addition, the slope and topographic relief were calculated for the elevation data using ArcGIS software to represent the topographic conditions, in which the digital elevation model data was SRTM V4.1 data with a spatial resolution of 90 m (the data were provided by the Center for Resource and Environmental Science and Data, Institute of Geoscience and Resources, Chinese Academy of Sciences). Finally, the resistance surfaces constructed by each factor were superimposed and analyzed by a grid calculator to obtain the base ecological resistance surface. The ability of nighttime light data to continuously characterize the intensity of human activity at the surface can reflect the level of internal variability affected by human disturbance (Carroll et al., 2020). Therefore, nighttime light data were utilized to correct the basic ecological resistance surface by Equation 5 (Guo et al., 2019). Finally, the integrated ecological resistance surface is obtained (Guo et al., 2019; Jin et al., 2021).

 


Table 3 | Weights and coefficients of resistance surfaces.



Where R* is the corrected resistance coefficient of the grid; TLIi is the nighttime light intensity value of the grid i; TLIa is the average nighttime light intensity value of the land type a; and Ro is the base resistance value of the grid i. In this study, we used the 2020 NPP-VIIRS satellite nighttime light remote sensing image data with a spatial resolution of 0.004 degrees provided by the Center for Resource and Environmental Science and Data, Institute of Geoscience and Resources, Chinese Academy of Sciences.




2.2.4 Ecological corridors extraction

The ecological source area and comprehensive ecological resistance surface data of Kangbao County were used as the basis for the analysis. The MCR model and circuit theory were comprehensively applied to construct the core network based on “cost-weighted distance and Euclidean distance” using the Linkage pathway tool of Linkage Mapper plug-in to complete the extraction of ecological corridors (McRae et al., 2012). Ecological corridors are calculated according to Equation 6 (Yu et al., 2018; Li et al., 2021).



Where MCR is the value of MCR; Dij denotes the spatial distance that species need to pass through from the source to the landscape unit; Ri denotes the ecological resistance coefficient of the landscape unit i; and f denotes that there is a positive correlation between the MCR and the ecological process. The maximum length of the corridor was set at 20,000 m.




2.2.5 Identification of ecological “pinch points” and ecological “barrier points” based on circuit theory

The Pinchpoint Mapper tool in the Linkage Mapper plug-in was used to identify ecological “pinch points”, where high current intensity areas are “pinch point” areas. These areas are considered key areas for ecological restoration (McRae et al., 2009). There are two modes in the tool, and related studies have shown that the “pinch point” areas obtained in the “adjacent pair” mode have no significance in maintaining the connectivity of the overall landscape (McRae et al., 2009), and organisms can move between two cores bypassing other cores. Therefore, the “raster centrality” mode was used to identify the ecological “pinch points”. This mode is divided into the pairwise and all-to-one categories. Taking the characteristics of territorial space ecological restoration into account, the “all-to-one” mode under the raster centrality was chosen to calculate the cumulative current density value of each image. Cost-weighted corridor width thresholds set at 1, 1.5, 2, and 2.5 km were set to obtain the ecological network current maps under different width thresholds (Cushman et al., 2013). The current intensity (cumulative current density value) was categorized into five levels using the natural breakpoint method. The higher and high level current intensity areas were selected as ecological “pinch points” in the study area.

Ecological barrier points are areas where species are more impeded in their migration between ecological source sites (McRae et al., 2012; McRae et al., 2012). The Barrier Mapper tool was utilized to identify ecological barrier points. The tool has two modes. One selects the Least Costly Pathway (LCD) Calculate Percentage of Improvement Score option, which identifies areas that are somewhat impeded but not completely impeded. The other mode does not select this option and identifies areas that are completely impeded (Cushman et al., 2013). Two modes were selected in this study for analysis at the same time. The minimum search radius was set as 50 m, maximum search radius was set as 200 m, step size was 50 m, “Maximum” was selected for the iterative operation, and the search and detection was performed using the moving window method. These parameters resulted in the cumulative current restoration value as the basis for the selection of ecological obstacles. Some restoration was carried out for obstacles, thus enhancing the connectivity of the region’s landscapes (Martin, 2017).






3 Results



3.1 Spatial distribution of ecological sources

In this study, habitats were categorized into five groups based on their quality assessment: low quality habitats (0−0.079), lower quality habitats (0.079−0.195), medium quality habitats (0.195−0.280), higher quality habitats (0.280−0.393), and high-quality habitat (0.393−0.722). The overall habitat quality in Kangbao County was low, with >60% of the area having a habitat quality score in the range of 0.079−0.195. There are 3,833 patches with a total area of 206.71 km2 in the high-quality habitat area, which accounted for <6.5% of the total area. The distribution was scattered. Forty-two patches had an area >1 km2 in the high-quality habitat area. Their total area of 97.82 km2 accounts for 47.32% of the area of the high-quality habitat area. Concerning high-quality habitat, the largest patch of (9.31 km2) is located in the southeast of Zhangji Township, the second largest patch (6.67 km2) is located in the southwestern part of Mandetang Township, and the third largest patch (5.83 km2) is located in the southwestern part of the County State Forestry Farm (Figure 4).




Figure 4 | Spatial distribution of habitat quality in Kangbao County.



Figure 5 shows the spatial pattern of the seven landscape types obtained using the MSPA model. The total area of these landscape types of 1807.37 km2 accounts for 53.70% of the total area of the study area. Among the types, the core area of 1303.78 km2 accounts for 72.13% of the total area of the landscape types, which are mainly distributed in the northern, northwestern and southeastern regions, with scattered distribution in the central part of the country. The isolated island area of 40.38 km2 accounts for 2.23%. The pore area of 55.53 km2 accounts for 3.07%. The fringe area of 250.27 km2 accounts for 13.85%. The traffic circle area is 39.45 km2 (2.18%), the bridging area is 50.26 km2 (2.78%), and the spur area is 67.69 km2 (3.75%). The results show that the core area is the largest among the seven landscape types, accounting for 38.74% of the total area of the study area. The land use types are mainly woodland and grassland.




Figure 5 | Spatial distribution of landscape type in Kangbao County.



The preliminary ecological source sites obtained in this study totaled 769 patches with a total area of 156.10 km2 (Figure 6A). Considering the large changes in elevation and topography in Kangbao County, landscape patches with dPC ≥ 1 and area ≥ 0.5 km2 were selected as the final ecological source sites in the study area based on the analysis results (Figure 6B). A total of 40 patches were obtained. These patches played a large role in landscape connectivity, with a total area of 68.06 km2 (Table 4), accounting for 2.02% of the total area of the study area. The results show that the distribution of ecological source land in Kangbao County is relatively decentralized, with a small patch area and a small proportion of the total area. It is mainly located in the county state forest farm, Yanyoufang Township, Habiga Township, Tuchengzi Township, Zhangji Township, Dengyoufang Township, Zhongyi Township, Mandetang Township, Kangbao Township, and Lijiadi Township.




Figure 6 | Identification results of ecological source area in Kangbao County: (A) preliminary identification, (B) further screening.




Table 4 | Ecological source site area and patch importance index.






3.2 Resistance surface construction results and distribution

Figure 7 shows that areas with lower resistance values in the explicit resistance surface may have higher resistance values in the implicit resistance surface. The differences are concentrated in the northeastern part of Kangbao County in Kangbao Ranch, Zhaoyanghe Township, Mandetang Township, and Tunchen Township, which usually have a large number of distributed and dispersed settlements. The resistance surfaces of slope factor and undulation factor are significantly affected by topography and geomorphology. The resistance value of the northern area with low mountainous terrain and relatively high elevation is significantly higher than that of the other areas, while the rugged terrain is not conducive to the migratory movement of the species, and plays a weaker role in the connectivity of the landscape. The areas with high resistance values in the base resistance surface are mainly distributed in the center of urban areas and townships in Kangbao County, as well as in the northern areas with large slopes and terrain undulations (Figure 8).




Figure 7 | Resistance surface of single-factor: (A) dominance resistance, (B) slope resistance, (C) recessivity resistance, (D) relief resistance.






Figure 8 | Basic resistance surface in Kangbao County.



Figure 9 shows that the spatial difference of the ecological resistance surface within the same land type is more obvious, indicating that the correction based on the nighttime light data has fully considered the impact of human activities on ecological processes. The minimum resistance value was 3.25, maximum resistance value was 775.65, and the average value was 11.13 in Kangbao County. The low resistance value area accounts for >70% of the total and is scattered. The high resistance value area accounts for <10% of the total, and is concentrated in the central urban areas of Kangbao Town, Zhangji Town, and Lijiadi Town, which is mainly affected by the urban construction land use and has frequent human activities.




Figure 9 | Resistance surface in Kangbao County: (A) modified resistance coefficient of nighttime light data, (B) comprehensive resistance surface.






3.3 Spatial distribution of ecological corridors

A total of 96 ecological corridors were extracted in this study. Their total length was 743.81 km, maximum length was 48.04 km, minimum length was 0.03 km, and average length was 7.75 km. Figure 10 shows that the distribution of ecological corridors in Kangbao County is uneven, with a small number of corridors and a large spatial span in the northern and western regions. In the southern and eastern parts of the study area, due to the fragmentation and scattered distribution of ecological source patches, the density of corridors is larger, mainly distributed in Dengyoufang Township, Tuchengzi Township, Habiga Township, Zhangji Township, Danqinghe Township, and Yanyoufang Township.




Figure 10 | Distribution of ecological corridors in Kangbao County.






3.4 Spatial distribution of key areas for ecological restoration of territorial space



3.4.1 Ecological “pinch point” identification

The cumulative current intensity differed at different thresholds. The increased corridor width threshold resulted in more migration and diffusion choices of organisms, in turn resulting in diversion of the current and leading to the gradual decrease of the cumulative current intensity in the “pinch point” area (Figure 11). The wider the corridor, the larger the area through which the ecological currents flow, the greater the number of ecological flow routes, and the more obvious the degree of ecological “pinch points”. However, the distribution of ecological “pinch points” is always kept within a certain range. The ecological network current map revealed that ecological “pinch points” are roughly distributed at the intersections of neighboring ecological sources, at the borders between ecological sources and ecological corridors, and at the intersections or inflection points between ecological corridors and ecological corridors. In addition, the landscape connectivity of the area is better and the ecological “pinch points” are more prominent when the width threshold is set at 2 km.




Figure 11 | Cumulative current intensity under different thresholds: (A) threshold value of 1 km, (B) threshold value of 1.5 km, (C) threshold value of 2 km, (D) threshold value of 2.5 km.



The current intensity (cumulative current density value) was categorized into five levels by the natural breakpoint method, and the increasingly higher current intensity areas were selected as ecological “pinch points” in the study area. Due to the serious fragmentation of the patches, this study excluded patches of <0.1 km2, and obtained a total of 75 ecological “pinch points” with a total area of 31.72 km2 and an average value of 0.42 km2. These “pinch points” are mainly located in Zhangji Township, Zhongyi Township, Yanyoufang Township, Danqinghe Township, Habiga Township, and Tuchengzi Township (Figure 12). In the northern part of the study area, there are few ecological “pinch points” due to large-scale mining, rugged terrain, and high degree of relief. In the central part of the study area, the distribution of “pinch points” is more dispersed due to the expansion of construction land and roads in the process of urbanization. In the southern part of the study area, the terrain is open and flat, and the distribution of “pinch points” is more concentrated. The ecological “pinch point” area is dominated by forest land, grassland, and cultivated land with high ecosystem quality and rich biological resources. The respective areas of grassland, cultivated land, forest land, construction, and water/garden/bare land are 7.17, 15.28, 0.18 km2, and <0.01 km2 in total.




Figure 12 | Spatial distribution of ecological pinch points in Kangbao County.






3.4.2 Ecological barrier points identification

Based on the results of the previous analysis, the 200 m gradient was selected as the most reasonable iteration radius to obtain the spatial distribution of the cumulative current recovery values in the two modes (Figure 13). Comparison of the cumulative current recovery values obtained in the calculated and uncalculated improvement fraction modes, relative to the LCD, showed that the maximum cumulative current recovery values were larger in the former, areas with higher cumulative current recovery values were more widely distributed, and magnitude of the numerical changes in the cumulative current recovery values along the paths connecting the different ecological source was larger. A total of 69 ecological barrier points were identified (Figure 14). They had a total area of 16.42 km2 and a maximum value of 1.51 km2. They are located in the northeast side of the Kangbanol National Wetland Park in the southern part of Kangbao Township. The main distribution and area of the ecological obstacles ranked in descending order of area as follows: Kangbao Township (3.36 km2), Tunken Township (3.00 km2), Yanyoufang Township (2.49 km2), Tuchengzi Township (1.67 km2), Zhangji Township (1.50 km2), Mandetang Township (1.16 km2), Habiga Township (0.88 km2), Danqinghe Township (0.69 km2), and Dengyoufang Township (0.65 km2). The types of land use in the ecological barrier points are mainly grassland and cultivated land, including 10.66 km2 of cultivated land, 3.65 km2 of grassland, 0.99 km2 of forest land, 0.94 km2 of construction land, 0.04 km2 of water area, and 0.03 km2 of bare land.




Figure 13 | Spatial distribution of cumulative current recovery value in Kangbao County: (A) no calculation of improved score pattern, (B) calculation of improved fractional percentage mode relative to LCD.






Figure 14 | Spatial distribution of ecological barrier points in Kangbao County.








4 Discussion

Based on the scale of urban agglomeration (Zhang et al., 2017), metropolitan area (Liu et al., 2023), provincial level (Wang et al., 2022a) and municipal level (Chen et al., 2023), this study determined the research paradigm and theoretical method of ecological security pattern at county level (Jin et al., 2021), and further identified the territorial ecological restoration area of Kangbao County. The study findings are more global, systematic, and complete than the traditional ecological protection and restoration studies targeting a single element. In this study, the theoretical methods of landscape ecology were integrated into the selection of ecological source sites, spatial structure and service function attributes of landscape elements were clarified, and methods of habitat quality assessment, MSPA analysis, and landscape connectivity analysis were comprehensively utilized, so as to practically comply with the characteristics of ecosystem systematicity, completeness and landscape connectivity required for ecological restoration of territorial space. In addition, in constructing the comprehensive ecological resistance surface, explicit resistance factors, implicit resistance factors, slope, and undulation were introduced and supplemented with nighttime light data for correction, which more accurately characterized the natural background conditions and the impact of human activities on the ecosystem. In addition, when extracting ecological corridors, traditional methods generally identify only least-cost paths (Lin et al., 2016), whereas the circuit theory used in this study better captures the stochastic nature of species’ choices for migratory paths. The advantage of the circuit theoretical model is that it can identify all possible connection paths, and is not limited to identifying a single optimal path. Based on circuit theory (Yang et al., 2021), the Linkage Mapper plug-in was utilized to accurately identify ecological “pinch points” and ecological “obstacle points” in the identification of ecological restoration critical areas.

There are still some shortcomings in this study. More in-depth research is needed. (1) At present, the selection of resistance factors, the determination of resistance values and weights have not yet formed a unified standard, especially the determination of resistance values is more subjective. In this study, we used the analytic hierarchy process (AHP) (Liu et al., 2020; Tang et al., 2020), principal component analysis (PCA) and Delphi method to identify land use type, elevation, relief, slope and NDVI as resistance factors, and further determined their resistance values and weights (Guo et al., 2021; Liu et al., 2023). By superimposing the foundation resistance surface with the grid, comparing the difference between the resistance value and the topography, it is found that the distribution of the resistance value is reasonable, and the range of the resistance value modified by the night light data is also in a reasonable range. However, whether the method of index selection, resistance value and weight determination in the construction of foundation resistance surface in this paper is scientific and accurate needs to be further verified. (2) The rationality of the corridor truncation distance threshold involved in the construction of county ecological security pattern in this study remains to be verified. Relevant scholars set the cost-weighted distance threshold as 2km when taking Qingdao as the research object (Qian et al., 2023), and 6000 as the cumulative cut-off threshold when taking Huaibei as the research area (Li et al., 2023). The Linkage Mapper User Guide (McRae and Kavanagh, 2011) specifies a maximum cut-off cost weighted distance threshold of 200,000. It was found that the upper limit of the threshold had little effect on the overall distribution of the ecological corridor, and the habitat quality of large patches and wider corridors was better, which could greatly reduce the land landscape resistance of species migration and diffusion, and improve the survival rate of species during migration. When the scale of the study area is roughly the same, there is no perfect setting of the threshold of the corridor width, so the research results are scientific if the threshold is determined within a reasonable range. In this study, the threshold of corridor truncation distance at county scale (Gao et al., 2022) was determined after comprehensive analysis and reference of other research results. (3) The landscape scene analysis results obtained by the model algorithm in this paper are based on the map spots in the third National land survey data. As the result data of the “third survey” are authentic and authoritative, the ecological pinch points and ecological obstacle points identified and their distribution are scientific and reasonable. The analysis results of ecological clip-points and ecological obstacle points obtained in this paper are verified through the relevant results of ecological restoration planning of territorial space, resource and environment carrying capacity and suitability evaluation of territorial space development, land consolidation planning, and ecological environmental protection planning of the “13th Five-Year Plan”, and the results are roughly the same as those obtained by scientific and technological workers. (4) Finally, further research is needed concerning the improvement of the connectivity of the ecosystem structure after the restoration of these critical areas.

This study identified the key areas for ecological restoration in Kangbao County and proposed classification and restoration suggestions based on the actual situation of the key areas for ecological restoration in territorial space. The ecological “pinch point” area carries important landscape connectivity functions, consistent with the principle of protection as the mainstay and human-made restoration as a supplement. Specifically, this study proposed two categorized restoration strategies. First, if the land use type in the ecological “pinch point” area is arable land, the ecological resistance can be lowered by planting more trees around the arable land, reducing the use of chemical fertilizers and pesticides, and further increasing the improvement of farmland and the surrounding habitats. These actions will improve landscape connectivity and ecological functions. Second, if the land use type of ecological “pinch points” is woodland or grassland, it is necessary to strengthen the cultivation and protection of vegetation, match forest species, and take measures that include such as forest restructuring, forest-farming and agriculture mixed cropping, and forest ecological engineering. These actions have several results. First, the structure of the woodland community is improved and good ecological space for the migration, habitat, and reproduction of species is provided. Second, a hierarchical protection system of woodlands can be implemented, and a full-coverage, three-dimensional system of regulating animal husbandry can be established, to promote the rational development and utilization of woodland. Third, the precise implementation of the system of water retention in the ground, forests, and grasses can be implemented, to achieve the goal of “bringing water to greenery, nourishing water with greenery and protecting the shoreline with forests,” so as to enhance the capacity of the whole region in terms of water containment.

