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An ecological safety pattern is the basic guarantee for pollution control, ecological environmental protection, economic construction, and sustainable social development, and is an important means of integrated and coordinated development, protection, and governance. This study proposes a research method to identify ecological source sites based on the evaluation of the importance of ecosystem services and ecological sensitivity, and to identify ecological corridors using the minimum cumulative resistance model. The empirical analysis was carried out in Yangxin County, Hubei Province, as an example. The results show that the study area has 16 key corridors and 29 potential corridors, a total of 45 ecological corridors, with a total length of 452 km. In addition, these ecological corridors present a network-like intertwined distribution, connecting various ecological source sites and ensuring the connectivity between ecological source sites, while the well-developed water source sites in the study area provide excellent ecosystem service functions such as water containment for the area.
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1 INTRODUCTION
Rapid global and regional social economy development (Fang et al., 2020), on one hand, has promoted economic development and high-intensity urban construction (Zhang et al., 2019). On the other hand, it has also caused wastage of resources and ecological damage due to the excessive exploitation and utilization of natural resources (Sun and Zhang, 2021), leading to a continuous decline in the carrying capacity of resources and the environment (Su et al., 2019), which has become a major factor affecting and restricting social and economic development (Liu et al., 2016), and has severely restricted national security and human sustainable development in the context of globalization (Will et al., 2015). In order to promote the sustainable development of the ecological environment and natural resources (Moisen et al., 2020), the United Nations “Convention on Biological Diversity” has put forward restoration goals for degraded ecosystems (Lee et al., 2015). The Chinese government has also issued corresponding policies and put forward a new development concept centered on ecological civilization, which has achieved obvious results in some areas. However, from the perspective of the current overall ecological environment in China, ecological protection-related work still faces a severe situation.
Relying on the service functions of the ecosystem, humans can directly or indirectly obtain ecological products and services (Costanza et al., 1997; Loomes and O’Neill, 1997), whose functions include soil and water protection, water connotation, wind prevention and sand fixation, and biodiversity maintenance (Ouyang, 2017; Xiao et al., 2020), which are important promises for ecological stability and sustainable development (Xi et al., 2021). As the sustainable development of the ecological environment has received more and more attention, many studies have been carried out around ecosystem services (Costanza et al., 1997), estimating the value of global ecosystem services (Ouyang, et al., 1999a), providing guidance for subsequent related research (Howe et al., 2014), and sorting out relevant studies from 2000 to 2013 by systematic mapping (Zhang, et al., 2021). There are also numerous studies on different types of ecosystem services, such as terrestrial ecosystem service functions (Ouyang et al., 1999b; Fan et al., 2016; Shi et al., 2012), single ecosystem service functions in forests (Zhao et al., 2004a; Jin et al., 2005; Wang et al., 2007; Wang et al., 2011; Cui et al., 2019), rivers (Luan and Chen, 2004; Xiao et al., 2007; Xu et al., 2010; Xue, 2017), grasslands (Xie et al., 2001; Zhao et al., 2004b; Liu and Mou, 2012; Zhao et al., 2017), agricultural lands (Yang et al., 2005; Yin et al., 2006; Sun et al., 2007), wetlands (He et al., 2001; Xin and Xiao, 2002; Wu et al., 2008), and cities (Li et al., 2008; Zhao et al., 2013). For urban ecosystems, a more complete research system has been established with the efforts of many scholars, but this type of research still exists mostly in typical large cities and well-developed areas, and there are relatively few relevant studies for small towns in less developed areas in central China.