The restoration of the ecological obstacle point area can greatly reduce the resistance in the ecological process, enhance the landscape connectivity, and effectively optimize the overall ecological security pattern of the region. Thus, adoption of restoration-oriented and protection-oriented restoration measures are warranted. Concerning ecological obstacles, six recommendations can be made, taking into account the current land use situation in the study area. First, the key to ecological barrier restoration is to focus on improving the ecological service capacity and quality of arable land. For arable land outside the scope of permanent basic farmland, returning farmland to forests and grasses can be carried out in accordance with the principles of greenness, ecology, and high efficiency. For arable land within the scope of permanent basic farmland, under the premise of ensuring that there is no deterioration in the quality or decrease in the area, the comprehensive improvement of farmland can be performed, and farmland can be developed in the direction of ecological conservation and cultural landscape. The second recommendation is to strength the management and protection of woodlands and grasslands within ecological obstacle sites, expand the area of woodlands and grasslands, and increase the vegetation cover. The foci are on slope to ladder conversion and the construction of ditches and dams, advancing the soil and water conservation management of grassland areas on dams and dams, and preventing and controlling land sands and desertification, while utilizing biological measures to increase vegetation cover and maintain and improve land productivity. The aim is to accelerate the construction of ecological and economic forests, agricultural protection forests, and ecological forests for the public good. The third recommendation involves the small amount of construction land scattered within the ecological barrier points. Comprehensive remediation is being performed on rural collective construction land, low-utility land, and idle land, to urbanize farmers’ residences, effectively increase the arable land area, and scale-up land management. The fourth recommendation concerns mining land, including mines whose resources have been depleted. Priority is given to important ecological function areas, residential living areas, sensitive mountains along transportation routes, and other sites. Comprehensive management measures, where appropriate, such as greening, building construction, and landscaping are taken to actively promote the restoration of the environmental management of mines. For mining land, mines, and other sites that have already been damaged, re-greening of visually exposed mountains is performed to restore the natural landscape to the maximum extent possible, and to avoid wind, sand, and dust from contaminating the surrounding atmosphere. The fifth recommendation concerns regional waters and water conservancy facilities. Further promotion of green water-saving development methods is needed. Other initiatives include promotion of agricultural water-saving technologies, strict control of the area of new high water-consuming cash crop cultivation, and guiding the promotion of “water to drought”. The sixth recommendation concerns bare land. Comprehensive remediation of land sanding should be done and soil sanding should be improved by adopting sand-fixing methods that are mainly based on plant sand fixation and supplemented by engineering measures. As well, comprehensive remediation of soil salinization is needed and reduction of the content of salt in the soil achieved by improved agricultural measures, chemical amelioration, biological amelioration, and other measures.




5 Conclusion

This study identified ecological source areas based on habitat quality assessment, MSPA analysis, and landscape connectivity analysis, corrected the base resistance surface using nighttime light data, extracted ecological corridors by combining the MCR model and circuit theory, completed the construction of the ecological security pattern in Kangbao County, identified the key areas of ecological restoration by using Linkage Mapper plug-in, and proposed restoration strategies in one step. Forty ecological sources were identified in Kangbao County. The total area of 68.06 km2 is dominated by forests and grasslands, with scattered patches. The overall ecological sources still need to be improved. Ninety-six ecological corridors with a total length of 743.81 km were identified. The corridors are more densely distributed in the southern and eastern parts of the county, and there is still much room for improvement in the connectivity of the habitats. Kangbao County has 75 ecological “pinch points” to be restored and 69 ecological barrier points, with a total area of 48.14 km2. The key areas to be restored are centrally located in Yanyoufang, Habiga, Tuchengzi, Zhangji, and Danqinghe Townships. Based on the spatial distribution characteristics of the areas to be restored in Kangbao County, the current types of land, and the ecological characteristics of the study area, it is proposed that the ecological “pinch points” should be mainly protected by nature and restored by humans, while the ecological barrier points should be restored by humans and protected by nature. Specific optimization measures should be taken for the different types of ecological “pinch points” and “barrier points”.





Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.





Author contributions

XJ: Conceptualization, Formal Analysis, Funding acquisition, Investigation, Methodology, Visualization, Writing – original draft. ZT: Formal Analysis, Investigation, Methodology, Writing – original draft. HY: Data curation, Funding acquisition, Resources, Software, Writing – original draft. GS: Conceptualization, Funding acquisition, Investigation, Project administration, Resources, Supervision, Writing – review & editing. JM: Data curation, Investigation, Resources, Software, Supervision, Visualization, Writing – review & editing.





Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This research was financially supported by the China Postdoctoral Science Foundation (2019M650823) and the 333 Talent Project of Hebei Province (C20221028).





Conflict of interest

Author JM was employed by Hebei Geographic Information Group Co., Ltd.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





References

 An, Y., Liu, S., Sun, Y., Shi, F., and Beazley, R. (2021). Construction and optimization of an ecological network based on morphological spatial pattern analysis and circuit theory. Landscape Ecol. 36, 2059–2076. doi: 10.1007/s10980-020-01027-3

 Berta Aneseyee, A., Noszczyk, T., Soromessa, T., and Elias, E. (2020). The inVEST habitat quality model associated with land use/cover changes: A qualitative case study of the Winike watershed in the Omo-Gibe basin, southwest Ethiopia. Remote Sens. 12, 1103. doi: 10.3390/rs12071103

 Cao, X., Liu, Z., Li, S., and Gao, Z. (2022). Integrating the ecological security pattern and the PLUS model to assess the effects of regional ecological restoration: A case study of Hefei City, Anhui province. Int. J. Environ. Res. Publ. Health 19, 6640. doi: 10.3390/ijerph19116640

 Carroll, K. A., Hansen, A. J., Inman, R. M., Lawrence, R. L., and Hoegh, A. B. (2020). Testing landscape resistance layers and modeling connectivity for wolverines in the western United States. Global Ecol. Conserv. 23, e01125. doi: 10.1016/j.gecco.2020.e01125

 Chen, X., Kang, B., Li, M., Du, Z., Zhang, L., and Li, H. (2023). Identification of priority areas for territorial ecological conservation and restoration based on ecological networks: A case study of Tianjin City, China. Ecol. Indic. 146, 109809. doi: 10.1016/j.ecolind.2022.109809

 Cushman, S. A., McRae, B., Adriaensen, F., Beier, P., Shirley, M., and Zeller, K. (2013). Biological corridors and connectivity. Key topics in conservation biology 2, 384–404.

 Dai, L., Liu, Y., and Luo, X. (2021). Integrating the MCR and DOI models to construct an ecological security network for the urban agglomeration around Poyang Lake, China. Sci. Total Environ. 754, 141868–141868. doi: 10.1016/j.scitotenv.2020.141868

 Dickson, B. G., Albano, C. M., Anantharaman, R., Beier, P., Fargione, J., Graves, T. A., et al. (2019). Circuit-theory applications to connectivity science and conservation. Conserv. Biol. 33, 239–249. doi: 10.1111/cobi.13230

 Di Giulio, M., Holderegger, R., and Tobias, S. (2009). Effects of habitat and landscape fragmentation on humans and biodiversity in densely populated landscapes. J. Environ. Manage. 90, 2959–2968. doi: 10.1016/j.jenvman.2009.05.002

 Dilt, T. E., Weisberg, P. J., Leitner, P., Matocq, M. D., Inman, R. D., Nussear, K. E., et al. (2016). Multiscale connectivity and graph theory highlight critical areas for conservation under climate change. Ecol. Appl. 26, 1223–1237. doi: 10.1890/15-0925

 Gao, M., Hu, Y., and Bai, Y. (2022). Construction of ecological security pattern in national land space from the perspective of the community of life in mountain, water, forest, field, lake and grass: A case study in Guangxi Hechi, China. Ecol. Indicat. 139, 108867. doi: 10.1016/j.ecolind.2022.108867

 Guo, J. X., Hu, Z. Q., Li, H. X., Liu, J., Zhang, X., and Lai, X. (2021). Construction of municipal ecological space network based on MCR model. Trans. Chin. Soc. Agric. Machinery 52 (3), 275. doi: 10.6041/j.issn.1000-1298.2021.03.031

 Guo, R., Wu, T., Liu, M., Huang, M., Stenardo, L., and Zhang, Y. (2019). The construction and optimization of ecological security pattern in the Harbin-Changchun urban agglomeration, China. Int. J. Environ. Res. Publ. Health 16, 1190. doi: 10.3390/ijerph16071190

 He, W., Zhang, K., Kong, Y., Yuan, L., Peng, Q., Mulugeta Degefu, D., et al. (2023). Reduction pathways identification of agricultural water pollution in Hubei Province, China. Ecol. Indic. 153, 110464. doi: 10.1016/j.ecolind.2023.110464

 Huang, J., Hu, Y., and Zheng, F. (2020). Research on recognition and protection of ecological security patterns based on circuit theory: a case study of Jinan City. Environ. Sci. pollut. Res. Int. 27, 12414–12427. doi: 10.1007/s11356-020-07764-x

 Huang, K., Peng, L., Wang, X., and Deng, W. (2022). Integrating circuit theory and landscape pattern index to identify and optimize ecological networks: a case study of the Sichuan Basin, China. Environ. Sci. pollut. Res. Int. 29, 66874–66887. doi: 10.1007/s11356-022-20383-y

 Jin, X., Wei, L., Wang, Y., and Lu, Y. (2021). Construction of ecological security pattern based on the importance of ecosystem service functions and ecological sensitivity assessment: a case study in Fengxian County of Jiangsu Province, China. Environ. Dev. Sustain. 23, 563–590. doi: 10.1007/s10668-020-00596-2

 Li, J., Song, C., Cao, L., Zhu, F., Meng, X., and Wu, J. (2011). Impacts of landscape structure on surface urban heat islands: A case study of Shanghai, China. Remote Sens. Environ. 115 (12), 3249–3263. doi: 10.1016/j.rse.2011.07.008

 Li, Q., Wang, L., Gul, H. N., and Li, D. (2021). Simulation and optimization of land use pattern to embed ecological suitability in an oasis region: A case study of Ganzhou district, Gansu province, China. J. Environ. Manage. 287, 112321. doi: 10.1016/j.jenvman.2021.112321

 Lin, Q., Mao, J., Wu, J., Li, W., and Yang, J. (2016). Ecological security pattern analysis based on InVEST and Least-Cost Path model: a case study of Dongguan Water Village. Sustainability 8 (2), 172. doi: 10.3390/su8020172

 Liu, D., and Chang, Q. (2015). Ecological security research progress in China. Acta Ecol. Sin. 35, 111–121. doi: 10.1016/j.chnaes.2015.07.001

 Liu, X., Su, Y., Li, Z., and Zhang, S. (2023). Constructing ecological security patterns based on ecosystem services trade-offs and ecological sensitivity: A case study of Shenzhen metropolitan area, China. Ecol. Indic. 154, 110626. doi: 10.1016/j.ecolind.2023.110626

 Liu, X., Wei, M., and Zeng, J. (2020). Simulating urban growth scenarios based on ecological security pattern: A case study in Quanzhou, China. Int. J. Environ. Res. Public Health 17 (19), 7282. doi: 10.3390/ijerph17197282

 Ma, L., Bo, J., Li, X., Fang, F., and Cheng, W. (2019). Identifying key landscape pattern indices influencing the ecological security of inland river basin: The middle and lower reaches of Shule River Basin as an example. Sci. Total Environ. 674, 424–438. doi: 10.1016/j.scitotenv.2019.04.107

 Martin, D. M. (2017). Ecological restoration should be redefined for the twenty-first century. Restor. Ecol. 25 (5), 668–673. doi: 10.1111/rec.12554

 McRae, B. H., and Beier, P. (2007). Circuit theory predicts gene flow in plant and animal populations. Proc. Natl. Acad. Sci. 104 (50), 19885–19890. doi: 10.1073/pnas.0706568104

 McRae, B. H., Dickson, B. G., Keitt, T. H., and Shah, V. B. (2008). Using circuit theory to model connectivity in ecology, evolution, and conservation. Ecology 89, 2712–2724. doi: 10.1890/07-1861.1

 McRae, B. H., Hall, S. A., Beier, P., and Theobald, D. M. (2012). Where to restore ecological connectivity? Detecting barriers and quantifying restoration benefits. PLoS One 7, e52604. doi: 10.1371/journal.pone.0052604

 McRae, B. H., Shah, V. B., and Mohapatra, T. K. (2009). Circuitscape user’s guide (Santa Barbara: The University of California).

 Merrick, M. J., and Koprowski, J. L. (2017). Circuit theory to estimate natal dispersal routes and functional landscape connectivity for an endangered small mammal. Landscape Ecol. 32, 1163–1179. doi: 10.1007/s10980-017-0521-z

 Peng, J., Li, H. L., Liu, Y. X., Hu, Y. N., and Yang, Y. (2018a). Identification and optimization of ecological security pattern in Xiong’an New Area. Acta Geogr. Sin. 73, 701–710. doi: 10.11821/dlxb201804009

 Peng, J., Lv, D., Dong, J., Liu, Y., Liu, Q., and Li, B. (2020). Processes coupling and spatial integration: Characterizing ecological restoration of territorial space in view of landscape ecology. J. Nat. Resour. 35 (1), 3–13. doi: 10.31497/zrzyxb.20200102

 Peng, J., Yang, Y., Liu, Y., Hu, Y., Du, Y., Meersmans, J., et al. (2018b). Linking ecosystem services and circuit theory to identify ecological security patterns. Sci. Total Environ. 644, 781–790. doi: 10.1016/j.scitotenv.2018.06.292

 Peng, J., Zhao, S., Dong, J., Liu, Y., Meersman, J., Li, H., et al. (2019). Applying ant colony algorithm to identify ecological security patterns in megacities. Environ. Model. Software 117, 214–222. doi: 10.1016/j.envsoft.2019.03.017

 Qian, W., Zhao, Y., and Li, X. (2023). Construction of ecological security pattern in coastal urban areas: A case study in Qingdao, China. Ecol. Indic. 154, 110754. doi: 10.1016/j.ecolind.2023.110754

 Rahimi, L., Malekmohammadi, B., and Yavari, A. R. (2020). Assessing and modeling the impacts of wetland land cover changes on water provision and habitat quality ecosystem services. Nat. Resor. Res. 29, 3701–3718. doi: 10.1007/s11053-020-09667-7

 Ran, Y., Lei, D., Li, J., and Al, E. (2022). Identification of crucial areas of territorial ecological restoration based on Yunnan. Ecol. Ind. 143, 109318. doi: 10.1016/j.ecolind.2022.109318

 Saura, S., and Rubio, L. (2010). A common currency for the different ways in which patches and links can contribute to habitat availability and connectivity in the landscape. Ecography 33 (3), 523–537. doi: 10.1111/j.1600-0587.2009.05760.x

 Solow, A. R. (2017). On detecting ecological impacts of extreme climate events and why it matters. Philos. Trans. R. Soc. B: Biol. Sci. 372 (1723), 20160136. doi: 10.1098/rstb.2016.0136

 Tang, Y., Gao, C., and Wu, X. (2020). Urban ecological corridor network construction: An integration of the least cost path model and the InVEST model. ISPRS Int. J. Geo-Information 9 (1), 33. doi: 10.3390/ijgi9010033

 Tutak, M., Brodny, J., and Bindzár, P. (2021). Assessing the level of energy and climate sustainability in the European union countries in the context of the European green deal strategy and agenda 2030. Energies 14, 1767. doi: 10.3390/en14061767

 Vergnes, A., Kerbiriou, C., and Clergeau, P. (2013). Ecological corridors also operate in an urban matrix: a test case with garden shrews. Urban Ecosyst. 16, 511–525. doi: 10.1007/s11252-013-0289-0

 Vogt, P., Ferrari, J. R., Lookinbill, T. R., Gardner, R. H., Riitters, K. H., and Ostapowicz, K. (2009). Mapping functional connectivity. Ecol. Ind. 9, 64–71. doi: 10.1016/j.ecolind.2008.01.011

 Wang, Z., Liu, Y., Xie, X., and Al., E. (2022a). Identifying key areas of green space for ecological restoration based on ecological security patterns in Fujian province, China. Land 11, 1496. doi: 10.3390/land11091496

 Wang, S., Wu, M., Hu, M., and Xia, B. (2022b). Integrating ecosystem services and landscape connectivity into the optimization of ecological security pattern: a case study of the Pearl River Delta, China. Environ. Sci. pollut. Res. Int. 29, 76051–76065. doi: 10.1007/s11356-022-20897-5

 Wang, C., Yu, C., Chen, T., Feng, Z., Hu, Y., and Wu, K. (2020). Can the establishment of ecological security patterns improve ecological protection? An example of Nanchang, China. Sci. Total Environ. 740, 140051. doi: 10.1016/j.scitotenv.2020.140051

 Wang, J., Zhai, T., Lin, Y., Kong, X., and He, T. (2019). Spatial imbalance and changes in supply and demand of ecosystem services in China. Sci. Total Environ. 657, 781–791. doi: 10.1016/j.scitotenv.2018.12.080

 Wu, Y., Han, Z., Meng, J., and Zhu, L. (2023). Circuit theory-based ecological security pattern could promote ecological protection in the Heihe River Basin of China. Environ. Sci. pollut. Res. Int. 30, 27340–27356. doi: 10.1007/s11356-022-24005-5

 Xu, J., Xu, D., and Qu, C. (2022). Construction of ecological security pattern and identification of ecological restoration zones in the city of Changchun, China. Int. J. Environ. Res. Publ. Health 20, 289. doi: 10.3390/ijerph20010289

 Yang, R., Bai, Z., and Shi, Z. (2021). Linking morphological spatial pattern analysis and circuit theory to identify ecological security pattern in the Loess Plateau: Taking Shuozhou City as an example. Land 10 (9), 907. doi: 10.3390/land10090907

 Yang, Y., Chen, J., Huang, R., Feng, Z., Zhou, G., You, H., et al. (2022). Construction of ecological security pattern based on the importance of ecological protection–A case study of Guangxi, a Karst Region in China. Internat. J. Environ. Res. Publ. Health 19, 5699. doi: 10.3390/ijerph19095699

 Yu, K. (1996). Security patterns and surface model in landscape ecological planning. Landsc. Urban Plan. 36, 1–17. doi: 10.1016/S0169-2046(96)00331-3

 Yu, Q., Yue, D., Wang, Y., Kai, S., Fang, M., Ma, H., et al. (2018). Optimization of ecological node layout and stability analysis of ecological network in desert oasis: a typical case study of ecological fragile zone located at Deng Kou County (Inner Mongolia). Ecol. Ind. 84, 304–318. doi: 10.1016/j.ecolind.2017.09.002

 Yuan, L., Li, R., He, W., Wu, X., Kong, Y., Degefu, D. M., et al. (2022). Coordination of the industrial-ecological economy in the Yangtze River Economic Belt, China. Front. Environ. Sci. 10, 451. doi: 10.3389/fenvs.2022.882221

 Zawadzka, J. E., Harris, J. A., and Corstanje, R. (2021). Assessment of heat mitigation capacity of urban greenspaces with the use of InVEST urban cooling model, verified with day-time land surface temperature data. Landsc. Urban Plan. 214, 104–163. doi: 10.1016/j.landurbplan.2021.104163

 Zhang, D., Huang, Q., He, C., and Wu, J. (2017). Impacts of urban expansion on ecosystem services in the Beijing-Tianjin-Hebei urban agglomeration, China: A scenario analysis based on the Shared Socioeconomic Pathways. Resources, Conservation and Recycling 125, 115–130.

 Zhang, L., Peng, J., Liu, Y., and Wu, J. (2017). Coupling ecosystem services supply and human ecological demand to identify landscape ecological security pattern: A case study in Beijing–Tianjin–Hebei region, China. Urban Ecosystems 20, 701–714.

 Zhang, C., and Fang, S. (2021). Identifying and zoning key areas of ecological restoration for territory in resource-based cities: A case study of Huangshi City, China. Sustainability 13 (7), 3931. doi: 10.3390/su13073931

 Zhang, Y.-Z., Jiang, Z.-Y., Li, Y.-Y., Yang, Z.-G., Wang, X.-H., and Li, X.-B. (2021). Construction and optimization of an urban ecological security pattern based on habitat quality assessment and the minimum cumulative resistance model in Shenzhen City, China. Forests 12, 847. doi: 10.3390/f12070847

 Zhang, H., Li, J., Tian, P., Pu, R., and Cao, L. (2022). Construction of ecological security patterns and ecological restoration zones in the city of Ningbo, China. J. Geograph. Sci. 32, 663–681. doi: 10.1007/s11442-022-1966-9

 Zhang, L., Peng, J., Liu, Y., and Wu, J. (2016). Coupling ecosystem services supply and human ecological demand to identify landscape ecological security pattern: A case study in Beijing–Tianjin–Hebei region, China. Urban Ecosys. 20, 1–14. doi: 10.1007/s11252-016-0629-y

 Zhang, H., Zhang, C., Hu, T., Zhang, M., Ren, X., and Hou, L. (2020a). Exploration of roadway factors and habitat quality using InVEST. Transport. Res. Part D Trans. Environ. 87, 102551. doi: 10.1016/j.trd.2020.102551

 Zhang, X., Zhou, J., Li, G., Chen, C., Li, M., and Luo, J. (2020b). Spatial pattern reconstruction of regional habitat quality based on the simulation of land use changes from 1975 to 2010. J. Geo. Sci. 30, 601–620. doi: 10.1007/s11442-020-1745-4

 Zhao, X. Q., and Xu, X. H. (2015). Research on landscape ecological security pattern in a Eucalyptus introduced region based on biodiversity conservation. Russian J. Ecol. 46, 59–70. doi: 10.1134/S106741361501018X

 Zhu, K., Chen, Y., Zhang, S., Yang, Z., Huang, L., Lei, B., et al. (2020). Identification and prevention of agricultural non-point source pollution risk based on the minimum cumulative resistance model. Global Ecol. Conserv. 23, e01149. doi: 10.1016/j.gecco.2020.e01149




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2024 Jiao, Tian, Yang, Shang and Ma. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




ORIGINAL RESEARCH

published: 23 February 2024

doi: 10.3389/fevo.2024.1284278

[image: image2]


Study on the coupling coordination effect and dynamic relationship between tourism development and the ecological environment: a case study of Hainan Island


Chongqing Zhong 1,2,3, Xiaowei Wu 4, Peihong Jia 5* and Kehui Zhang 5


1 School of Geographic and Oceanographic Sciences, Nanjing University, Nanjing, China, 2 School of Urban and Environmental Sciences, Huaiyin Normal University, Huai’an, China, 3 Ministry of Education Key Laboratory for Coast and Island Development, Nanjing University, Nanjing, China, 4 School of History, Culture and Tourism, Huaiyin Normal University, Huai’an, China, 5 College of International Tourism and Public Administration, Hainan University, Haikou, China




Edited by: 

Wei Song, Chinese Academy of Sciences (CAS), China

Reviewed by: 

Fajin Chen, Guangdong Ocean University, China

Quanlin Zhong, Fujian Normal University, China

*Correspondence: 

Peihong Jia
 jiaph@hainanu.edu.cn


Received: 28 August 2023

Accepted: 06 February 2024

Published: 23 February 2024

Citation:
Zhong C, Wu X, Jia P and Zhang K (2024) Study on the coupling coordination effect and dynamic relationship between tourism development and the ecological environment: a case study of Hainan Island. Front. Ecol. Evol. 12:1284278. doi: 10.3389/fevo.2024.1284278



As a Free Trade Port in China, the protection of ecological environment and high-quality tourism development on Hainan Island have become a national strategy. Exploring the coupling relationship of the two subsystems holds great practical significance for promoting the island’s international demonstration area and high-quality development. Based on the characteristics of international islands, a comprehensive index system is established to explore the coupling coordination evolutionary process and interactive stress relationship of tourism development and the ecological environment in Hainan Island from 2005 to 2020. The results show: (1) From 2005 to 2019, the comprehensive evaluation index of the two subsystems of Hainan Island generally showed a continuous growth trend. (2) From 2005 to 2019, the coupling degree of the two subsystems of Hainan Island strengthened continuously, the coupling coordination degree increased steadily from a moderate imbalance to good coordination, and tourism development and the ecological environment entered a stage of parallel and benign interactive development. (3) In 2020, affected by COVID-19, the tourism development indicators declined rapidly, while the ecological environment still maintained a rising trend. (4) Based on the inverted U-shaped curve model, when the tourism development index reaches 0.7269, the ecological environment quality reaches the maximum value of 0.7956, which is the best state between the two subsystems. The ecological environment and tourism development of Hainan Island are generally in a benign interaction, but there are signs of interactive stress starting in 2017. In the future, the pressure on the ecological environment of Hainan Island will increase.
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1 Introduction

In China, coastal tourism contributes 49% of the total marine economy (Ministry of Natural Resources of China, 2020). Coastal zones have become the most preferred tourist destinations, and in them, the economy is highly promoted by tourism development and accompanied by substantial ecological impacts (Martínez et al., 2007). Charming coastal zone tourism is inseparable from natural environmental resources such as sunshine, sandy beaches, seawater and tropical vegetation (Pickering and Hill, 2007). Therefore, environmental support and resource consumption are the basic attributes of such tourism, which also determines that there is a dialectical relationship between tourism development and the ecological environment (Wang and Li, 2022). The ecological environment here not only considers the natural environment related to humans, but also considers the organisms and its ecological relationships. How to achieve the coordinated development of the two subsystems has always been a hot and difficult issue for scholars. Since the construction of Hainan Free Trade Port of China in 2020, Hainan Island has further become a demonstration and leading area of China’s coastal zone tourism. The protection of its ecological environment and its high-quality tourism development have been incorporated into the national strategy. Exploring the dynamic change process of the coupling and coordination relationship between the island’s ecological environment and tourism industry development holds important practical significance for high-quality development decision-making. The results of this research can also provide a reference for other island tourism and coastal zone tourism in China. The interactive stress between tourism development and the ecological environment on Hainan Island is becoming a hot research point.

Research on the relationship between tourism and the ecological environment can be traced back to the 1920s (Gössling, 2002). With the rapid development of the tourism industry worldwide, the relationship between tourism and the ecological environment has become increasingly prominent. In the early stage of research, scholars focused on the concept of the environmental impact of tourism activities, the environmental changes brought by tourism activities, tourism and environmental ethics, and sustainable tourism evaluation systems (Wall and Wright, 1977; Romeril, 1985; Hockings and Twyford, 1997; Miller, 2001; Gössling, 2002; Chen et al., 2009; Guan et al., 2011; Liu et al., 2011a). Wall and Wright (1977) discussed the concept and research methods of the impact of tourism on the environment, as well as the relationship and impact mechanism between tourism activities and environmental factors. Romeril (1985) systematically analyzed the interaction between tourism and the environment. Miller (2001) proposed an evaluation system for sustainable tourism development based on the relationship between tourism and the environment. With the deepening of research, scholars have begun to pay attention to the impacts of the ecological environment on tourism, such as the significant impacts of climate change on coastal tourism, mountaineering tourism, ice and snow tourism, etc (Shani and Arad, 2014; Joye, 2018; Vyddiyaratnam et al., 2021). Recently, some scholars have found that recreational beaches are polluted by new pollutant microplastics, which pose potential threats to the health of coastal organisms and coastal tourists (Defeo et al., 2021; Wu et al., 2021). Meanwhile, research on the relationship between tourism and the ecological environment has begun to expand to a higher level of interaction, symbiosis and coupling coordination. Common research methods include the tourism pressure index method, ecological footprint analysis method, and panel regression method (Patterson et al., 2008; Brahmasrene and Lee, 2017; Yu et al., 2021).

Research on the relationship between tourism and the ecological environment in China started relatively late, but the results are considerable (Liang et al., 2022; Wu et al., 2022). Zhang et al. (2013) studied the coupling relationship between tourism cities and the environment in coastal areas based on sustainable development theory and a coupling model, and they found that the coupling degree of the level of tourism orientation and ecological environment in the coastal area of China stayed in the antagonistic period between 2000 and 2010. Tang (2015) analyzed the spatiotemporal characteristics of the coupling coordination degree between the tourism economy and ecological environment in Heilongjiang Province from 2005 to 2015 by using the entropy approach and coupling coordination model. Geng et al. (2021) explored the coupling coordination relationship between the air environment and inbound tourism and discovered their mutual interaction mechanism. Some empirical studies have been conducted to investigate the coupling relationship between tourism and the environment in Dalian city, Lianyungang city, Shanghai city and Hangzhou (Wang et al., 2006; Cui, 2008; Pang et al., 2011; Luo and Tan, 2012; Liu and Hu, 2020). Recently, some scholars have begun to pay attention to the coupling coordination of three subsystems: the economy, tourism and the ecological environment (Liu and Yang, 2011b; Li and Wang, 2017; Lai et al., 2020; Su et al., 2021; Li et al., 2022).

In general, the coupling coordination relationship between tourism development and the ecological environment has been widely recognized. Scholars have studied it through a variety of methods, and the coupling coordination degree model (CCDM) is widely used. The perspective of existing studies has changed from a static to a dynamic evolutionary process. The contents of research are becoming increasingly richer, from a one-way relationship to a higher level of interactive symbiosis and coupling coordination. As the largest international tourism island in China, the dynamic evolutionary process and interactive stress relationship of the coupling and coordination relationship between tourism and the ecological environment in Hainan Island are still unclear. Therefore, it is necessary to explore the coupling coordination mechanism and to use effective systems and approaches to evaluate the interactions between them so that a coordinated improvement in the ecological environment and tourism can be achieved. Using 2005-2020 data of tourism development and the ecological environment on Hainan Island, this study aims to build a unique comprehensive evaluation index system for the ecological environment and tourism development, and it uses the comprehensive evaluation model, CCDM and RDM to explore the interactive stress relationship between the two subsystems. First, we theoretically discover the coordination mechanism to discuss the coupling coordination relationship of the ecological environment and tourism development in the two subsystems. Second, we are trying to find the evolutionary rule of the coupling relationship between tourism development and the ecological environment on Hainan Island. Third, we verify and analyze the interactive stress effect between tourism development and the ecological environment on Hainan Island.




2 Materials



2.1 Study area

Hainan Island (109°45’E to 110°08’E and 18°22’N to 18°47’N) is located in the South China Sea (Figure 1). It is the largest tropical island of China, with a 1,823 km coastline, 68 bays, 487 km2 of tideland, and various high-quality beaches. It has excellent marine ecosystems, with coral reefs, mangroves, and seagrass beds. Furthermore, it includes 12 coastal cities and 6 inland cities (or counties), which cover an area of 35,400 km2. The island’s resident population is approximately 9.25 million, 87% of whom live in coastal cities (Hainan Provincial Bureau of Statistics of China, 2023). Northern Hainan has a subtropical climate, and the remainder of the island has a tropical monsoon climate. The annual mean temperature is 22.8-25.8°C, with January and February being the coldest months and July and August being the hottest months. It is a typical tropical tourist destination. In 2020, Hainan Island became the Hainan Free Trade Port in China, and its long coastline and high-quality coastal tourism environment will further promote the development of tourism in Hainan.




Figure 1 | The location of Hainan Island.






2.2 Data sources

The raw data of tourism development were collected from the Hainan Statistical Yearbook (2006-2021) (Hainan Provincial Bureau of Statistics of China, 2023). The raw data of the ecological environment were collected from the Hainan Statistical Yearbook (2006-2021) (Hainan Provincial Bureau of Statistics of China, 2023), China Urban Construction Statistical Yearbook (2005-2020)1 and Bulletin on the Environmental Situation of Hainan (2005-2020)2.





3 Methodology

All the Statistic data collection was completed using EXCEL (2016), data analysis was completed using Stata 16.0 software, and maps were made using ArcGIS 10.2 software. Otherwise, some other methodologies are used as below.



3.1 Coupling coordination degree model

Coupling originates from physics. It is a phenomenon in which two or more systems influence each other through various interactions (Illingworth, 1996). This paper constructs the coupling degree Equation (1) between tourism development and ecological environment to analyze and measure the relationship between tourism and the ecological environment of Hainan Island. The degree of coupling can explain only the strength of the interaction between the two subsystems and cannot reflect the overall development level. It is possible that the actual development level of the two systems is low and that the coupling degree is high. To reflect the overall efficiency and synergy of the two subsystems, the coupling coordination index D is introduced, as shown in Equation (3). The coupling coordination degree model (CCDM) is given in the following formulas:

 

 

 

where Ti and Ei are the integration value of the tourism subsystem and the environment subsystem, respectively; Ci represents the degree of coupling between tourism and the environment; and Qi reflects the overall level of tourism and the ecological environment. wt and we are the weights of T and E, representing the contributions of tourism and the environment, respectively. For Hainan, tourism development is as equally important as environmental quality; thus, the values of wt and we are equivalent, i.e., wt=we=0.5. Di represents the degree of coupling coordination, and the development of the coupling of tourism and ecological environment is calculated.

According to existing research (Tang, 2015; He et al., 2017), the coupling degree indicates the interaction degree of two subsystems, and C ∈ [0,1]. When C=1, it means that there exists the greatest coupling degree, and the system will tend toward a new ordered structure; when C=0, it means that there is almost no relationship between the tourism subsystem and ecological environment subsystem, and the system will develop in a disorderly manner (Zhang et al., 2013). When the value of C decreases, it means that the interaction between the tourism economy and ecological environment decreases, and the coupling interaction degenerates and develops in the direction of disorder. When the value of C increases, it indicates that the degree of correlation between the systems is enhanced, and the coupling interaction shows benign development, developing in the direction of orderly self-organization. When C ∈ (0, 0.2), the coupling interaction between the two subsystems is poor; when C ∈ [0.2, 0.4), the coupling interaction is ordinary; when C ∈ [0.4, 0.6], the coupling interaction is fair; when C ∈ [0.6, 0.8), the coupling interaction is good; and when C ∈ [0.8, 1), the coupling interaction is excellent.

Accordingly, the coupling coordination degree (D) can be divided into 10 classes, ranging from extremely uncoordinated to highly coordinated (Table 1).


Table 1 | Classification grades of coupling coordination.






3.2 Evaluation of the tourism and ecological environment subsystems

As shown in Table 2, T and E represent the level of tourism industry development and the ecological environmental quality of Hainan Island. The integration values of the tourism and ecological environment subsystems are calculated using Equations (4) and (5), respectively.


Table 2 | Comprehensive evaluation index system for the relationship between tourism and the ecological environment.



 

 

where wj is the weight of indicator j of the tourism subsystem and wk is the weight of indicator k of the ecological environment subsystem.




3.3 Data preprocessing

We normalized the data using Equations (6) and (7), eliminated the influence of different dimensions (Zhang et al., 2013), and obtained the magnitude of positive and negative orientations.

If it is a positive indicator, Equation (4) is used:

 

However, if it is a negative indicator, Equation (5) is used:

 

where xij represents the value of indicator j in year i and   is the standardized value of xij.




3.4 Information entropy method

Here, the weights are calculated based on the information entropy method. The concept of information entropy was first proposed by Shannon in 1948. It is an effective tool for measuring the uncertainty of the system status, and it has been popularly used in previous studies (Li et al., 2012; Tang, 2015). If the value of information entropy is higher, the structure of the system is more balanced, and the variation is less. When the value of information entropy is lower, the structure of the system is more unbalanced, and the variation is greater. Therefore, the weight of the indicators, i.e., the degree of variation of the indicators, can be calculated by the value of information entropy, and the bias brought by the influence of subjectivity can be avoided to a certain extent (Shannon, 1948; Li et al., 2012; Tang, 2015). The steps are as follows:

The proportion of indicator j in year i:

 

Information entropy of indicator j:



Entropy redundancy:

 

Weight of the indicator:

 

where n is the number of indicators and m is the number of years. The raw data (2005-2020) describing the indicators of Hainan Island are processed using the above steps (Table 2). The related values are subsequently calculated.




3.5 Relative development model

To further clarify the relative level of tourism and the ecological environment in the development process, this study introduces the relative development model (Wang and Li, 2022). The formula is as follows, where δ is the relative development degree; 0<δ≤0.9 indicates that the ecological environment leads the development of tourism; 0.9<δ≤1.2 indicates the coordinated development of tourism and the ecological environment, which are driven by each other; and δ>1.2 shows that the ecological environment lags behind the development of tourism, and environmental protection should be strengthened.

 




3.6 Verification of the interactive stress effect

To verify the interaction effect between the ecological environment and tourism development on Hainan Island, a new interaction term Ei*Ti is generated on the basis of the main effect of eco-tourism and tourism development. ANOVA and regression analysis are carried out. The variance, determination coefficient R2 and p value of the interaction term coefficient are used to determine whether tourism development and the ecological environment have a significant interactive stress effect and whether the interactive stress effect has a significant impact on the coupling and coordination between tourism development and the ecological environment on Hainan Island.

We normalized the data using Equations (6) and (7) and eliminated the influence of different dimensions. The weight of each indicator was calculated using the information entropy method (IEM) [Equations (8)–(11)]. Then, based on the comprehensive evaluation model, coupling degree model, coupling coordination degree model and relative development model, using Equations (4)–(12), we calculate the evaluation values T and E, coupling degree C, coupling coordination degree D and relative development degree δ of the two subsystems (tourism development and the ecological environment).





4 Results



4.1 Coupling mechanism between island tourism development and the ecological environment

Human-land system theory is the foundation of the coupling study of island tourism and the ecological environment (Wang and Li, 2022). The coordinated development of tourism and the ecological environment is an important embodiment of the sustainable development of the human-land relationship. Island tourism development and the ecological environment constitute an open and complex system, and they interact and restrict each other while maintaining material and energy exchange with the outside world. Both positive and negative effects exist at the same time (Figure 2).




Figure 2 | Coupling mechanism of island tourism development and the ecological environment system.



The positive interactions are shown as follows: (1) the ecological environment bears and supports tourism development. On the one hand, the sunshine, beach, climate, vegetation, seawater and other aspects of the ecological environment of the island are favored attractions among tourists and are the basic resources for tourism development. On the other hand, the ecological environment provides a supporting environment for tourism activities and projects and offsets various pollution and damage caused by tourism development within a certain threshold. (2) Tourism development promotes the protection and optimization of the ecological environment. Tourism development needs a beautiful ecological environment. Therefore, the development of tourism will help beautify the ecological environment of the destination and realize the optimization of the spatial pattern of the ecological environment. The sustainable growth of the tourism economy will help to provide more financial support for ecological environment protection. At the same time, technological innovation and improvement in the process of tourism development can effectively reduce the level of consumption of resources and the environment. Tourism development also brings cultural integration, which helps to enhance environmentally friendly awareness and behavior, thus helping to make sustainable use of the ecological environment.

The negative interactions are shown as follows: (1) The development of island tourism leads to pressures on and threats to the ecological environment. The development and utilization of tourism resources will inevitably damage the ecological environment. Examples include the construction of vacation projects, entertainment and reception facilities, and scenic spot roads. Furthermore, the development of tourism brings aggregations of crowds and excessive environmental pollution, such as waste water, solid waste, and domestic waste from hotels and tourist attractions, exhaust gas emissions from intensive tourism traffic, excessive trampling by crowds of people, the destruction of vegetation on coasts, and a reduction of biodiversity. (2) The deteriorating ecological environment also reacts to tourism development, reducing the attractiveness of tourism and the carrying capacity of the ecological environment, which will inhibit or even reverse tourism development. The positive interaction between tourism development and the ecological environment is the premise for achieving sustainable development. By analyzing their coupling, coordination, symbiosis and dynamic changes, we can effectively grasp their sustainable development status.




4.2 Determination of indicators and construction of the index system

Tourism development and the ecological environment form a complex system of mutual connection and restriction. At present, the selection of evaluation indicators for the study of tourism development and ecological environment coupling development has not formed a unified standard. This study follows the indicator selection principles of representativeness, systematization, independence and availability, refers to the selection of indicators in previous studies, and combines the actual situation of tourism development and the ecological environment on Hainan Island. ecological environment assessment indicators are constructed based on the pressure-state-response (PSR) model, and can effectively evaluate the health of the ecological environment system. Therefore, the ecological environment subsystem includes three levels, i.e., ecological environment pressure, ecological environment status and ecological environment response, with a total of 11 indicators. The tourism development subsystem reflects the overall scale and benefit level, and it includes 9 indicators (Table 2).




4.3 Temporal dynamic changes in tourism and the ecological environment

As shown in Figure 3A, the Qi curve of the “tourism ecological environment” comprehensive system rose year by year from 2005 to 2019, from 0.156 in 2005 to 0.8618 in 2019, indicating that the complex system composed of tourism and the ecological environment on Hainan Island was in a benign development stage of continuous growth over this 15-year period. In 2020, the overall development index of the system dropped sharply, lower than the overall level two years prior (2017). This result is directly related to the global outbreak of COVID-19 in 2020.