At present, there are still very serious ecological and environmental problems such as soil erosion, desertification, and sand and dust storms in some parts of the world (Ouyang et al., 2000), and the sustainability of the ecological environment as the basis of sustainable social and economic development has gradually reached a consensus (Yin et al., 2006). Currently, most of the relevant studies focus on a single ecological issue, such as the sensitivity analysis of soil erosion (Li et al., 2007; Fan et al., 2011; Sun et al., 2016), the sensitivity analysis of soil and ecosystems, and acid deposition (Chen et al., 1998; Gu and An, 2003; Peng and Wu, 2004); research studies seldom focus on integrated types of ecosystems. From the analysis of spatial scales of research, the relevant studies are mostly on macro-national (Hornung et al., 1995; Parikh, 2001; Shi and Liang, 2002), urban, and regional scales (Zhai et al., 2019), while there exist relatively few studies on the ecological sensitivity and related research on the county scale at the ordinary meso-level.
Ecological security is an important prerequisite for sustainable social development and has gradually become a hot research issue in recent years (Swart, 1996; Alcamo et al., 2001; Liu and Wang, 2010). The ecological security pattern originated from the landscape ecological security pattern proposed by Yu Kongjian in the 1990 (Yu, 1999). Early related studies mostly focused on biodiversity (Hess and Fischer, 2001). Since then, with the depth of research, a multidisciplinary intersection of ecological security pattern construction methods based on the ecological protection red line (Xu et al., 2015), ecosystem service supply and demand (Jing et al., 2018), source–sink theory (Wang et al., 2016), and ecosystem services (Han et al., 2019) has been gradually developed (Jpk et al., 1992). The minimum cumulative resistance model was proposed in 1992 as an important method for constructing an ecological security pattern. Since then, this method has been widely applied and improved and has been gradually established a “source-resistance surface-corridor” research paradigm.
Through the aforementioned literature review, it was found that there are many methods for constructing ecological security patterns, but most of them are carried out through a single methodological approach. Few scholars conduct research on the construction of ecological security patterns through methods similar to the integrated evaluation of ecosystem services and ecological sensitivity. On the other hand, related studies are mostly concentrated in the northwest and southeast coastal areas with relatively special ecological environments and typical large urban areas. There exist few studies on the central region and small town scale in China. Under the current background that the concept of ecological civilization guides urban development in China, it is quite essential to realize the ecological protection in the whole area and scale, so research on the construction of ecological security patterns in the central region and small towns is very valuable.
As a typical small town in central China, while Yangxin County is developing its economy at a high speed, ecological and environmental problems are also coming to the forefront, generating environmental problems such as environmental deterioration of water resources, soil erosion, and flooding, which has severely restricted the sustainable economic and social development. How to identify ecological source sites and ecological corridors and build ecological security patterns is the focus of ecological protection and restoration work in Yangxin County. Therefore, based on the summary and analysis of the existing studies on ecological security patterns, this paper selects Yangxin County as the study area and conducts the evaluation of the importance of ecosystem services and ecological sensitivity. Based on the evaluation results, ecological source sites are identified, and ecological corridors are identified using the minimum cumulative resistance model on this basis. Finally, based on the comprehensive analysis of natural resource characteristics in Yangxin County, the ecological security pattern of the “source land–corridor–network” is constructed based on ecological source land and ecological corridor, and corresponding ecosystem protection strategies are proposed to provide reference for ecological protection and restoration in the national land space.
2 MATERIALS AND METHODS
2.1 Study area
Yangxin County is located in central China, on the south bank of the middle reaches of the Yangtze River and the southeastern part of Hubei Province. The total land area is 2,778.84 km2, as shown in Figure 1, with abundant forested land and water resources, as shown in Table 1. Yangxin County has 45 km of the Yangtze River waterfront shoreline, with interwoven river and lake systems, such as the Xiandao Lake Ecological Tourism Scenic Area, Lotus Lake National Wetland Park, Net Lake Provincial Wetland Nature Reserve, and Daye Lake. Fushui crosses the east and west, connecting the Yangtze River and Fushui Reservoir. In addition, there are more than dozens of large and small peaks, such as the Qifeng Mountain Provincial Forest Park, with an altitude of 862.7 m, Father and Son Mountain, and Hengling Mountain. Yangxin County is located in the transition zone between mountains and plains, whose landscape features are typical of low mountainous hilly areas. As an important agricultural product base in Hubei Province, Yangxin County has a good ecosystem supply function. However, Yangxin has been developing high-polluting industries such as materials, mining, and metallurgical processing and non-ferrous metal processing, which, together with social development and construction, encroach on natural ecological space. The ecological environment has been severely damaged, the service capacity of the ecosystem has decreased sharply, and the ecological sensitivity has increased. Therefore, for Yangxin County, it is undoubtedly a very typical case to construct its ecological security pattern based on the significance of ecosystem services and ecological sensitivity and to provide references for Yangxin’s ecological governance and restoration work.