Figure 3 | (A) Trends of the overall levels of tourism development and the ecological environment Subsystems; (B) Trends of the overall levels of tourism Ti; (C) Trends of the overall levels of the ecological environment Ei.



Based on the Ti curve, in the 15 years (2005-2019) before the global outbreak of COVID-19, the tourism development of Hainan Island showed a fluctuating and rapidly increasing dynamic change trend. In 2019, the tourism development index reached the maximum value of 0.9387, which was 6.3 times that of 2005. During this period, Hainan Island experienced several fluctuations. Specifically, from 2005 to 2007, the tourism development of Hainan Island grew slowly. From 2008 to 2010, there was a shock of a decline of more than 30%. In 2010, it fell to the lowest level of 0.1070 (0.1483 in 2005) and then climbed rapidly. In the nine years after 2011, Hainan Island tourism entered a relatively long period of stable and rapid development. At present, the tourism industry is the leading industry of Hainan Island.

As shown in Figure 3B, the comprehensive level of tourism development was obviously low from 2008 to 2010, but the scale of tourism development T1 continued to expand during this period. The main reason for its relative underdevelopment was the impact of tourism benefits T2. Further analysis of the factor indicators of the composition of tourism benefits shows that, despite the positive growth in tourism reception income and the number of people from 2008 to 2010, its contribution to the overall economy and the tertiary industry of Hainan Island was relatively weak. That is, compared with other industries on Hainan Island, the contribution of the tourism economy was poor, showing a relatively underdeveloped trend. However, we also found that although the economic contribution was poor during this period, the investment and supporting facility construction of the state and Hainan Province in tourism development were unprecedented. According to statistical data, the number of hotels on Hainan Island increased from 440 in 2008 to 540 in 2011, an increase of 22.7%. The number of travel agencies increased from 196 to 335, an increase of 70.9%. This is directly related to the national strategy of developing Hainan Island into an international tourism island. The national and local governments have continuously increased tourism investment, which has pushed the island’s tourism development into the fast lane. In 2020, the tourism development level of Hainan Island dropped sharply. As we all know, this was due to the global outbreak of COVID-19. The global economy regressed, and the number of tourists decreased by 70-75% compared with 2019 (WTO, 2021). As shown in Figure 2, the tourism development level of Hainan Island dropped to the 2016-2017 level.

As shown in Figure 3C, the ecological environment of Hainan Island was continuously optimized by approximately 5% every year from 2005 to 2019. There was a slight retrogression in the 2015-2017 period, and the ecological environment level rose again after 2017, maintaining the momentum of continuous optimization. The high-quality and unique coastal ecological environment is the basis for the tourism development of Hainan Island. Hainan Island has always attached importance to the protection of the ecological environment. Especially after the development goal of the international tourism island was made clear in 2009, a high-quality ecological environment has become the top priority. The government has invested much in the protection and restoration of the ecological environment. According to statistics, in 2006, Hainan Island invested 540.12 billion yuan in the ecological environment, an increase of 93.8% over the previous year. Such a large investment reached a new high of 5384.42 billion yuan in 2014. In 2018, investment in environmental governance reached a new high, and in the following two years, it maintained a record high. The curve in the figure shows that COVID-19 has had no inhibitory impact on the ecological environment.




4.4 Temporal dynamic changes in the coupling coordination degree of the tourism and ecological environment subsystems

Taking the calculation results of the tourism development Ti and ecological environment Ei of Hainan Island from 2005 to 2020 into Equations (1)–(3), the results of coupling degree C and coupling coordination degree D of the tourism development and ecological environment of Hainan Island are calculated (Figure 4).




Figure 4 | Trend of the coupling degree and coupling coordination degree of the integrated system (Ci is the degree of coupling between tourism and the environment, and Di is the degree of coupling coordination between tourism and the environment).



As shown in Figure 4, from 2005 to 2020, the coupling degree of the two subsystems had a relatively stable increasing trend, from 0.4 to 0.9, reflecting the increasing trend of the relationship between tourism and the ecological environment and the evolution from low coupling to high coupling. Based on the D values, the coupling and coordination relationship between tourism and the ecological environment on Hainan Island continuously strengthened from 2005 to 2019. It experienced seven stages from moderate imbalance to high coordination. The average time span of each stage was two to three years, and the leap from quantity to quality occurred rapidly. The details are as follows: the coupling and coordination relationship between tourism and ecological environment on Hainan Island experienced moderate incoordination from 2005 to 2007, slight incoordination from 2008 to 2010, and a transition from 2011 to 2012. Then, it entered a relatively long-term coordinated development stage from 2013 to 2019. The stage of coordination of tourism and the ecological environment on Hainan Island specifically includes the qualitative leap from approaching coordinated to slightly coordinated to moderately coordinated and then to highly coordinated from 2013 to 2019.

As shown by the relative development value δ in Table 3, from 2005 to 2020, the ecological environment provided strong support and guarantees for tourism on Hainan Island. From 2005 to 2016, the ecological environment of Hainan Island was always ahead of tourism development, providing favorable ecological environment base dividends for tourism development. From 2017 to 2018, tourism and the ecological environment entered the stage of coupling coordinated development at a medium and high level, driving each other and entering the ideal stage of mutually promoting development. However, it is noteworthy that the ecological environment began to lag behind the development of tourism after 2019. In 2020, due to the impact of the global outbreak of COVID-19, the coupling degree and the coupling coordination degree of tourism and the ecological environment on Hainan Island showed a backward trend, mainly due to the constraints of tourism development.


Table 3 | Degree of coordinated coupling of tourism development and the ecological environment on Hainan Island.






4.5 Interaction effect between tourism development and the ecological environment on Hainan Island

To verify the interaction between the ecological environment and tourism development on Hainan Island, this study generated a new interaction term Ei*Ti, which was verified by ANOVA and regression analysis using Stata 16.0 software (Table 4). The validation results show that the coefficient of determination R2 was 0.9996, the coefficient of the interaction term Ei*Ti was -0.3232, and the p value was 0.0000<0.01, indicating that tourism development and the ecological environment had significant interactive stress, which had extremely significant impacts on the coupling coordination of tourism development and the ecological environment on Hainan Island.


Table 4 | Interactive stress and significance of tourism development and the ecological environment on Hainan Island.



The results above confirm that the ecological environment subsystem and tourism development subsystem of Hainan Island had significant interactive stress during the last 16 years. To further analyze the internal interactive stress process, the following assumption is made: there was an inverted U-shaped curve change relationship between Hainan Island’s ecological environment and tourism development. That is, the quality of Hainan Island’s ecological environment was optimized with the continuous increase in the tourism development level, but the optimization rate gradually decreased until tourism development reached a certain level, and the quality of the ecological environment was no longer optimized, but with the continuous promotion of tourism development, it showed a declining trend. The reasons for making the assumption above are as follows: Grossman and Krueger (1995) proposed the hypothesis of the inverted U-shaped environmental Kuznets curve (EKC) for the first time in their environmental economics study, pointing out that there was an inverted U-shaped curve change relationship between the state of the ecological environment and the level of economic development. On this basis, scholars have also proposed that there is an inverted U-shaped curve between the tourism economy and ecological environment (Wang et al., 2006; Wang and Li, 2022). The tourism industry is the leading industry on Hainan Island, plays an important role in its economic development and has a very close relationship with the ecological environment. Therefore, the assumption above is proposed.

Based on the theory of system dynamics, the function change curve between the two subsystems of Hainan Island’s ecological environment and tourism development from 2005 to 2020 was fitted and generated by using Stata 16.0 software (Figure 5). The specific parameters are shown in Table 5, and the binomial regression function model is constructed [Equation (13)].




Figure 5 | Functional change curve between the two subsystems of the ecological environment and tourism development on Hainan Island.




Table 5 | Correlation coefficient of and variance in the regression model between the ecological environment and tourism development on Hainan Island.



As shown in Table 5, the SSM value is 0.6293, and R2 is 0.8345, indicating that the curve model fits well. Meanwhile, the p values of the coefficients of tourism development index T and T2 are 0.000 and 0.003, respectively, which are less than 0.01, indicating that at the 99% confidence level, the tourism development index T and its square value T2 have significant impacts on the ecological environment of Hainan Island.

Based on the analysis results above, it can be effectively confirmed that there is a significant inverted U-shaped curve function relationship between the quality of the ecological environment and the level of tourism development of Hainan Island, which is expressed by the binomial regression function as follows:

	

After further adjustment, the following function is obtained:



Based on Equation (13), when the tourism development index of Hainan Island reaches 0.7269 in a period of time, the optimal value of the ecological environmental quality index is 0.7956, which also represents the best state between tourism development and the ecological environment. In detail, the ecological environment quality of Hainan Island is also optimized with the continuous improvement in the tourism development level, but the optimization rate gradually decreases. Once tourism development reaches 0.7269, the ecological environment quality begins to deteriorate with the continuous promotion of tourism development, and the degradation rate gradually accelerates with the improvement in the tourism development level.





5 Discussion

Based on the function law above, corresponding to the history of the relationship between tourism development and ecological environment development on Hainan Island, it is found that the tourism development index of Hainan Island in 2017 was 0.7326, the closest to the critical value of 0.7269. The overall law shows that the ecological environment of Hainan Island was continuously optimized with tourism development from 2005 to 2017, and the two promoted each other and complemented each other. After 2017, Hainan Island’s ecological environment and tourism development entered a stage of stress development. With the improvement in the tourism development level, the ecological environment had a trend of degradation. The relative development index of the ecological environment and tourism development δ also showed that the ecological environment lagged behind the development of tourism, proving the credibility of this trend to some extent. This trend constitutes a warning that is worthy of the attention of the tourism development and ecological environment protection departments of Hainan Island. On the one hand, these departments should improve the protection of the ecological environment base of Hainan Island, increase investment in environmental improvement, and build an ecological civilization demonstration area. On the other hand, they should balance the tourism development level index and adhere to the high-quality development path of promoting the integration of culture and tourism.

In addition, the confirmation of the inverted U-shaped curve relationship between the ecological environment and tourism provides evidence for the hypotheses proposed by some scholars. In research on the relationship between the ecological environment and tourism stress, scholars such as Wang et al. (2019) and Wang and Li (2022) directly cited the inverted U-shaped model constructor based on the verification of the inverted U-shaped relationship between the environment and the economy or urbanization and the economy from the studies of Zhou (1982) and Huang and Fang (2003). The results of this study can directly provide evidence that the relationship between ecological environment and tourism exhibits an inverted U-shaped curve.

Multiple models and parameters were applied in the study to analyze the coupling and coordination relationship between ecological environment and tourism development, which inevitably leads to some uncertainties. For example, in the coupling coordination degree model (CCDM), wt and we are the weights of T and E, representing the contributions of tourism and the environment, respectively. For Hainan, tourism development and the ecological environment complement each other, so tourism development and the ecological environmental quality are equally important; thus, the values of wt and we are equivalent, i.e., wt=we=0.5. Although uncertainty still exists, it does not affect the general trend of coupling coordination degree.

Based on the dynamic change process of the coupling and coordination relationship between tourism development and the ecological environment of Hainan Island, we have found that the degradation rate of ecological environment will gradually accelerate with the improvement of tourism development level. It is urgent for Hainan Island to transform its tourism industry, the internationally popular ESG (Environmental, Social and Governance) concept can be introduced. As an evaluation standard to measure the contribution of tourism enterprises in ecological environment protection, social responsibility fulfillment and corporate governance, ESG is highly consistent with the green transformation of tourism industry and the essential requirements of high-quality development, and it is of great significance for promoting the sustainable development of tourism and ecological environment of Hainan Island.




6 Conclusion

Hainan Island is the largest international tourism island in China. Its coastal tourism development and ecological civilization construction have been incorporated into the national development strategy. Revealing the coupling coordination relationship between regional leading industry, i.e., tourism and the ecological environment holds great value. The following conclusions are drawn from this study:

	(1) During the 15 years before the global outbreak of COVID-19, from 2005 to 2019, the complex system composed of tourism and the ecological environment on Hainan Island was in the stage of continuous upward benign development. Tourism development showed a dynamic trend of fluctuating and rapid enhancement, with an increase of 6.3 times in 2019, especially after 2011. Hainan Island tourism entered a relatively long period of stable and rapid development. Overall, the ecological environment was continuously optimized by approximately 5% every year. After being affected by the COVID-19 outbreak in 2020, the tourism development level of Hainan Island experienced a steep decline, falling back to the 2016-2017 level. However, COVID-19 had no inhibitory impacts on the ecological environment, and the ecological environment of Hainan Island continued to remain optimized compared with the 2019 ecological environment level.

	(2) From 2005 to 2020, the coupling degree of the two subsystems (tourism development and the ecological environment) showed a relatively stable increasing trend, from low coupling to high coupling. The coupling coordination relationship of the two subsystems continuously strengthened from 2005 to 2019. It experienced seven stages from moderately uncoordinated to highly coordinated. The average time span of each stage was two to three years, and the leap from quantity to quality occurred rapidly. In 2020, due to the impacts of the global outbreak of COVID-19, the coupling degree and the coupling coordination degree of the two subsystems showed backward trends, which were mainly related to tourism development.

	(3) From 2005 to 2017, Hainan Island was in the ecological environment leading stage. From 2017 to 2019, it entered the stage in which the ecological environment lagged behind tourism development, while from 2017 to 2018, the relative development degree δ belonged to (0.9,1.2), showing that tourism and the ecological environment were in the mutual promotion and coordinated development stage. In 2019, the ecological environment lagged behind the tourism development index, which is an important warning signal. If tourism development did not slow down due to the impacts of COVID-19, this trend would be likely to continue to strengthen, and the steady optimization trend of the ecological environment of Hainan Island would be blocked.

	(4) Tourism development and the ecological environment on Hainan Island have significant interactive stress, which has significant impacts on the coupling coordination of the two subsystems. The relationship of the two subsystems on Hainan Island is an inverted U-shaped function curve. Based on the model, when tourism development reaches 0.7269, the ecological environment quality also reaches the best state.
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The significance of urban landscapes in safeguarding biodiversity is often disregarded, even though a considerable amount of conservation focus is directed toward biodiversity hotspots where urban land conversion is happening at the fastest pace. Maintaining biodiversity in urban areas not only benefits the environment, but along with social, economic, and technological factors can increase the stability of urban systems to disturbance, a concept known as “urban resilience”. In this synthesis paper, we explore the ecological dimension of urban resilience and specifically focus on avian biodiversity because birds are easy to observe, relatively abundant, and can serve as an indicator of the overall health of urban environments. We first examine the concept of ecological resilience and discuss the role of environmental stressors associated with urbanization in the ongoing avian biodiversity crisis. We then provide an overview of characteristics of the urban environment that may promote ecological resilience in birds, and associations between social and economic factors and urban ecological resilience. Finally, we provide recommendations on future research regarding strategies to improve urban ecological resilience and thus, urban resilience as a whole, at the intersections of urban ecology, ecosystem ecology, environmental justice, and urban planning. Since 68% of the world’s population is projected to live in urban areas by 2050, it is imperative that scientists, urban planners, civil engineers, architects, and others consider urban ecological resilience as a dimension of both environmental health and the resilience of cities to future natural and anthropogenic stressors.
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1 Urban ecological resilience

Fifty-five percent of the world’s population resided in urban areas in 2018 and that number is expected to increase to 68% by 2050 (United Nations, 2019). The importance of these urban areas for conservation of biodiversity is increasingly recognized (Soanes and Lentini, 2019; Kondratyeza et al., 2020). At the same time, biodiversity has a reciprocal influence on urban systems, shaping human health and well-being to enhance the overall resilience of the urban environment (Alberti and Marzluff, 2004; Sharifi, 2023). Here, we define ‘ecological resilience’ as the ability of an ecological system to resist and recover from perturbations (Harrison, 1979; Scheffer et al., 2015; Selwood et al., 2015). Resistance refers to the magnitude of disturbance causing a change in structure, while recovery pertains to the speed at which the system returns to its original structure or a stable state (Tilman and Downing, 1994; Côté and Darling, 2010). While the concept of ecological resilience was first introduced into the scientific literature by C.S. Holling in 1973 (Holling, 1973), the term is an evolving and multidimensional concept (Desjardins et al., 2015).

Measuring ecological resilience directly can be difficult, so researchers often use proxy metrics at different levels, such as species, communities, or ecosystems. A critical component of ecological resilience is the ability of an ecological community to compensate for lost species and/or open niches following a perturbation (McCloy et al., 2022). Thus, many current approaches include species diversity, because it correlates with increased functional redundancy and niche overlap (Biggs et al., 2020). The effectiveness and complexity of these measures vary depending on the scale of analysis (Fischer et al., 2007). The most straightforward methods include species abundance, probability of occupancy, richness, and diversity indices such as Shannon’s Index (Clergeau et al., 1998; Johnson and Winker, 2010; Irizarry et al., 2021). For example, species occupancy data was used in BirdLife Australia’s Atlas Program to estimate resistance and recovery of Australian birds following a 13-year drought (Selwood et al., 2015). These proxies for resilience are easy to calculate and implement, and many authors claim they are adequate for assessing questions pertaining to localized resilience (Johnson and Winker, 2010; Karp et al., 2011; Selwood et al., 2015; Irizarry et al., 2021).

Ecological resilience in urban settings is typically referred to as “urban ecological resilience” and is the ability of an urban ecological system to maintain its structure (i.e., stable state) in response to a disturbance. Urban ecological resilience forms one dimension of urban resilience, along with the social and technological dimensions, and these dimensions are dynamically interconnected (Figure 1; Alberti and Marzluff, 2004; Sharifi, 2023). For example, in Austin, TX, taxpayers have consistently voted to fund open space acquisitions by the city (social dimension) to protect the Edwards Aquifer and for flood mitigation (ecological dimension). In 2020, this resulted in the protection of 28,000 acres of land, predominantly as parks (both social and ecological dimensions). Additionally, Austin’s Watershed Protection Department has implemented a pilot program to reverse damage to the aquifer by incentivizing homeowners (social dimension) to install rain gardens and cisterns (technological dimension). These initiatives involve social support and technological advances to reestablish ecosystem services and create an urban system with more resilience to water stress and flooding. Simultaneously, these measures support greater biodiversity, human health and well-being, and work to reduce social disparities and vulnerability, further stabilizing the ecological and social dimensions and contributing to greater urban resilience (Bixler et al., 2020).




Figure 1 | Diagram of the high-level influencing factors of urban ecological resilience, and their implications on societal and ecological levers. Solid arrows represent the directionality of influence, while dotted lines connect subcategories to their parent factor. Created with biorender.com.



Here, we examine the ecological dimension of urban resilience, with a focus on avian biodiversity. We provide a brief overview of typical environmental stressors that impact avian biodiversity in the urban environment and evaluate urban attributes that may mitigate these stressors. We then discuss socioeconomic associations with biodiversity and conclude with recommendations for future research.



1.1 Bird communities as proxies of urban ecological resilience

Birds are often the focus of urban ecological studies (Collins et al., 2021) due to their high visibility, abundance, and ability to be observed across spatial scales, offering valuable insights into how ecosystems respond to urban development (Lepczyk and Warren, 2012). At the same time, bird populations can serve as indicators of the overall health of urban environments (Pollack et al., 2017; Morelli et al., 2021), helping city planners and policymakers make informed decisions for a more sustainable and resilient future. In addition, bird watching is a hugely popular activity, with avian diversity appreciated by human residents (Clergeau et al., 2001) and as a component of total biodiversity can impact human psychological well-being, sense of community, and identity (Horwitz et al., 2001). Therefore, this paper focuses on bird biodiversity (e.g., species and functional diversity) as an indicator of urban ecological resilience (Alberti and Marzluff, 2004; and references therein).

Urbanization tends to result in higher densities of birds than that of surrounding, undeveloped areas. However, the resilience of these urban avian communities, as measured by species richness and species density (i.e., the number of species per unit area), tends to be reduced (Chace and Walsh, 2006; Aronson et al., 2014). Strong evidence indicates that urban avian communities experience biotic homogenization, resulting in global reductions in taxonomic diversity and evolutionary uniqueness (Morelli et al., 2016; Ibáñez-Álamo et al., 2017), although the strength of these effects varies regionally (Ibáñez-Álamo et al., 2017). Urban environments exert especially strong, homogenizing selection on the foraging and nesting habits of birds (reviewed in McCloy et al., 2022). Granivory, omnivory, aerial insectivory, ground foraging, secondary cavity-nesting, and cup-nesting are traits that are typically favored by urban environments, while surface foraging insectivory, carnivory, primary cavity-nesting and ground-nesting traits are selected against (Emlen, 1974; Allen and O’Connor, 2000; Lim and Sodhi, 2004; Blewett and Marzluff, 2005; Chace and Walsh, 2006; Croci et al., 2008; Evans et al., 2011; Guetté et al., 2017; Tomasevic and Marzluff, 2017). Thus, compared to undisturbed habitats, urban environments frequently display both reduced avian biodiversity and ecological resilience.





2 Urban environmental stressors

Four environmental stressors are present in nearly all urban habitats across geographic zones: chemical pollution, noise, artificial light at night (ALAN), and human presence (Isaksson, 2018). Chemical pollution in urban areas is associated with reduced avian survival (Mitra et al., 2011; Kekkonen, 2017), and is an ongoing concern for both ecological and human health in urban areas (Bolund and Hunhammar, 1999; Cristiano et al., 2021). The most common pollutants in urban areas, globally, are those generated by the combustion of fossil fuels by cars (i.e., nitrogen oxides and soot) (Isaksson, 2018). Even in the relatively sparsely populated cities of Sweden, chemical pollution is high enough to cause negative effects in birds and humans (Salmón et al., 2018). Heavy metal pollution is also common in urban areas, although this varies regionally, depending on locations of polluting industries (reviewed in Isaksson, 2018).

Urban ambient noise is also well recognized to reduce bird species richness (Ciach and Fröhlich, 2017; Pena et al., 2017; Barbosa et al., 2020; da Silva et al., 2021). As with many urban characteristics, urban noise can impose niche filtering selection on avian species, favoring habitat generalists whose vocalizations are outside of the range of anthropogenic noise (0-3 kHz; reviewed in Barbosa et al., 2020). Apart from noise, urban birds can be disturbed by the presence of humans. Although urban birds do exhibit some tolerance for human presence (e.g., shorter flight initiation distances than rural conspecifics, reviewed in Evans et al., 2009), negative impacts of human disturbance on bird abundance and species richness persist (Figure 2). For example, human disturbance, including recreational activities, negatively correlates with avian diversity in urban green spaces (Kang et al., 2015), and breeding bird densities tend to be reduced when human disturbance is high (reviewed in Evans et al., 2009).




Figure 2 | Influence diagram of the relationships between environmental stressor management actions (yellow squares), intermediate stressor (pink squircles), human (orange squircle) and environmental (green squircle) processes, and avian biodiversity (blue hexagon) as a metric of resilience. Black arrows indicate predominantly positive relationships, blue arrows indicate predominantly negative relationships. Created with biorender.com.



ALAN is also of growing concern for human and ecological health (Cupertino et al., 2023), but existing policy structures are poorly designed to address the growth of ALAN or mitigate its impacts (Burt et al., 2023). Researchers have clearly established that ALAN disrupts animal movements and orientation, especially for nocturnally migrating birds of which over a billion individuals are killed annually in collisions with buildings (Burt et al., 2023; Loss et al., 2023). At the individual level, experimental ALAN has been linked to shifts in avian circadian rhythms (de Jong et al., 2016), while also promoting physiological changes linked to decreased brain plasticity (Moaraf et al., 2020, 2021), endocrine dysregulation (Injaian et al., 2021), early reproductive timing (Dominoni et al., 2013), and temporarily increases innate immune activity in birds (Saini et al., 2019). With the widespread use of ALAN in urban habitats, birds are exposed to systemic physiological disruption. which has been shown in humans to negatively affect individual resilience by inflicting a “wear and tear” cost (Oken et al., 2015). At the community level, Morelli et al. (2021) found that light pollution had a significant filtering effect on urban bird communities, leading to taxonomic and functional homogenization in cities across Europe. The homogenizing effect of ALAN on urban bird communities directly correlates to reduced functional and alpha diversity, which in turn, suggests reduced avian community resilience.

Urban areas also modify albedo (reflectivity) and evapotranspiration (the combined water vapor released by plants and evaporation from surfaces), while introducing increased aerosols and anthropogenic heat sources. These factors lead to elevated temperatures, and thus urban environments tend to be warmer than surrounding less developed areas by up to 10°C (Figure 3; Dimoudi et al., 2013; Sharifi and Lejmann, 2015) i.e., the “Urban Heat Island” effect, (reviewed in Aram et al., 2019), an effect that is expected to increase under climate change scenarios (Aram et al., 2019; Leveau et al., 2021). High temperatures associated with urbanization can be a stressor across cities (Cai et al., 2023), but their effect may be especially pronounced in arid environments and those with already high temperatures (e.g., du Plessis et al., 2012), or where species are not adapted to warm temperatures (e.g., Oliver et al., 2017). Conversely, high temperatures may be beneficial to species diversity where cold winter temperature is a limiting factor (Bowler et al., 2018).




Figure 3 | Land Surface Temperature (LST) of Houston, Texas on June 13, 2023 at 17:05 local time. Streets and areas with more buildings are hot spots reaching 47°C. Large parks, Bear Creek Pioneers Park (BCP) and George Bush Park (GB) on the western side of the city are cooler. Green spaces along Buffalo Bayou (arrows) running eastward from these large parks are also cooler (Image from data generated by NASA’s ECOsystem Spaceborne Thermal Radiometer Experiment (ECOSTRESS) mission, Jet Propulsion Laboratory, a division of Caltech in Pasadena, California.



Changes in food abundance, predation, and pathogens relative to adjacent undisturbed areas are additional urban environmental stressors which may affect species diversity and richness of birds (Isaksson, 2018). Anthropogenic food resources in urban areas tend to be patchy, yet relatively predictable. For example, supplementary feeding (i.e., the intentional provision of food by humans to wild birds that supplements their diet) is a widespread phenomenon and regular activity in backyards of developed countries (Reynolds et al., 2017). While our definition frames supplementary feeding as an intentional act, we note that humans unintentionally supplement the diets of birds through discarded waste. Despite increases in anthropogenic food in urban areas via intentional and unintentional supplementary feeding, urbanization may reduce the availability of natural foods (Seress et al., 2018), especially where non-native plants are abundant (Narango et al., 2018). Moreover, reduced diversity of avian food items appears to be a consistent trait of urban environments, regardless of supplementary feeding customs (Isaksson, 2018).

The effect of urbanization on avian predators likely varies with behavioral and physiological traits, and life-histories that predict sensitivity to disturbance (Rodewald and Gehrt, 2014; Boal, 2018). Apex predators have been shown to avoid urban areas (Blecha et al., 2018; Ellington and Gehrt, 2019; Soccorsi and LaPoint, 2023) which may facilitate mesopredator release (Crooks and Soule, 1999). Concomitantly, increased availability of anthropogenic foods may promote small to mid-sized generalist predators (e.g., northern racoons [Procyon lotor] and Virginia opossums [Didelphis marsupialis]), although results are highly variable amongst studies (Rodewald and Gehrt, 2014). Notably, urbanization may also increase densities of free-ranging domesticated cats (Felis catus) (Haskell et al., 2001), although these effects may be mediated by human land use and demographics (Bennett et al., 2021). However, despite increased predation risk from at least some predators, predation rates on birds tend to be higher in rural areas compared to urban areas (Eötvös et al., 2018). The presence of anthropogenic foods in urban areas may underscore this apparent ‘predator paradox’ (Rodewald and Gehrt, 2014).

Finally, although pathogen abundance and diversity is moderated by urban climate and the presence of water bodies, pathogen transmission is generally higher among birds in urban environments (Isaksson, 2018), due to increased bird density (Chace and Walsh, 2006; Aronson et al., 2014) and effects associated with supplementary feeding (Adelman et al., 2015; Galbraith et al., 2017). However, it is worth noting that the prevalence of birds infested with ticks has been shown to be lower in urban areas (Roselli et al., 2022) suggesting that urbanization may reduce the transmission of tick-borne pathogens, but further study is needed to address this idea.




3 Urban management strategies that can promote avian biodiversity and urban ecological resilience

Urban bird species richness and density appear to be more strongly influenced by local factors than regional factors (Evans et al., 2009). This is good news for urban neighborhoods attempting to increase biodiversity, because it suggests that local management has the potential to increase species richness, biodiversity, and functional diversity. These improvements can enhance urban ecological resilience to future disturbance. Management to increase biodiversity in urban environments generally aims to directly or indirectly reduce the strong selective effects of biotic homogenization and niche filtering on wildlife. Below, we discuss several approaches to promoting avian biodiversity, and thus urban ecological resilience. These approaches are not an exhaustive list of management strategies for avian biodiversity in urban habitats, but rather a selection of readily understood and frequently used management frameworks.



3.1 Urban green and blue spaces

Avian biodiversity can be increased through investment in complex urban green (e.g., parks, gardens, and street trees) and blue spaces (e.g., water bodies, streams, rivers, and wetlands) that utilize a diversity of native vegetation. Several studies indicate that urban land cover and the proportion of built infrastructure are negatively associated with bird species density and richness (Aronson et al., 2014; Suárez-Castro et al., 2022), although measures of functional diversity may be more complexly related to urban infrastructure (Suárez-Castro et al., 2022). Urban green and blue spaces can increase bird species density and provide refugia for biodiversity (Figure 4; e.g., Suri et al., 2017; Barbosa et al., 2020) by reducing impervious surfaces and their associated homogenizing effects. In a Neotropical avian community, at least one study indicates that although urban parks exhibit lower resiliency compared to preserved continuous forests, they are important components of urban ecological resilience. This is reflected in reduced species richness, feeding guild richness, and within-scale redundancy, but similar functional richness, functional diversity, functional evenness, and cross-scale redundancy in urban parks as compared to preserved continuous forest (Estevo et al., 2017).




Figure 4 | Influence diagram of the relationships between management actions for urban green/blue spaces (yellow squares), intermediate human processes (orange squircle) and environmental processes (green squircle) and avian biodiversity (blue hexagon) as a metric of resilience. Black arrows indicate predominantly positive relationships, blue arrows indicate predominantly negative relationships. Created with biorender.com.



Urban green spaces with diverse, mature native vegetation, and standing dead trees appear to provide the strongest benefits to avian species richness (Campos-Silva and Piratelli, 2021; da Silva et al., 2021). The presence of mature trees in urban green spaces increase both bird taxonomic and functional richness (Morelli et al., 2017), and water bodies or rivers/streams increase both taxonomic richness and functional diversity (Morelli et al., 2017; Suri et al., 2017; Barbosa et al., 2020). Numerous studies provide overwhelming support for the importance of woody vegetation in increasing overall avian biodiversity (Evans et al., 2009; Fontana et al., 2011; Morelli et al., 2017; Kaushik et al., 2022) and the richness and abundance of native resident bird species (Rico-Silva et al., 2021). However, heterogeneous habitat designs have the strongest positive effects on avian biodiversity (Clergeau et al., 2001; Evans et al., 2009). The presence of native vegetation composition and structure, vegetation complexity, and habitat connectivity between urban green and blue spaces are all positively correlated with the number of native bird species and avian biodiversity (Chace and Walsh, 2006; Kang et al., 2015; Jasmani et al., 2017; Isaksson, 2018; Beaugeard et al., 2021), probably because these factors alleviate both the stress of decreased food diversity and changes to predator dynamics, at the same time as providing habitat and corridors in which to travel.

Larger urban green spaces generally provide greater benefits to avian biodiversity (i.e., species richness, Shannon diversity, and functional diversity) than smaller spaces (Evans et al., 2009; Kang et al., 2015; Callaghan et al., 2018; Kaushik et al., 2022). However, small parks can still be important for avian diversity if several are distributed throughout an urban area. Networks composed of these small parks can support higher species richness compared to larger urban parks, in part due to increased use of these networks as stopover sites by migrating species (La Sorte et al., 2023). Large parks likely enhance avian biodiversity more so than isolated small or medium sized parks due to a higher prevalence of mature trees and water bodies, diverse vegetation zones, reduced edge effects, and the capacity to support larger, more stable wildlife populations (Evans et al., 2009; Aram et al., 2019). However, small public urban green spaces are often more feasible to implement, especially in medium and low-income neighborhoods, and thus should also be considered to play an important role in maintaining biodiversity (Jasmani et al., 2017; da Silva et al., 2021). Many of the benefits that large urban green spaces provide can be applied to planning small urban green spaces and gardens, for example: diverse native vegetation, complex vegetation structure, and water bodies (Evans et al., 2009). The negative effects of edge and isolation on biodiversity can be mitigated in small urban green spaces by providing green or blue corridors to connect these spaces (Evans et al., 2009). Where limits to species dispersal and gene flow are identified, “rewilding” or the introduction of native species to urban areas may be a useful management tactic (Lambert and Donihue, 2020). More research is needed on the role of small urban green spaces in avian community richness/diversity, and the costs and benefits of different types of connecting corridors (e.g., power lines, pipe lines, wildlife bridges, etc.) and barriers (e.g., fences, roads, hedges, etc.).

In addition, urban green spaces offer opportunities for recreation, relaxation, and connection with nature, improving the overall well-being and mental health of city dwellers (Akpinar et al., 2016; World Health Organization, 20161). Urban green spaces can also contribute to the cultural identity and sense of place for urban communities (Seeland et al., 2009; Keleg et al., 2021). Blue spaces (including man made surface water) are also associated with improved human well-being and mental health (Smith et al., 2021). Additionally, these urban green and blue spaces can attract tourists, boost property values, and support local economies through recreational activities, eco-tourism, and green businesses (Vance and Hedel, 2007; Brownstone and Golob, 2009; Dodman, 2009), boosting the overall resilience of a city.

Urban green and blue spaces can also provide ecosystem services by reducing noise pollution, and removing chemical pollutants from the air and water, benefiting humans and wildlife, alike. Vegetation can reduce noise pollution by directly acting as a sound barrier, and providing positive benefits to biodiversity that mitigate the negative effects of noise (Pena et al., 2017). Diverse assemblages of mature native trees appear to provide the highest benefit to bird species richness in noisy urban areas, probably due to nesting site preferences and the availability of resources, such as arthropods (Pena et al., 2017). Vegetation in urban green spaces can also reduce air pollution through filtering (Bolund and Hunhammar, 1999). Filtering capacities increase with more leaf area, thus large, coniferous trees have the highest filtering capacities (especially since they are green year round), and bushes and grasslands the lowest (Bolund and Hunhammar, 1999). However, coniferous trees are generally more sensitive to pollutants than deciduous trees, which are also better at absorbing gasses. Thus, a mixture of tree types appears most desirable to filter air pollutants (Bolund and Hunhammar, 1999). Water pollution can be mitigated through the use of urban wetlands to treat urban sewage or bioswales to reduce contaminants in urban run-off (Anderson et al., 2016). Wetlands can absorb large amounts of nutrients and allow particles to settle by slowing the flow of sewage (Bolund and Hunhammar, 1999).

Urban green and blue spaces also provide substantially cooling benefits to mitigate the urban heat island effect (Bolund and Hunhammar, 1999), benefiting human health and well-being while simultaneously providing relief from the homogenizing effects of heat on ecological communities. Urban parks and forests with sizes of greater than 10 hectares appear to provide the largest cooling benefit, reducing temperatures by 1-2°C for up to 350m beyond the park boundary, depending on vegetation cover and tree shade (Aram et al., 2019). Estimates of cooling intensity and distance from urban blue spaces vary widely, depending on the area, shape, depth, movement, and surrounding features of the water body (reviewed in Zhou et al., 2023), but can reach reductions up to 5°C for a 270 m wide section of river in Japan (Murakawa et al., 1991). This cooling benefit is even higher when blue spaces are integrated into urban green spaces (e.g., Figure 2). For example, a 30m green buffer on either side of an urban river can reduce land surface temperatures by 3.1 - 3.6°C compared to the blue space, alone, and 2.7 - 3.7°C compared to the green space, alone (Zhou et al., 2023). Thus, large urban parks with water bodies not only provide diverse habitat for wildlife, but can also reduce heat stress for both wildlife and humans alike.

The benefits provided to avian biodiversity by urban green and blue spaces depend on the recreational use of the green space, and human traffic surrounding the green space. Sports facilities (e.g., soccer fields, baseball fields, football stadiums) have few, if any, mature trees, low percent canopy covers, low vegetation diversity, and higher environmental stressors such as human presence and artificial light. These factors limit their usefulness as wildlife habitat. Traffic of humans and their commensals (e.g., dogs) through greenspaces can also be quite high, with associated disruption to nesting and foraging activities of birds (Banks and Bryant, 2007; but see Forrest and St. Clair, 2006). Increasing cover habitat may decrease disturbance in these instances, by decreasing alert and flight distances of birds (reviewed in Evans et al., 2009).




3.2 Community engagement programs

Community engagement which brings awareness to the stressors faced by urban birds is an important component of many strategies to increase urban biodiversity, and thus ecological resilience. This community engagement can be achieved via outreach programs, citizen science projects partnering professional researchers with members of the public to collect scientific data (Cooper et al., 2007), or community science approaches linked to social action (Cooper et al., 2021). For example, Lights Out Texas! (Audubon Texas, 20232) has worked to spread awareness of the negative effects of ALAN on migrating birds through education. By encouraging community members to turn out lights, the program likely bolsters bird communities by decreasing avian mortality (Lao et al., 2020; Van Doran et al., 2021). Similarly, the American Bird Conservancy’s ‘Cats Indoors’ program provides resources to promote responsible cat ownership behaviors that reduce cat-caused avian mortality (American Bird Conservancy, 20213). Other programs, such as the National Wildlife Federation’s certification program of residential yards with wildlife-friendly native landscaping, aim to actively increase both biodiversity and ecological resilience at a hyper-local level (Widows and Drake, 2014). This benefit of native plants is illustrated by frequently increased richness of local avian communities (Campos-Silva and Piratelli, 2021; da Silva et al., 2021).

Citizen science efforts may also promote public awareness of the biodiversity crisis, engaging community members in conservation research while also contributing to scientific datasets. Data contributed to citizen science programs such as eBird (Sullivan et al., 2009) and iNaturalist (iNaturalist, 20244) can be used to assess biodiversity metrics in urban spaces (Callaghan et al., 2018) and inform natural resource management and conservation plans (McKinley et al., 2017) that have the potential to increase urban ecological resilience. One of the longest running citizen science examples is the National Audubon Society’s Christmas Bird Count, which has been in existence since 1900 (National Audubon Society, 2024b5) and brings together birdwatchers of all experience levels. Knowledge about local biodiversity also promotes conservation ideals amongst the general public and can lead to an enhanced sense of place and responsibility for the natural world (Cosquer et al., 2012) alongside associated mental health benefits (Horwitz et al., 2001) increasing the overall resilience of our towns and cities. Though citizen science programs for biodiversity awareness exist across taxa, they are perhaps known best through their use in the identification of birds.

Recreational birdwatching may also be viewed as a popular form of community engagement, with 45 to 85 million individuals in the United States (US) self-identifying as birdwatchers (Cordell, 2013; Carver, 2009). Birdwatchers are more likely to engage in conservation behaviors that enhance wildlife populations than people who do not engage in wildlife-focused recreation (Cooper et al., 2015). More recently, initiatives such as Black Birders Week (National Audubon Society 2024a6) and the National Park Service’s Outdoor Recreation Legacy Partnership (National Parks Service, 20247) aim to connect underserved urban communities with outdoor recreational opportunities. As community engagement efforts grow across social and economic boundaries with active inclusivity promotion, their importance in enhancing urban ecological resilience is likely increasing. Increasing human awareness of biodiversity is a critical component of a.) fostering successful conservation efforts with a net positive ecological impact, and b.) ensuring that strategies to strengthen and maintain urban ecological resilience persist within a system long-term.