[image: Figure 1]FIGURE 1 | Current land use in Yangxin County.
TABLE 1 | Statistical table of land use classification in Yangxin County.
[image: Table 1]The data used in the study include land use data, NDVI vegetation index data, soil data, and administrative boundary data from the Resource and Environmental Science Data Center of the Chinese Academy of Sciences (http://www.resdc.cn/); 30-m resolution DEM data come from the geospatial data cloud (http://www.gscloud.cn/); the meteorological data come from the National Earth System Science Data Center, National Science and Technology Infrastructure of China (http://www.geodata.cn).
2.2 Method overview
In the context of ecological sustainable development, the study proposes a combination of two types of evaluation of the importance of ecosystem services and ecological sensitivity. Among them, the important evaluation of ecosystem services has three types of indicators, i.e., the importance of water protection, the importance of soil and water protection, and the importance of biodiversity conservation. The ecological sensitivity assessment has five types of indicators, i.e., elevation sensitivity, land use sensitivity, river sensitivity, vegetation cover sensitivity, and slope sensitivity. Through the superposition analysis, the results of ecological protection significance were obtained, and combined with the actual ecological status of Yangxin County, the heavily important and extremely important areas were selected as ecological source sites. The center of the ecological source area is extracted as the ecological node, the resistance surface is constructed by superimposing the selected factors, and the key corridors and potential corridors are identified. Finally, suggestions and conclusions on the construction of ecological security patterns are proposed. This research was carried out through the steps given in Figure 2.
[image: Figure 2]FIGURE 2 | Methodological steps.
2.3 Assessment of the importance of ecosystem services
According to the ecological pattern of “four screens, three rivers, and one district” in Hubei Province, Yangxin County is located in the Mufu Mountains in southeast Hubei Province, one of the four screens, close to the Yangtze River in the “Three Rivers,” and also contains the lake wetland referred to as the “One District,” which has a great advantage in water connotation service. Therefore, combining with the actual situation of investigation and analysis, the research focuses on water conservation, soil and water protection, and biodiversity maintenance.
Ecosystems can intercept, infiltrate, and accumulate precipitation, and also regulate the water cycle through evaporation and emission, which is the water protection function of ecosystems (Ding et al., 2019). The total amount of water conservation is the sum of total precipitation minus evapotranspiration and other consumption, calculated by Formula (1):
[image: image]
where TQ is the total amount of water conservation ([image: image]), Pi is rainfall (mm), Ri is surface runoff (mm), ETi is evapotranspiration (mm), Ai is the area of type i ecosystem ([image: image]), i is the class i of the ecosystem type in the study area, and j is the number of ecosystem types.
Soil and water protection is calculated by the RUSLE model. The amount of soil and water conservation is the difference between the potential soil erosion amount and the actual soil erosion amount (Jiang et al., 2015), calculated by Formula (2), Formula (3), and Formula (4):
[image: image]
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where [image: image] is the potential soil erosion amount, [image: image] is the actual soil erosion amount, [image: image] is the water and soil conservation amount, R is the rainfall erosivity factor, K is the soil erodibility factor, L is the slope length factor, S is the slope factor, C is the vegetation factor, and P is the soil and water conservation measure factor.