3.3 Supplementary feeding

Providing backyard bird food (hereafter ‘supplementary feeding’) such as seeds, grains, and suet is common practice in urban areas in much of the western world (i.e., countries populated by people originating from Europe), especially in areas that experience relatively cold conditions during winter (e.g., northern Europe, North America; Reynolds et al., 2017). In addition, where nectivorous birds frequent residential areas (e.g., South Africa, New Zealand), people regularly provide sugar water in artificial nectar feeders (Coetzee et al., 2021; Erastova et al., 2021). While supplementary feeding may be unintentional (e.g., through discarded waste), here we focus on the intentional provision of food (e.g., via bird feeders). The scale of supplementary feeding is staggering; in the US alone, 70.5% of people 16 years or older intentionally feed wild birds annually, spending approximately US$4 billion on bird food, and an additional US$10 billion on associated hardware, annually (US Fish & Wildlife Service, 2018). The energy inputs represented by this extensive practice are likely vast, as are the potential number of birds supported; estimates suggest that provisioning levels in the UK alone are sufficient to fully support 196 million backyard birds (Orros and Fellowes, 2015).

Correlational studies suggest that supplementary feeding supports diverse communities of birds in backyards (Plummer et al., 2019), and that feeders may support birds experiencing declines in natural food availability (Figure 5; Chamberlain et al., 2005). Similarly, experimental approaches demonstrate that avian abundance and diversity may increase in response to commonly provided food types including bread and wild bird seed (Galbraith et al., 2015; Lamberson, 2022). However, such results are typically underscored by increases in granivorous and omnivorous species that occur within the urban species pool (Lerman et al., 2021), while the abundance of species infrequently seen at feeders (e.g., insectivores) may decrease, possibly in response to the presence of dominant heterospecifics (Galbraith et al., 2015). Under scenarios where nectar is provided in artificial feeders, the abundance of nectar-specialists may also increase (Sonne et al., 2016; du Plessis et al., 2021). Supplementary feeding has also been shown to increase species-richness and the abundance of mammals (Reed and Bonter, 2018; Hansen et al., 2020), while decreasing the abundance of invertebrates (ground-beetles: Coleoptera: Carabidae), potentially driven by increased avian predation (Orros et al., 2015). Therefore, supplementary feeding may restructure communities rather than increase overall biodiversity, and thus whether it aids in urban ecological resilience is unclear and warrants further investigation.




Figure 5 | Influence diagram of the relationships between the management actions (yellow squares) from our case studies, intermediate stressor (pink squircles), human (orange squircle) and environmental (green squircle) processes, and avian biodiversity (blue hexagon) as a metric of resilience. Black arrows indicate predominantly positive hypothesized relationships, blue arrows indicate predominantly negative hypothesized relationships. Supplementary feeding can have both positive and negative effects on food availability because it generally increases food availability for granivorous, omnivorous, and nectivorous birds, but food quality and the availability of insects may be reduced. Population size can also have positive and negative relationships with avian biodiversity because large populations of some species can reduce or eliminate those of other species through competition. Created with biorender.com.



While supplementary feeding may appear to bolster biodiversity in some cases, it is important to consider the potential negative effects on birds (reviewed in Shutt and Lees, 2021) in discussions concerning urban ecological resilience. For example, while supplementary feeding may promote metrics of health in wild bird populations (e.g., increased antioxidant levels, reduced stress levels; Wilcoxon et al., 2015), it may facilitate disease transmission (Figure 5) where feeders serve as sites for increased bird interactions and as reservoirs for pathogens (Adelman et al., 2015; Galbraith et al., 2017). Such effects may be amplified where the density of bird feeders is high (Moyers et al., 2018). Concomitantly, while the majority of studies suggest birds experience enhanced breeding productivity in response to supplementary feeding (reviewed in Ruffino et al., 2014), others have demonstrated negative effects in this regard (e.g., reduced clutch size - Harrison et al., 2010; reduced offspring body condition and survival - Plummer et al., 2013; skewed offspring sex ratios - Clout et al., 2002). Furthermore, supplementary feeding may affect predator-prey relationships by increasing the abundance of predators (Hanmer et al., 2017; Malpass et al., 2017) although further research is needed to explore this idea further. Where the provision of nectar in artificial feeders attracts nectivorous birds, visitation rates at flowers may decrease, thus potentially disrupting pollination services provided by birds (du Plessis et al., 2021).




3.4 Urban landfills

The creation of urban-based landfills to store and manage solid waste produced in urban areas removes suitable habitats for many wildlife species. Yet, landfills can provide food subsidies that support scavenging, carnivorous, and omnivorous birds including species of gulls (Burger and Gochfeld, 1983; Belant et al., 1998; Duhem et al., 2008; Ackerman et al., 2018), raptors (Burger and Gochfeld, 1983; Turrin et al., 2015; Al Fazari and McGrady, 2016), corvids (Marasinghe et al., 2018), and wading birds (Burger and Gochfeld, 1983; Singha et al., 2002; Ciach and Kruszyk, 2010; Dorn et al., 2011). Supplementary food from landfills can compensate for reductions in natural food sources (Duhem et al., 2008; Dorn et al., 2011; Ackerman et al., 2018) and support endangered species (Singha et al., 2002; Dementieieva et al., 2023). Certainly, proximity to landfill can be a major determinant in explaining the composition and stability of urban bird communities (Ciach and Fröhlich, 2017).

Landfill design depends on its size, location, and the specific regulations and practices followed in an area. Most contain a drop-off area where garbage is unloaded and several cells or disposal areas where waste is deposited. Once an active disposal site is filled, it is covered with soil, clay, or an impermeable material to prevent leaching. Then, waste deposition shifts to a new cell, and the process continues. Modern landfills are designed to minimize environmental impacts and have leachate collection systems to capture liquid that percolates through the layers of waste and gas collection systems to prevent methane from escaping into the atmosphere. Proper stormwater management systems are established to prevent rainwater from accumulating in the landfill (United States Congress, 1976). Thus, modern landfills can provide a variety of avian habitats (Figure 5) from wetland stormwater collection sites, active dumping sites, closed dumping sites that are planted with grasses, and perimeter areas that are often forested (Marasinghe et al., 2018; Arnold et al., 2021).

Avian abundance tends to be greatest in areas of active dumping, while avian diversity and evenness is greatest at closed dumping areas (Marasinghe et al., 2018). Other features of urban landfills that promote avian diversity are tree cover (Malekian et al., 2021), distance to communal roosts (Turrin et al., 2015), lower human disturbance (Burger and Gochfeld, 1983), and distance to water (Malekian et al., 2021). Once active dumping sites are filled and capped, grasses are planted and maintained to prevent growth of woody plants whose roots could damage the capping system. These grassy areas can support populations of declining grassland specialists (Arnold et al., 2021) and rural surrounding areas can support species of conservation concern (Dementieieva et al., 2023). Thus, urban landfills can play a crucial role in preserving avian diversity and resilience despite posing hazards to wildlife through exposure to plastics, toxic compounds, and pathogens (Figure 5; Plaza and Lambertucci, 2017). Populations of some species of conservation concern, like white storks (Ciconia ciconia) are predicted to decline if urban landfills are closed (López-García et al., 2023). However, closed landfills can be reclaimed as open urban green spaces (Hoefer et al., 2016).




3.5 Artificial nesting structures

Urban environments offer unique challenges and opportunities for nesting birds. In response to urbanization, birds may exploit novel nesting habitats provided by humans, either purposefully or incidentally. Here, we focus on North American breeding species and define artificial nesting structures as man-made structures that support or contain bird nests, even if they were not specifically built for the purpose of providing nesting resources for birds (Mainwaring, 2015). Artificial nesting structures include, but are not limited to, electric pylons, roads, buildings, pipes, rooftops, nest boxes, burrows, and cavities (Mainwaring, 2015). We do not focus on anthropogenic nesting material (i.e, materials incorporated into birds’ nests that are manufactured by humans) because numerous reviews already exist to connect anthropogenic nesting materials to avian reproductive success, and thus resilience (see Jagiello et al., 2019; Reynolds et al., 2019; Jagiello et al., 2023).

In the ever-changing urban landscape, many bird species have demonstrated remarkable plasticity by colonizing novel nesting sites, effectively expanding their ranges as cities continue to grow. For instance, cliff swallows (Petrochelidon pyrrhonota) have exhibited an expansion of their distribution, seizing opportunities presented by the widespread construction of concrete bridges and highway overpasses (Brown et al., 2020). Similarly, ground-nesting birds including common nighthawks (Chordeiles minor), various gull and tern species (Laridae spp.), and killdeer (Charadrius vociferus) have adopted gravel and “green” rooftops in urban areas as novel nesting sites (Fisk, 1978; Brigham, 1989; Cañero and Redondo, 2010; Washburn et al., 2016). Some birds have become highly reliant on the artificial nesting structures provided by humans. Chimney swifts (Chaetura pelagica) and purple martins (Progne subis), for instance, have become almost entirely dependent on human-provided nesting structures for breeding, often expanding into heavily urbanized habitats in pursuit of suitable nest sites (Bridge et al., 2016). Their human “landlords’’ maintain these nesting sites and often report a strong sense of satisfaction and connection with nature through their involvement in avian conservation efforts, which can positively influence mental health and foster a deeper sense of place within urban communities (Figure 5).

Urban habitats can act as substitutes for natural breeding sites (Martínez-Abraín and Jiménez, 2016). For example, peregrine falcons (Falco peregrinus) have exploited anthropogenic structures, including buildings, electric pylons, and buoys which function as cliffs following population recovery after their drastic population declines related to organochlorine pesticides in the 1940s-1970s (US Fish and Wildlife Service, 1999). Similarly, crested caracaras (Caracara plancus), a species typically associated with open or semi-open habitats (Smith et al., 2017; Morrison and Dwyer, 2021) have successfully exploited unconventional nesting sites, such as advertising billboards and electrical pylons, particularly in environments where natural nesting substrates are limited such as in urban areas (Dwyer and Rosa, 2015), and this may be leading to range expansion (Smith and Dwyer, 2024). This underscores the relatively high nesting substrate plasticity that certain bird species exhibit in urban habitats. At the guild level, primary cavity nesting birds (i.e., those that create their own nesting cavity) are often selected against in urban habitats, due to removal of natural structures for nest excavation (Tomasevic and Marzluff, 2017), but secondary cavity nesting species (i.e., those that nest in existing cavities), will readily transition to nesting in cavities in anthropogenic structures (Tomasevic and Marzluff, 2017) where existing natural cavities are limited.

However, the establishment of urban nesting sites may also have negative consequences for urban ecological resilience. In North America, invasive birds often predominate native birds in urban areas (Green and Baker, 2003), and outcompete native species for nesting resources (Charter et al., 2016). House sparrows (Passer domesticus) and European starlings (Sturnus vulgaris) are synanthropic species that exhibit high plasticity in nesting habitat (Clergeau and Quenot, 2007; Sheldon and Griffith, 2017), and will readily nest in artificial nesting structures, often aggressively removing native cavity nesting birds. Provisioning of artificial nesting structures, particularly for cavity nesters, may facilitate these interactions and support non-native species in urban habitats (Clergeau and Quenot, 2007). These non-native species present a dilemma when assessing urban ecological resilience. Incorporating non-native species into community-level biodiversity metrics for resilience is likely to diminish community resilience due to biotic homogenization and the prevalence of non-native species in urban habitats (Green and Baker, 2003). However, when considering adaptive capacity and behavioral or functional plasticity in resilience metrics, highly successful non-native species may be considered more resilient and adaptive than native birds, thus increasing the resilience of ecological communities. This paradoxical relationship highlights the need for more explicit definitions and metrics for ecological resilience, particularly in urban habitats.

It is clear that artificial nesting structures are a tool that can be used to enhance avian biodiversity at various levels, from landowners to government entities (Savard et al., 2000). Management of these structures will likely increase the positive impacts of artificial nesting on the biodiversity of urban habitats, and thus affect resilience metrics. However, broad-scale and effective management strategies for artificial nesting structures in urban environments are lacking. In light of the vital role that urban nesting bird communities play in enhancing urban biodiversity and contributing to the resilience of urban ecosystems, proactive management strategies aimed at optimizing the benefits of artificial nesting structures are needed.





4 Intersections between avian urban ecological resilience, socioeconomic factors, and technology

Urban ecological resilience is dynamically connected to social, economic, and technological factors (Figure 1). Most human residents of cities reside in areas of low biodiversity, representing “biological poverty” (Melles, 2005). Given that over 50% of the human population now resides in cities, it is probable that most of the global human population now lives under this scenario (Turner et al., 2004; Melles, 2005). The majority of those living in biological poverty appear to be located in densely populated low-income urban communities. For example, studies in Vancouver, Canada and Phoenix, Arizona, US conclude that low-income urban neighborhoods tend to have less diverse avian communities and fewer native species of birds than higher income neighborhoods (Kinzig et al., 2005; Melles, 2005), although this is not always the case (e.g., Chicago, Illinois, US; Loss et al., 2009). Urban human residents appear to perceive and appreciate bird diversity more than abundance (Clergeau et al., 2001) and reduced biodiversity can negatively impact human psychological well-being, sense of community, and identity (Horwitz et al., 2001). Within this context, urban ecological resilience can be considered an environmental justice issue.

Unequal social and economic distribution among urban human populations can affect urban biodiversity through multiple processes. First, the density of the urban area directly affects the amount of habitat available for wildlife, with subsequent effects on biodiversity (Figure 3). The majority of human city dwellers reside in densely populated areas characterized by below-average biodiversity (Turner et al., 2004). Second, the distribution of urban greenspaces is typically skewed toward higher-income neighborhoods (Kinzig et al., 2005). These greenspaces are also usually larger and more well-managed than their counterparts in lower-income neighborhoods (Rigolon, 2016). Larger green spaces typically maintain higher levels of avian biodiversity (Kang et al., 2015; Callaghan et al., 2018), especially when they include large mature trees, diverse habitat zones, and water bodies (Morelli et al., 2017; Suri et al., 2017; Aram et al., 2019; Barbosa et al., 2020). These features are also more likely to occur in neighborhoods of higher socioeconomic status (Rigolon, 2016). Of course, there are some exceptions such as large National Wildlife Refuges or other not locally-funded reserves that were created to protect unique and important habitats, irrespective of their relationship with human settlement.

Third, homeowner landscaping choices can affect biodiversity outside of urban greenspaces (Kinzig et al., 2005). Although isolated small urban greenspaces are not as effective at increasing avian biodiversity as large urban greenspaces (Evans et al., 2009; Kang et al., 2015; Callaghan et al., 2018; Kaushik et al., 2022), small urban greenspaces are often more easily implemented and maintained (Jasmani et al., 2017; da Silva et al., 2021), especially in medium- and low-income neighborhoods. Homeowner landscaping choices may be driven by wealth where wealthier individuals are able to invest more in landscaping options that promote biodiversity (i.e., the luxury effect; Hope et al., 2003). Certainly, positive relationships between wealth and bird diversity have been found in numerous studies (Leong et al., 2018), although the strength of this effect may depend on the level of urbanization (Chamberlain et al., 2019), and the aridity of the area, suggesting issues of environmental justice may be amplified as climate change effects (e.g., drought) increase in severity (Chamberlain et al., 2020). Homeowner landscaping choices that promote biodiversity may also depend on other drivers of behavior including social norms and motivations (Peterson et al., 2012; Goddard et al., 2013).

Finally, the extent of supplementary feeding of wild birds is also strongly driven by housing density and socioeconomics where household income predicts bird-feeding activity (Fuller et al., 2013). Under this scenario, the potential for supplementary feeding to affect avian abundance, species richness, and diversity may only be relevant to a relatively wealthy subset of the human population (e.g., luxury effect; Hope et al., 2003). Bird feeding serves to connect people with nature and increase human well-being (Figure 5; Cox and Gaston, 2016), thus inequalities in bird-feeding activities can also produce inequalities in human psychological health and sense of place. These social and economic determinants of biodiversity and ecological health highlight the dynamic interactions between socioeconomic inequalities in human urban populations, ecological resilience, and urban resilience as a whole.

Biodiverse landscapes can also bring economic benefits to a community. Birdwatchers will often travel to view a rare bird species or species they cannot view in their home region, bolstering the tourism and hospitality industries of the hosting community. For example, over one month in winter 2021-2022 thousands of people traveled to see a Steller’s sea-eagle (Haliaeetus pelagicus) on the North American eastern seaboard, generating an estimated $584,373 - $731,809 (Pease et al., 2023). In 2016, over 300,000 birdwatchers visited Alaska, spending an approximately $378 million and supporting an estimated 4,000 jobs (Schwoerer and Dawson, 2022). Canadian birdwatchers prefer areas of high biodiversity, and in Canada are estimated to spend an additional $0.68 for every additional species on a birdwatching trip (Jayalath et al., 2023). Annual birdwatching festivals such as the Grand Isle Migratory Bird Celebration in Grand Isle, Louisiana, US contribute millions of recurring dollars to the local economy (Isaacs, 2010). Thus, biodiversity and socioeconomic factors are dynamically interlinked in the urban system (Figure 6). Investments in biodiversity can improve the economic position and well-being of a community, and, likewise, improvements in the socioeconomic status of a community can bolster biodiversity.




Figure 6 | High-level influence diagram of the social, technological, and ecological components (blue squircle) of urban resilience (orange squircle) and how they are influenced by both human well-being (pink squircles) and biodiversity. Black arrows indicate directional relationships, with a two-way interaction between human economic status and biodiversity. Mental health, sense of place, and identity all are core components of human well-being as illustrated in this figure. Created with biorender.com.






5 Conclusions and recommendations

Urban wildlife communities are shaped by selective processes influenced by environmental features, species traits, species interactions, and human socioeconomic factors and behavior, collectively determining which species persist in urban environments. These dynamics highlight the pivotal role of human decision-making in shaping urban bird biodiversity, and thus urban ecological resilience. In this paper we have discussed how urban ecological resilience, using the biodiversity of birds as a proxy, can be altered by characteristics of urbanization, and highlight several local management actions that may promote urban ecological resilience. In particular, there is strong evidence to support the benefits of large green and blue spaces with mature, diverse native vegetation for both avian biodiversity and human physical and mental health.

Synergism between urbanization and climate change may exacerbate their individual negative effects on biodiversity (Travis, 2003; McCloy et al., 2022) and introduce novel dimensions to the selective processes that shape urban avian communities (Pimm, 2009; reviewed in McCloy et al., 2022). For example, Urban Heat Island effects are expected to be amplified as the Earth warms under projected climate change scenarios (Aram et al., 2019; Leveau et al., 2021), leading to the loss of cold-adapted wildlife species (Oliver et al., 2017) and biotic homogenization toward warm-adapted species (Clavero et al., 2011). Urban environments can also create fragmented habitat that restricts the ability of species and communities to track moving climate envelopes (Roberts et al., 2019), as we see with saltmarsh specialist communities (Thorne et al., 2012; Rosencranz et al., 2018).

Despite these negative effects, urban environments can provide relatively stable habitat for species whose ranges are reduced by climate change (reviewed in McCloy et al., 2022), provided the species can adapt to urban environments and/or urban spaces are managed effectively. Urbanization also offers possibilities for effective resource use that can mitigate the effects of climate change, reduce carbon footprints, and increase human well-being and socioeconomic status. Compact urban development with high concentrations of residents and businesses can decrease per capita energy consumption, the distance traveled by vehicles, and carbon emissions (Vance and Hedel, 2007; Brownstone and Golob, 2009; Dodman, 2009), thus reducing climate impacts.

In this paper we use biodiversity (e.g., richness, occupancy, diversity) as a proxy for urban ecological resilience because these measures are straightforward, widely reported, easy to calculate, and frequently used in prior studies to represent ecological resilience (Johnson and Winker, 2010; Karp et al., 2011; Selwood et al., 2015; Irizarry et al., 2021). However, these ‘simple’ methods do not directly consider redundancy or complementarity of species, nor do they account for temporal or spatial heterogeneity in niche space, making them less accurate proxies for resilience (McCloy et al., 2022). To address these issues, ecological resilience can be quantified at the community level through functional diversity indices. These offer a more complex ecological picture (Ricotta et al., 2014; Morelli et al., 2020) by accounting for the components of a species’ phenotype that influence ecosystem functioning, specifically functional traits (Petchey and Gaston, 2006). Therefore, functional diversity indices group members of a community by similarity in ecological functions (Blondel, 2003; Hooper et al., 2005). Since many animal species are either migratory or undertake local seasonal movements, annualized metrics of species and/or functional diversity may commonly be an appropriate choice.

We foresee four primary opportunities for future research to help address the ecological threat of urbanization within the context of climate change:

	1.) The influence of land/water management strategies in densely populated urban areas (e.g., green and blue space connectivity, landscaping choices in small green/blue spaces, supplemental resources for birds including food and nest structures/substrates) on ecological resilience and biological poverty.

	2.) Understanding the impact of socioecological factors on urban ecological resilience, with a specific focus on birds. Deeper investigations of the influence of social, technological, and economic factors on urban bird communities, and methods to mitigate these effects will provide insight for urban planning. The One Health framework provides a model of how this could be accomplished (Ottinger and Geiselman, 2023).

	3.) Investigating urban ecological resilience through functional analyses, such as functional diversity, and multi-taxa studies will offer a more holistic picture of species presence and subsequently provide a comprehensive understanding of the challenges and opportunities for humans and wildlife in urban habitats.

	4.) Collaboration with stakeholders at multiple levels of social-ecological-technological resilience, from landowners to government entities, to promote active management of urban landscapes for biodiversity. Engaging varied stakeholders can enhance the effectiveness of gathering data on urban wildlife productivity. This includes improving the creation and maintenance of quality habitat, implementation of monitoring technologies, fostering participation from underrepresented stakeholder groups, and growth of citizen and community science efforts (i.e, eBird, iNaturalist, or community groups dedicated to biodiversity monitoring). A more holistic understanding of urban wildlife ecology will enrich scientific knowledge and provide valuable insights for informed conservation practices and urban planning. Consequently, this will contribute to the development of more resilient and sustainable urban environments.



Urban ecological resilience is at the intersection of climate change, urbanization, technological development, social justice, and human decision-making. To address this, we advocate for interdisciplinary and multiscalar investigations through the lens of urban ecological resilience, the development of proactive urban planning and management strategies, and the promotion of equitable access to greenspaces and resilient urban environments. By comprehensively addressing the complex interplay between humans and avian communities in changing urban environments, we can work toward building more resilient and sustainable urban ecosystems for both humans and wildlife.
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Footnotes

1URL: https://apps.who.int/iris/handle/10665/345751

2URL: https://tx.audubon.org/urbanconservation/lights-out-texas

3URL: https://abcbirds.org/program/cats-indoors/

4URL: https://www.inaturalist.org

5URL: https://www.audubon.org/conservation/science/christmas-bird-count/history-christmas-bird-count

6URL: https://www.audubon.org/black-birders-week

7URL: https://www.nps.gov/subjects/lwcf/outdoor-recreation-legacy-partnership-grants-program.htm
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Code Decoupling Explanation NEUH

1 Expansive negative decoupling zone | The ecological environment pressure and tourism economic development

crease | -
simultancously, and its increase i greater than the tourism economic development.

1 Expansive coupling zone “The ecological environmental pressure and tourism economic development level -
increase at the same time, and the increase of both systems i the same.

m Weak decoupling zone “The ccological environment pressure and tourism economic development increase at | Relatively ideal sate

the same time, but i

increases less than the tourism economic development.

w Strong decoupling zone ‘The ecological environmental pressure decreases with the tourism economs. Ideal state

Declining decoupling zone Both the ecological environmental pressure and tourism economic developmentare | -
reduced, but the ecological environmental pressure is reduced more than the tourism

economic recession degree.

vi Declining coupling zone “The ecological environmental pressure and tourism economic development declined | -

at the same time, and the rate of decline was the same for both systems.

Vit Weak negative decoupling zone “The ecological environmental pressure and tourism economic development declined | -
simultancously, but the ecological environmental pressure reduction was relatively
small.

Vit Strong negative decoupling zone “The ecological environmental pressure has increased and the tourism economy has  Most unfavorable state
declined.
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Source code Area dPC Source code dPC
1 209 273 21 219 5.92
2 053 139 22 1.64 3.07
3 0.70 1.65 23 1.58 2.12
4 0.57 213 24 157 2.24
5 1.81 423 25 0.82 123
6 2.06 5.16 26 239 2.80
7 130 516 27 0.84 1.07
8 1.08 307 28 1.58 141
9 149 4.81 29 0.55 1.76
10 107 311 30 0.84 2.06
11 1.57 398 31 0.76 L16
12 0.67 129 32 1.97 236
13 058 262 33 1.53 221
14 1.20 L12 34 2.69 1.04
15 0.88 3.58 35 6.29 6.62
16 099 450 36 0.82 121
17 0.67 173 37 1.94 2.58
18 051 152 38 5.07 571
19 347 9.59 39 1.06 1.04

20 6.25 20.41 40 243 2.96
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Resistance factors

Landscape types

Geomorphic factors

Index Resistance coefficient
Woodland 5
Grassland 10
Cultivated land 20
Explicit resistance 0.4 Garden 30
Waters 60
Bare land 70
Construction land 100
Invisible resistance 0.12 Kriging —_
<8° 1
8°715° 10
Slope 0.24 15°725° 50
25°735° 75
>35° 100
<25m 1
25~50m 10
Relief 0.24 50~70m 50
70~100m 75
>100m 100





OPS/images/fevo.2023.1301149/table2.jpg
Threat factor

Land Habitat
use type suitability Agricultural Cultivated ~ Water conservancy Industrial a Towns Traffic
facility land land facility land mining land and villages
Cultivated 03 0.1 0 02 06 06 0.4
land
Garden 04 0.2 0.1 02 0.8 07 0.5
Woodland 1 0.3 0.3 05 09 07 0.6
Grassland 05 0.3 0.2 05 0.8 07 0.6
Waters 1 0.4 0.3 06 09 08 0.7
Construction 0 o o 0 0 0 o
land

Unused land 0.1 0.2 0.1 0.3 0.7 0.6 0.5
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Number of obs

F (2,13)
Model 0.629321514 2 0.314660757 Prob>F 0.0000
Residual 0.124851639 13 0.009603972 R-squared 0.8345
Total 0.754173154 15 0.05027821 Root MSE 0.098
E Coefficient Std. err t P> |t [95% conf. Interval]
T 2.23703 0.4414263 5.07 0.000 1.28317 3.190889
Tsq -1.538519 0.4304648 -3.57 0.000 -2.468482 | -0.6085565

_cons 0.0175061 0.0875763 -0.20 0.845 -0.2067032 0.176911
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Number of obs 16

F(3,12) 8885.31

Model 695834612 3 1231944871 Prob>F 0.0000
Residual 1000313252 12 .000026104f R-squared 0.9996
Total 696147864 15 046409858 Root MSE 0.00511

D Coefficient Std. err t P> |t [95% conf. Interval]

E .5365522 0136034 ‘ 39.44 0.000 .506913 .5661914

T 6887247 045767 15.05 0.000 5890071 7884424

EXT -.323268 0586636 -5.51 0.000 » -451085 -.195451

_cons 0658548 0083515 ‘ 7.89 0.000 1 0476584 .0840512

Significance of bold values is indicated in the text.
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il The criterion layer

layer
Water resources
(W)
Ecological
health of
water
resources
Social economy
(S)
Ecological

environment (E)

The index layer

Water resources per capita/

(m’ person™)

Variation of shallow water
table/ (m)

Annual precipitation/
(mm)

Water consumption per mu
for farmland irrigation/(1 0%
m3)

Daily domestic water

consumption per capita/
(L)

Note

Reflects the per capita water
resources of the society
Reflects the influence of shallow
water level variation on natural water
cycle

Reflects the amount of annual rainfall

Reflects the influence of irrigation
water consumption in social water
cycle
Reflects the influence of per capita
daily domestic water consumption on
social water cycle

Proportion of groundwater Reflects the influence of groundwater

supply/%

Sewage treatment rate/%

Rate of ecological water
consumption/%
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quality/%

The rate of reaching water
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length of river/%
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utilization/%
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Percentage of forest
cover/%

supply ratio on the social water cycle
Reflects the influence of sewage
treatment degree on natural water
cycle
Reflects the influence of ecological
water consumption ratio on natural
water cycle

Reflects the nature of the river water
quality is better proportion

Reflects the proportion of rivers in
nature that make the grade

Reflects the driving force of
economic growth on WCH
Reflects the driving force of regional
development on WCH

Reflects the industrial water utility of
the social water cycle

Reflects the GDP utility of the social
water cycle

Reflects the agricultural water utility
of the social water cycle

Reflects the influence of population
growth rate on WCH
Reflects the influence of land
irrigation onWCH
Reflects the influence of domestic
waste on the natural water cycle
Reflects the influence of annual COD
discharge on natural water cycle

Reflects the development and
utilization of social water resources

Reflects the social urban greening
status quo
Reflects the proportion of forests in
nature
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Year C Classification Classification 3 Relative development level
2005 0.3939 Ordinary 0.2481 Moderately disordered 0.9000 E>T, Ecological environment leading
2006 0.4239 Fair 0.2797 Moderately disordered 0.7483 E>T, Ecological environment leading
2007 0.4455 Fair 0.2996 Moderately disordered 0.8269 ‘ E>T, Ecological environment leading
2008 0.4624 Fair 0.3213 Mildly disordered . 0.6693 E>T, Ecological environment leading
2009 0.4636 Fair 0.3615 Mildly disordered | 0.4576 ‘ E>T, Ecological environment leading
2010 0.4594 Fair 0.3364 Mildly disordered 0.2448 E>T, Ecological environment leading
2011 05773 Fair 04624 Verge of disorder osi23 ‘ E>T, Ecological environment leading
2012 0.6256 Good 0.5126 Barely coordinated 05780 E>T, Ecological environment leading
2013 0.6462 Good 0.5481 Barely coordinated | 05107 E>T, Ecological environment leading
2014 0.7227 Good 0.6347 Primary coordinated ‘ 0.5948 E>T, Ecological environment leading
2015 0.7388 Good 0.6478 Primary coordinated 0.6666 E>T, Ecological environment leading
2016 0.7726 Good 0.6817 Primary coordinated 0.8474 E>T, Ecological environment leading
2017 0.8384 Excellent 0.7691 Intermediate coordinated |

2018 0.8999 Excellent 0.8558

2019 0.9237 Excellent 0.8926 E<T, Tourism leading

2020 0.8158 Excellent 0.7535 Intermediate coordinated 0.6390 E>T, Ecological environment leading

Warning; Benign.
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bsystem ctor

The integration value of tourism Tourism scale (T1)
subsystem T

Tourism benefits (T2)

The integration value of the ecological Ecological environmental
environment E pressure (E1)

Ecological environmental
state (E2)

Indicators
T, Total number of overseas visitor arrivals positive
(10,000person-times)
T, Total number of domestic tourists (10,000 positive 0.0539
person-times)
T; Total number of overnight tourists (10,000 positive 0.1119
person-times)
T, Total number of tourist hotels (number) positive 0.1065
Ts Total number of travel agencies (number) positive 0.0936
T, Earnings from domestic tourism (100 million yuan) positive 0.1383
T, Earnings from international tourism (10,000 USD) positive 0.1086
Ts Proportion of total earnings from tourism in the positive 0.1075
tertiary industry (%)
Ty Proportion of total earnings from tourism in positive 0.1486
GDP (%)
E, Discharge of industrial and domestic waste water negative 0.0735
into the ocean
E, Population density(persons/kmz) negative 0.0435
Ej Percentage of seawater with high quality level (%) positive 0.1002
E, Area of urban parks(ha) positive 0.1310
Es Per Capital area of parks and green land(m?) positive 0.0539
E¢ Green coverage rate of the built-up area (%) positive 0.1119
E, Forest coverage rate (%) positive 0.1065
Eg Harmless garbage treatment rate (%) positive 0.0936
EgTown’s life sewage treatment rate (%) positive 0.1383
Eyo Ratio of industrial waste water meeting discharge positive 0.1086
standards (%)
Ey; Total funds of pollution treatment (10 positive 0.1075

thousand yuan)
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Range Value Classification
Uncoordinated 0,0.1) Extremely uncoordinated
0.1, 0.2) Seriously uncoordinated
02,03) Moderately uncoordinated
0.3, 04) Slightly uncoordinated
Transitional coordinated 0.4, 0.5) Approaching uncoordinated
0.5, 0.6) Approaching coordinated
Coordinated 0.6, 0.7) Slightly coordinated
0.7, 0.8) Moderately coordinated
0.8,0.9) Highly coordinated
09, 1.0] Extremely coordinated
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ESV Transfer Matrix from 2010 to 2020

Cultivated Water Construction Profit and
Woodland = Grassland Wetland

Land Area Land Loss
Cultivated Land - 8.84 246 5.68 -10.4 -0.39 2698 33.17
Woodland -9.35 - 0.81 02 0.68 -0.01 147 9.18
Grassland -3.91 087 = 1.59 0.72 -0.82 2558 22.59
Water Area 134 -0.16 259 - -0.85 -1.05 311 -14.94
Construction

937 043 057 091 - 0.07 1.85 13.2
Land
Other 047 0.14 042 022 0.04 = 222 343
Wetland 3338 07 325 049 -0.87 -0.86 - -39.55

Transfers of the same type of land use type do not result in ESV losses/gains, i.c., the amount of transfer value between similar land use types is not considered. Indicated by "-".
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Ecosystem Services

Value/10%yuan Proportion/% Value/10%yuan Proportion/%

Food production 2073 59 2098 5.83
Raw material production 11.9 339 11.66 324

‘ Gas regulation 23.59 6.72 23.74 6.6

‘ Climate regulation 54.12 15.41 61.9 17.2

‘ Hydrological regulation 67.01 19.08 65.68 18.24
Waste treatment 73.63 20.96 75.87 21.08
Soil conservation 40.28 1147 40.23 1117
Biodiversity 3848 10.94 38.08 10.58
Aesthetic landscape 2153 6.13 21.82 6.06

Total 351.27 100 359.96 100
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Land Use Transfer Matrix from 2010 to 2020

Grassland  Cultivated Land  Construction Land ~ Woodland = Other = Wetland = Water Area  Total

Grassland 582 1689 75 86 129 967 77 3605
Cultivated Land 1062 25064 1427 712 97 ' 937 ‘ 247 29546
‘ Construction Land 59 1285 330 22 18 51 30 | 1795
‘Woodland 80 753 [ 34 757 | 1 | 90 18 ‘ 1733
Other 66 117 13 9 143 ' 68 ‘ 8 424
Wetland 123 1160 24 43 26 1718 86 3180
Water Area 125 583 28 15 39 536 ‘ 442 1768
Total 2097 30651 1931 1644 453 » 4367 ‘ 908 42051
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Formula Connotati

———— ‘Where: Y;; denotes the standardized value of the jth indicator of the i-th county; x;; denotes the
Positive indexes : ¥ = m (9) | actual value of the j-th indicator of the i-th county; max(x)), min(x;) denote the maximum and
N ’ minimum values of the j-th indicator.
max () - x;

Negative indicators : Yj = ——————~—
8 7 max (x;) - min (x;)

(10)
1n Yylnp,
Entropy : E; = —ln—“z“n'inp’ (11)
L=t %
=
1-E
Weight: W;=——2_(j=1,2,...k) (12)
Tk-3E
Where: D is the weight of the connected edge between partition cells; d;; is the Euclidean
D=dy= '"2 > Y (13) distance between partition cells; x; and x; are the k-th indicator values of the i-th and j-th
i partition cells, respectively.k is the number of index values.

All the connected edges in the connectivity graph are sorted in ascending order of their weights, and then one by one from smallest to largest is
judged to be selected or not. If the edge does not form a loop with all previously selected connected edges, it can be part of the minimum spanning
tree; otherwise, it is discarded. This is done until n-1 edges are filtered out of the connected graph with n vertices. The filtered edges and all the
vertices form the minimum spanning tree of this connected graph.
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Ecosystem Services Land Use Type

Type | Type |l Cultivated Land Woodland = Grassland = Water Area = Construction Land = Other ~Wetland
Supply Food production 614.09 202,65 264.06 32547 0.00 1228 221.07
s;:;;?::;hl 239.50 182998 221,07 21493 0.00 2456 14738
Regulation | Gas regulation 442.14 2652.85 921.13 31318 -1486.10 36.84 1479.95
Climate regulation 595.66 249933 957.97 1265.02 0.00 79.83 8320.87
Hydrological regulation 472.85 2511.61 933.41 11526.40 -736.90 42.99 8253.32
Waste treatment 853.58 1056.23 810.59 9119.18 36231 15967 | 8842.85
Support Soil conservation 902.71 2468.63 1375.56 251.78 0.00 10439 1222.03
Biodiversity 62637 2769.53 1148.34 2106.32 0.00 24564 226598

Cultural Aesthetic landscape 104.39 1277.30 534.26 2726.54 147.38 147.38 2880.07

Total 4851.29 17268.11 7166.39 27848.82 -2437.93 853.58 33633.52






OPS/images/fevo.2023.1202898/M26.jpg
(26)






OPS/images/fevo.2023.1263601/im45.jpg





OPS/images/fevo.2023.1214741/table4.jpg
(e+) 1 il v

' 8 oo 03929
n » 00633 o7sis 01519
w % o208 oo 00765





OPS/images/fevo.2023.1192952/table2.jpg
Correction

Connotation

Formula
Factors
Grain Yield Gol.M
Economic 7 *H
Value (4)
Land Use Type
Biomass
(Eisfelder et al.,
2014; Yang B= %
etal, 2018; ) e
Naeem et al,
2020)
Economic B GDP'
” GDP
(6)

G is the economic value per unit equivalent factor (yuan/ha); M is the grain production value (yuan); and H is the sown area (ha).

According to the actual land use in the study area, forest land corresponds to the forest system in Xie Highland’s Chinese terrestrial
ecosystem service value equivalent factor table (Niu et al., 2022), cultivated land corresponds to the farmland system, water
corresponds to the river/lake system, marshland corresponds to the wetland system, and other land uses correspond to the desert
system. The equivalence factors for construction land in the study area were determined with reference to the research results of
Yang Fenghai (Peng et al., 2016) and others.

B is the biomass factor adjustment factor; NPP’ is the net primary productivity of vegetation in the study area (t/(hasa)); and
NPPpeqn is the national net primary productivity of vegetation.

E is the modified value of the economic factor, GDP’ is the per capita GDP of Qiqihar city (10,000 yuan/person), and GDPmean is
the national per capita GDP (10,000 yuan/person).

‘There is no formula for the revision of land use types, only the description of the matching of each land use type with each ecosystem in the table of equivalent factors of ESV in Xie indicated by
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Connotat

S is the area of land use type; n is the total number of land
use types; Sy is the area transferred from land type i to land
type j.

K is the annual rate of change of a certain land use type in
the study area; U, and Uy, are the number of a certain land
use type at the beginning and end of the study period,
respectively; T is the length of the study period.

Purpose

A comprehensive and specific portrayal of the direction of
regional land use change as well as the origin and
composition of each land use type at the beginning and
end of the study period reflects the direction of land use
change guided by human activities.