Species diversity and genetic diversity together constitute biodiversity, which can be reflected by habitat quality. It can be calculated using the InVEST model, calculated by Formula (5):
[image: image]
where [image: image] is the habitat quality of the x grid in type j land, [image: image] is the habitat suitability of type j land, [image: image] is the habitat degradation degree of the x grid in type j land, K is the half-saturation constant, and z is the constant (Chen et al., 2016a).
2.4 Ecological sensitivity evaluation
With reference to relevant studies on ecological sensitivity evaluation (Han et al., 2008; Pan et al., 2011), combining with the characteristics of the natural environment in Yangxin County, the study selects five evaluation factors of elevation, slope, river, land use, and vegetation coverage, as shown in Table 2. According to the significance of each factor to the study area, the factor weights determined by the hierarchical analysis method are used to obtain the sensitivity assignment of each factor through the multi-factor weighted spatial superposition analysis method. The ecological sensitivity evaluation results are classified into five levels of “general sensitive area, mild sensitive area, moderate sensitive area, severe sensitive area, and extremely sensitive area.”
TABLE 2 | Classification of ecological sensitivity evaluation factor weights and sensitivity assignment.
[image: Table 2]2.5 Construction of the minimum cumulative resistance model
Based on the minimum cumulative resistance model, the minimum cost path between the sources is calculated. This method was first proposed by Knaapen (Chen et al., 2003) and modified by Yu Kongjian et al. (Yu, 1999; Chen et al., 2003), and it is calculated by Formula (6):
[image: image]
where MCR is the minimum cumulative resistance value, [image: image] represents the spatial distance from source j to landscape unit i, [image: image] is the resistance coefficient of landscape unit i to the movement of species, and f is the positive correlation between the minimum cumulative resistance and the ecological processes. The model calculation is realized by the cost-distance tool of ArcGIS.
3 RESULTS AND ANALYSIS
3.1 Importance results of ecosystem services in Yangxin County
The spatial distribution of different ecosystem service types in Yangxin County is characterized by large differences and certain common features. The important and extremely important areas of water conservation are mainly distributed in the southern and western parts of Yangxin; this part of the area shows a more obvious differentiation phenomenon from the general area of water conservation. Areas with higher soil and water conservation services are mainly distributed in the middle of Yangxin and tend to be distributed along Qifeng Mountain, Dawang Mountain, Jinzhujian Mountain, and other mountain ranges. The areas with high values of biodiversity service are mainly distributed in the southern areas where the mountains are clustered and less disturbed by human activities, while the biodiversity in the central city and surrounding areas with more developed traffic is relatively low.
The results of the comprehensive evaluation of the importance of ecosystem services are given in Table 3, which show that the importance of ecosystem services in most areas of Yangxin is at a high level, among which, the total area of extremely important areas is 2,212.51 km2, accounting for 79.62% of the total land area of Yangxin, while areas with general importance of ecosystem services are scattered in the border areas of administrative regions, with a total area of 13.34 km2, accounting for 0.48% of the total land area. In summary, Yangxin County has good ecosystem service capacity and is one of the key areas of the ecological barrier in southeast of Hubei, which can provide good ecological functions for the surrounding areas shown in Figure 3, Figure 4, Figure 5, and Figure 6.
TABLE 3 | Statistical results.
[image: Table 3][image: Figure 3]FIGURE 3 | Result of water source conservation evaluation.
[image: Figure 4]FIGURE 4 | Result of soil and water conservation evaluation.
[image: Figure 5]FIGURE 5 | Result of biodiversity evaluation.
[image: Figure 6]FIGURE 6 | Result of ecosystem service importance evaluation.
3.2 Ecological sensitivity results of Yangxin County
The single-factor evaluation results are superimposed to obtain the comprehensive evaluation results of ecological sensitivity, which are divided into four grades. The analysis results show that both the elevation and slope sensitivity are closely related to the distribution of mountains, and the high-sensitive areas are mainly distributed in the higher-altitude mountains, ridges, and other areas. The spatial distribution of river sensitivity shows a belt-like distribution along the river basin, and the areas with higher sensitivity are mainly along the Yangtze River and Fushui.
The total area of the extremely ecologically sensitive area in Yangxin County is 1,620.34 km2, accounting for 58.31% of the total land area, indicating that the Yangxin area has high ecological sensitivity and the ecological environment is susceptible to the influence of external environmental changes. Therefore, the economic development and construction of the region and its impact on the ecological environment should be considered comprehensively to promote the sustainable development of Yangxin County, as shown in Figure 7, Figure 8, Figure 9, Figure 10, Figure 11, and Figure 12, and Table 4.
[image: Figure 7]FIGURE 7 | Result of elevation sensitivity evaluation.
[image: Figure 8]FIGURE 8 | Result of slope sensitivity evaluation.
[image: Figure 9]FIGURE 9 | Result of river sensitivity evaluation.
[image: Figure 10]FIGURE 10 | Result of vegetation cover sensitivity evaluation.
[image: Figure 11]FIGURE 11 | Result of land use sensitivity evaluation.
[image: Figure 12]FIGURE 12 | Result of comprehensive ecological sensitivity evaluation.
TABLE 4 | Statistics of ecological sensitivity results.
[image: Table 4]3.3 Ecological source of Yangxin County
The results of the importance of ecological protection are obtained through superimposition analysis, and the heavily important and extremely important areas are selected as ecological sources by combining with the actual ecological condition of Yangxin County. A total of 11 ecological sources were obtained, with a total area of 188.88 km2, accounting for 6.8% of the total land area. The spatial distribution of these ecological sources shows two characteristics: first, they mainly distribute along the Yangtze River and Fushui in a belt-like pattern and concentrate in developed water system areas such as Daye Lake and Xiandao Lake; second, they are more concentrated in the dense areas of mountains with a better natural ecological environment such as Qifeng Mountain. Comparing the obtained ecological source area with the scope of the natural protected area shows that the ecological source area basically contains the natural protected area, indicating the scientific nature of the research method and the rationality of the evaluation results given in Figure 13 and Figure 14.
[image: Figure 13]FIGURE 13 | Result of ecological protection importance evaluation.
[image: Figure 14]FIGURE 14 | Ecological source sites.
3.4 Ecological security pattern of Yangxin County
The center of the ecological source area is extracted as the ecological node, the resistance surface is constructed by superimposing land use, elevation, slope, road, etc., the least cost-consuming path between sources is extracted as the key corridors using cost-distance of ArcGIS, and the other corridors identified are taken as potential corridors. A total of 45 ecological corridors were identified, with a total length of 452 km, including 16 key corridors with a length of 168 km and 29 potential corridors with a length of 284 km. These ecological corridors ensure the convenience and connectivity between ecological sources and mainly distribute along river systems and mountain woodlands, as shown in Figure 15.
[image: Figure 15]FIGURE 15 | Ecological security patterns.
From the results of the construction of ecological security patterns, Yangxin County has a good ecological security network. Under the background of a new round of land and space planning and construction in the future, we should also pay more attention to the protection and implementation process of ecological security patterns, which can be strengthened from the following aspects.
3.5 Strengthening the construction of ecological protection systems
This study can, to a certain extent, guide the construction of ecological protection and restoration patterns of national land space and help solve the serious challenges faced by the current ecological protection and restoration system project of national land space (Fang et al., 2020); it is also important to maintain the integrity of the landscape pattern and regional ecological security (Chen et al., 2016b; Peng et al., 2017).
Based on the analysis of the research results, this paper proposes the establishment of a multi-party participation and whole life cycle ecological protection system and coordinates with the whole process of planning, construction, and management. The ecological protection cooperation with surrounding areas must be strengthened, and an ecological protection system of “whole region, joint governance, joint construction, and sharing” must be formed.