The change of a land use type over a certain time frame.
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Land cover Natural Plantation Producer

type forest accuracy
Natural forest 352 2 93.37%
Plantation 57 296 83.85%
User accuracy 86.06% 92.21%

Overall accuracy =88.77%
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Land cover Farmland Forest Grassland Artificial Producer

type surface accuracy
Farmland 459 40 12 9 16 85.63%
Forest 2 689 12 2 1 94.77%
Grassland e 30 51 0 3 47.22%
Water 3 1 1 72 0 93.51%
Artificial surface 7 1 0 1 7 88.75%
User accuracy 88.95% 90.54% 67.11% 85.71% 78.02%

Overall accuracy =87.83% Kappa coefficient =0.8084
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Bands/spectral indices CCDC coefficients Auxiliary bands

BLUE, GREEN, RED, NIR, SWIRL, SWIR2, NBR,  RMSE, Intercept, Slope, Sin, Cos, Sin2, Cos2, Sin3, Cos3, Elevation, Aspect, DEM, Rainfall
NDFI, NDV, Soil Amplitude, Phase, Amplitudel, Phasel, Amplitude2, Phase2
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Parameters

breakpointBands

tmaskBands
minObservations
chiSquareProbability
minNumOfYearsScaler

dateFormat

lambda

maxlterations

Value

NDFI, NBR, NDVI, Soil,
GREEN, SWIR2

GREEN, SWIR2
6
0.99
133

20/10,000

25,000

Descripti

‘The name or index of the bands to use for change detection. If unspecified, all bands are

used

‘The name or index of the bands to use for ierative TMask cloud detection
“The number of observations required to flag a change.

“The chi-square probability threshold for change detection in the range of [0, 1]
Factors of minimum number of years to apply new fitting

“The time representation to use during fitting: 0=jDays, 1 = fractional years, 2= unix

time in milliseconds

Lambda for LASSO regression fitting

Maximum number of runs for LASSO regression convergence. Ifset o 0, regular OLS
is used instead of LASSO
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*10%, **5%, and ***1%—statistical significance. Standard errors are in parentheses.
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Coefficient type

Harmonic coefficients

Spectral phase coeflicients

Beakpoint indication

coefficients

Coefficient term

Sin, Cos, $in2, Cos2, Sin3, Cos3, Slope, Intercept

AMPLITUDE, PHASE, AMPLITUDE2, PHASE2,
AMPLITUDE3, PHASE3, RMSE

tStart, tEnd, tBreak, Magnitude

Description

Parameters of the harmonic model, indicating the coefficients of the Ist, 2nd, and 3rd

e and cosine terms, the slope and the intercept, respectively
Seasonal indicators extracted from the harmonic model, indicating the 1st, 2nd, and
3rd amplitudes, phase, and the root mean square error of the fit, respectively

“Time indicators of the segments, indicating the start time of one segment, the end time
of one segment, the breakpoint detection time, the magnitude of the change from one

scgment to the next segment
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Moran’s I
Lagrange multiplier
Robust Lagrange multiplier
Lagrange multiplier
Robust Lagrange multiplier
Wald test for SAR
Wald test for SEM
LR test for SAR
LR test for SEM
Hausman test
Irtest both ind

Irtest both time

*10%, **5%, and ***1%—statistical significance.

4
6.512%*
4,906.557**
446.756**%
5,309.345"*
849.545%*
42.590"*
45.670**
42.420*
46.430
-10.88
133.557*

7695.64%**

w2
33.119***
1,081.839***
829.023***
275.297**
22.481%
49.310%*
49.020**
49.050***
49.730*%
-5.10
248.42%

7,719.497*
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Data

Landsat 5,7,8

Sample points of plantations/

natural forests

Globeland30

Global Forest Cover Change

Description

‘The images are surface reflectance products acquired from 2000-01-01 to 2020-12-31, with a spatial
resolution of 30m. Red, Green, Blue, NIR, SWIRI and SWIR2 bands were used in this study

‘The sample points were visually interpreted based on HD images from Google Earth Pro, The

of these samples are year 2016

‘The 30-m land cover maps of 2000 and 2010 were used for land cover sample point collection

This product was the reference for initial filtering of the plantations/natural forests samples

Data source
GEl

data catalog (hips://
developers.google.com/earth-

engine/datasets)
Google Earth Pro software

Official website of GlobeLand30
(http:/wwwgloballandcover.
com/defaults htmlzsrc=/)

GEE data catalog (htips://
developers.google.com/earth-

engine/datasets)
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Inverse distance squared spatial weight matrix (W1) 7 nearest-neighbor spatial weights matrix (W2)

Moran’s | Z Moran’s | Z
2005 0257 12.040 0.330% 10537
2006 0.235%* 11.051 0.311%% 9.946
2007 0.246"* 11535 0.300%* 9.591
2008 0216 10.154 0.267+* 8.551
2009 0218 10.263 0.261%* 8.384
2010 0.229* 10.762 0.282%* 9.042
2011 0.227* 10.651 0.273%* 8.739
2012 0.220* 10.347 0.259*** 8.310
2013 0.212%* 9.960 0.251%* 8.044
2014 0.194 *+* 9.161 0.230%* 7.393
2015 0217 10.200 0.245%* 7.858
2016 0215 10.102 0.242%* 7.767
2017 0212 9.987 0.238"* 7.651
2018 0.213** 10.040 0.240%** 7.730
2019 0.206%* 9.686 0.228** 7.350
2020 0.205* 9.670 0.222%* 7.156

*10%, **5%, and ***1%-statistical significance.
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ML

MH

HH

(t/t+ 1) LL M MH HH
LL 0.9542 0.0458 0.0000 0.0000
ML 0.0952 0.8095 0.0953 0.0000
MH 0.0000 0.0000 0.8667 0.1333
HH 0.0000 0.0000 0.0476 0.9524
LL 0.8429 0.1423 0.0106 0.0042
ML 0.0343 0.8326 0.1288 0.0043
MH 0.0153 0.0687 0.8091 0.1069
HH 0.0101 0.0101 0.0404 0.9394
LL 0.7216 0.2667 0.0117 0.0000
ML 0.0179 0.8179 0.1577 0.0065
MH 0.0035 0.0279 0.8920 0.0766
HH 0.0000 0.0047 0.0234 09719
LL 0.0000 1.0000 0.0000 0.0000
ML 0.0000 0.6563 0.3437 0.0000
MH 0.0000 0.0219 09197 0.0584
HH 0.0000 0.0000 0.0030 0.9970
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2005

2006

2007

2008

2009

2010

2011

2012

2013

2014

2015

2016

2017

2018

2019

2020

Intra-Regional (G,,)

Contribution
Value

0.0274
0.0268
0.0273
0.0270
0.0263
0.0255
0.0257
0.0256
0.0254
0.0249
0.0254
0.0257
0.0256
0.0260
0.0256

0.0256

Contribution
degree (%)

28.32
2877
29.10
29.50
28.95
29.14
2943
29.54
29.83
29.73
29.85
30.15
30.17
3033
30.67

30.68

Inter-Regional (G,;)

Contribution
value

0.0507
0.0462
0.0443
0.0403
0.0430
0.0409
0.0409
0.0403
0.0382
0.0378
0.0392
0.0381
0.0381
0.0380
0.0362

0.0355

Contribution
degree (%)

5228
49.61
47.20
44.09
47.45
46.62
46.90
46.41
44.82
45.18
46.01
44.73
44.81
44.35
43.29

42.58

Intensity of transvariation (G,)

Contribution
value

0.0188
0.0201
0.0222
0.0242
0.0214
0.0212
0.0207
0.0209
0.0216
0.0210
0.0206
0.0214
0.0213
0.0217
0.0218

0.0223

Contribution
degree (%)

19.40

21.62

23.70

2641

23.60

24.24

23.67

24.05

25.35

25.09

24.14

25.12

25.02

25.32

26.04

26.74
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Intra-Regional (Gjj)

Inter-Regional (Gjh)

Overall Central East-Central East-West Central-West
2005 0.0969 0.0980 0.0566 0.0786 0.1146 0.1276 0.0692
2006 0.0932 0.0947 0.0562 0.0784 0.1079 0.1217 0.0691
2007 0.0938 0.0934 0.0610 0.0795 0.1085 0.1193 0.0715
2008 00915 0.0908 0.0611 0.0824 0.1038 0.1149 00727
2009 0.0907 00925 00539 00813 0.1049 0.1163 0.0690
2010 00876 00877 00558 00776 0.0999 0.1123 00682
2011 0.0873 0.0911 0.0529 0.0777 0.1013 0.1089 0.0666
2012 0.0868 0.0918 0.0524 0.0765 0.1005 0.1088 0.0656
2013 0.0851 0.0898 0.0525 0.0783 0.0972 0.1053 0.0667
2014 0.0838 0.0874 0.0514 0.0787 0.0960 0.1026 0.0666
2015 00852 00917 0.0513 00768 0.0995 0.1034 0.0654
2016 00851 00928 00516 00775 0.0985 0.1025 0.0659
2017 00850 00928 00512 0.0780 0.0982 01024 0.0661
2018 0.0857 0.0938 0.0531 0.0770 0.0989 0.1031 0.0662
2019 00836 00930 00526 00747 0.0962 0.0993 00647
2020 0.0834 0.0916 0.0542 0.0735 0.0957 0.0997 0.0645
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Center of gravity Short semi-axis (km) Long semi-axis (km) | Turning the corner (deg)

coordinates

2005 33.12°N 114.66° E 730.13 1,126.04 2213

2010 33.16° N 114.63°E 732.33 1,12329 2252
2015 33.13° N 114.56° E 734.97 1,122.63 2273

2020 33.10°N 114.53°E 733.40 1,118.40 2292
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0.00-0.10

0.10-0.20

0.20-0.30

0.30-0.40

0.40-0.50

0.50-0.60

0.60-0.70

0.70-0.80

0.80-0.90

0.90-1.00

Level
Extreme disorder
Severe disorders
Moderate disorder
Mild disorders
On the verge of disorder
Barely coordinated
Primary coordination
Intermediate coordination
Virtuous coordination

Quality coordination

Subsystems hinder each other’s development
There are serious negative effects between subsystems
The dominance of mutual containment between subsystems

The negative impact between subsystems is more obvious
The phenomenon of negative influence between subsystems is highlighted
Positive effects among subsystems almost compensate for negative effects

The positive impact between subsystems is more obvious

Subsystem interactions dominate
Good facilitating relationships exist between subsystems

Effective coordination between subsystems can be developed
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w1

Direct Indirect

w2

InPatt 0.0015** (0.0007) 0.0053*** (0.0017) 0.0068*** (0.0014)
Financ 00002 (0.0013) 0.0004 (0.0043) 0.0006 (0.0041)
Openne 0.0002 (0.0002) 00028 (0.0006) 0.0031°** (0.0005)
Instru 0.0032*** (0.0006) 0.0028 (0.0018) 0.0060*** (0.0018)
Govene ~0.0315** (0.0091) -0.0236 (0.0314) ~0.0551* (0.0295)
Educat 00147 (0.0107) 0.0262 (0.0355) 0.0409 (0.0359)
InPopu 00158 (0.0032) ~0.0139 (0.0097) 0.0019 (0.0092)
*10%, **5%,

, and ***1%—statistical significance. Standard errors are in parentheses.

Direct
0.0017** (0.0007)
0.0001 (0.0012)
0.0002 (0.0002)
0.0034*** (0.0006)
~0.0390%** (0.0091)
0.0176 (0.0108)

0.0166*** (0.0031)

Indirect
0.0032** (0.0011)
~0.0068** (0.0027)
00014 (0.0004)
~0.0010 (0.0013)

0.0219 (0.0203)
00208 (0.0236)

—-0.0161*** (0.0062)

0.0049"* (0.0009)
~0.0067** (0.0027)
0.0016"* (0.0004)
0.0024* (0.0013)
~0.0171 (0.0193)
0.0385 (0.0244)

0.0006 (0.0062)
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System Subsystem Indicators Unit Attributes

Pollution Air quality PM, 5 concentration pg/m® =
‘management
SO, concentration pg/m® =
Pollution pressure Volume of industrial sulphur dioxide emission ton -
Volume of industrial waste water discharged 10" tons =
Pollution Rate of domestic garbage harmless treatment % +
remediation
Low-carbon Carbon emission Total CO, emissions ton -
development
CO; emission intensity tons/10° ¥ -
Resource Annual electricity consumption 10° Kwh =
consumption
Total gas supply (coal gas, natural gas) 10" m? -
Liquefied petroleum gas supply ton -
Ecological Greening degree Green-covered area as % of completed area % +
protection
Area of green land hm?* +
Land use The proportion of the area of land used for urban construction in the total land area of the % =
administrative region
Area of the city paved roads at year-end 10* m? -
Economic Economic Real GDP per capita Yuan/ +
construction efficiency person
Number of the labor force and employment 10® persons +
Economic Number of new foreign direct investment agreements and contracts Unit +
potential
Number of industrial enterprises Unit +
Infrastructure Number of subscribers of mobile telephones at year-end 10" +
households

The indicator attribute of (~) means it is a negative indicator, i.e., the value of the indicator is negatively correlated with the system synergy development; the indicator attribute of (+) means it isa
positive indicator, i.e., the value of the indicator is positively correlated with the system synergy development.





OPS/images/fevo.2023.1263601/M3.jpg
D=1-E W=D/3D

P





OPS/images/fevo.2023.1302224/im2.jpg
Q4





OPS/images/fevo.2023.1202898/fevo-11-1202898-g006.jpg
Dagum Gini coefficients

0.13

0.12

=3
—_
j—

=
—_
(=}

o
=)
)

o
=
&

0.07

0.06

%, ~0, ~0, ~0,_~0, 0, 0, ~0, 0, 0, ~0, 0, ~0, 0, ~0, O
N A N AN A A A A AN AN A

—wv— East - Central —@— East - West —@— Central - West

<. <. Year
o <





OPS/images/fevo.2023.1202898/M9.jpg
i ©)

&






OPS/images/fevo.2023.1263601/M2.jpg
mnedyy) %y

V= lag) - mn(%)





OPS/images/fevo.2023.1302224/im10.jpg





OPS/images/fevo.2023.1202898/fevo-11-1202898-g005.jpg
Dagum Gini coefficients

0.09

o
(=3
53

o
=]
3

o
=
>N

0.05

%, ~0, ~0, ~0, ~0, 0, 0, ~0, ~0, 0, ~0, 0, ~0, 0, ~0,
% b G O G Qo Y Yy D L Yy U e D Y

—#— Overall —@— East —@— Central —&— West

<
G/Q

0, 0, Year
o <





OPS/images/fevo.2023.1202898/M8.jpg
Qu = by
P

®





OPS/images/fevo.2023.1263601/M14.jpg





OPS/images/fevo.2023.1302224/im1.jpg
FVG;





OPS/images/fevo.2023.1202898/fevo-11-1202898-g004.jpg
Standard deviation ellipse

7

4‘

Center of gravity

Legend
* 2020

4 2015 75 2015

@' 2010 (77 2010
" 2005

73 2005
——» Migration trajectory L





OPS/images/fevo.2023.1202898/M7.jpg
@





OPS/images/fevo.2023.1263601/M13.jpg





OPS/images/fevo.2023.1302224/fevo-11-1302224-g006.jpg
-0.7431 --0.2309
-0.2309 - 0.0000
0.0000 - 0.0954
0.0954 - 0.3802
0.3802 - 0.9746

0 100 200 km
I

N

A

-0.9533 --0.2731
-0.2731 - 0.0000
0.0000 —0.1447
0.1447 - 0.6577
0.6577 — 1.7428

100 200 km





OPS/images/fevo.2023.1202898/fevo-11-1202898-g003.jpg
by

W ‘-'4 ’
et
Py
2 Sk’
I't!t:%’y g






OPS/images/fevo.2023.1202898/M6.jpg
= /2
P

©





OPS/images/fevo.2023.1263601/M12.jpg





OPS/images/fevo.2023.1302224/fevo-11-1302224-g005.jpg
A

>z

B Very low(0-0.2)
0 Low(0.2-0.4)
I Moderate(0.4-0.6)
B High(0.6-0.8)
I Very high(0.8-1)

>z

Very low(0-02)
Low(0.2-0.4)
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I High(0.6-0.8)
I Very high(0.8-1)
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A
I Very low(0-02)
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Factor Economic Industrial structure Urbanization Technological progress | Agricultural structure
development

Indicators Per capita GDP Proportion of tertiary industry  Proportion of urban population Number of granted patents Proportion of food crop:
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[0.20, 0.30]

Type Extreme maladjustment Severe imbalance Moderate maladjustment Mild maladjustment Verge imbalance
CCD [0.50, 0.60] [0.60, 0.70] [0.70, 0.80] [0.80, 0.90] [0.90, 1.00]
Type Reluctantly coordinated Primary coordinated Intermediate coordinated Well-coordinated Perfectly

coordinated
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Criterion layer Indicator layer

Number of labor force per unit of agricultural land person/hm?
Land multiple cropping index - + 0.0720
Agricultural resource utilization
Yield of cultivated land per unit area kg//hm® + 0.0900
Total power of agricultural machinery per unit sown area kW//hm® + 0.0795
Fertilizer application intensity kg//hm® = 0.1130
: ; r E 2

Agricultural environment Pesticide use intensity kg//hm' = 0.0813
condltion Agricultural film application intensity kg//hm? = 0.0863
Sewage treatment rate % + 0.0760
Proportion of output value of agriculture, forestry, animal husbandry, and fishery to % 0.0715

Agricultural industry GDP *

development

Rural per capita output value of agriculture, forestry, animal husbandry, and fishery CNY/person + 0.0735
Proportion of township employees % + 0.0550
10"CNY/ 0.0750

Farmers’ living standard Per capita disposable income of rural residents pesson +
Rural Engel’s coefficient - - 0.0550

4" means negative; "%" means percentage.
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2> 196, p < 0.0, significant; Z < 1.96, p > 0.05, not significant.
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Pressure (P)

State ()

Impact (1)

Response (R)

Selection basis

“The potential factor that brings
pressure to the tourism

ecosystem (He et al, 2022)

“The factors that pose a threat to
the ecological security of
Guangxi tourism through the

direct influence of the “Driver”

(Zhou etal,, 2022)

Guangxi's economy, ecological
environment, and tourism

development (Ma et al, 2021)

Impact on tou

m economic
contribution, tourism carrying
capacity; and atmospheric

pollution (Chen and Xu, 2023)

Responses to maintain the
stable functioning of tourism
ecosystems include prevention,
compensation, and
improvement (Cooper, 2013;
Maetal, 2022)

Index

DI:

ourism income growth rate
D2: tourist growth rate

D3: GDP growth rate

D4: GDP per capita

D5: natural population growth rate

D6: urbanization rate

PL: per capita daily water

consumption

P2 industrial wastewater dis

P3: industrial SO, emissions

P4: population density

PS: tourist density

SI: proportion of tertiary industry
in GDP

S2: total tourism revenue in GDP
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11 tourism economic density
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Tourism ecological security evaluation

(1) CRITIC: €,

oS (1=7). =12,
i 12.n

[
(2) Composite fuzzy matter-element model : Ry = [, xip %22

Cu *in Tan

(3) Normalized: u(Xy)) = % Positive indices
H(Xyy) = KUK Negative in

axXi-minki)

s

M
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(4) Optimal fuzzy membership matrix Rins = |Cy 1y (Xy) fsKpz) = iom(Kong)
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Mo
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(5) Standard matter-element: Ron = [C,  p(Xoz)

Cn H(Xon)

Cy
(6) Standard deviation squared fuzzy matter-element matrix: Ry = ¢,

(7) Euclid approach degree: pH

Notation

C;: The amount of information possessed by the jth indicator
0 Standard d
743 Correlation coefficient between indicators i and

W The weighting factor of the jth indicator

Ryny: The n-dimensional compound fuzzy matter-element of the m-matching schemes
Cy: The nth thing characteristic evaluation index

Zyn: The fuzzy value that corresponds to the mth evaluation index of the th thing
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