3.5.1 Improving the fund guarantee of ecological engineering
On one hand, we should ensure the support of special funds for ecological protection, strengthen the support of national policies such as the construction of ecological civilization for regional ecological protection, and establish a national provincial city county multi-level ecological protection fund guarantee system. On the other hand, through ecological restoration and governance, we must enhance the regional ecosystem GDP, strengthen the value transformation of ecological products and ecosystem services, and realize the “hematopoiesis” of funds.
3.5.2 Optimizing the implementation mechanism of ecological protection
We should effectively connect major ecological restoration and protection projects with provincial, city, and county land spatial planning, and implement the construction of a regional ecological security pattern at different levels. At the same time, the key indicators of the ecological security pattern will be incorporated into the index system of urban physical examination and the index system of planning implementation evaluation, and the construction of the ecological security pattern will be subject to regular dynamic physical examination and evaluation.
3.5.3 Strengthening cooperation with neighboring regions in ecological protection and restoration
We should strengthen the ecological protection and restoration cooperation between Yangxin County and Daye City, Xianning City, Wuhan City, and other areas, and jointly plan large-scale regional ecosystem protection and restoration projects with the support of the provincial government. At the regional level, it forms a demonstration area of ecological governance with a “benign interaction and win–win cooperation.” At the same time, ecological management at the regional level can help achieve systematic management of important mountains and water systems, such as the Yangtze River and Fushui River, and the Mufu Mountains and other important mountains.
3.5.4 Implementing special protection for key ecological sources and corridors
According to the identification results of ecological source sites and corridors in Yangxin County, their main characteristics are distributed along mountains and water systems, so the focus should be on these types of ecological source sites and corridors when formulating ecological protection and restoration policies. In particular, ecological source sites and corridors along the Yangtze River, Fushui distribution, and around Xiandao Lake should be prioritized for protection and restoration during the implementation of ecological management.
4 DISCUSSION AND CONCLUSION
Yangxin County, as an important part of the ecological barrier in the southeast of Hubei Province in the ecological protection of “four screens, three rivers, and one district,” has a high-quality ecological environment, but with the expansion of urban development, the regional ecological sensitivity is increasing and needs to be protected urgently. The study identifies ecological sources using the comprehensive evaluation results of the importance of ecosystem services and ecological sensitivity, building resistance surfaces, identifies ecological corridors using the minimum cumulative resistance model, and constructs ecological security patterns. The conclusions are as follows:
(1) The study identified 188.88 km2 of ecological sources in Yangxin County, accounting for 6.8% of the total land area. The ecological sources are mainly rivers and lakes, followed by important forest reserves, mountains, etc. As a typical landscape city, Yangxin County has an excellent ecological service capacity of water conservation, and the Zhupo Lake Flower Fish Bone National Aquatic Germplasm Resource Reserve in the territory was selected as the sixth batch of national aquatic germplasm resource reserves.
(2) The study identifies 16 key corridors and 29 potential corridors, a total of 45 ecological corridors, with a total length of 452 km. These ecological corridors are interwoven in a network pattern, connecting various ecological sources and guaranteeing the connectivity between them.
The study constructs ecological security patterns by means of quantitative analysis and evaluation, which can provide effective ideas to solve ecological security problems for the ongoing work of territorial spatial planning and the related work of territorial spatial ecological restoration and ecological management. At the same time, this study can also provide a reference for the ecological control and management of Yangxin County and the surrounding areas with similar situations, and promote the steady improvement of regional ecological environmental protection and sustainable social development. Finally, some problems of this paper need to be pointed out: the evaluation methods of ecosystem service importance and ecological sensitivity used in the study need to be further improved; the study identifies ecological source sites and ecological corridors, but more in-depth research is needed on how to optimize the break points and ecological barrier points between ecological corridors. The key technologies for ecological safety pattern construction need to be further researched in order to achieve better ecological protection and restoration effects.
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