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Abstract

:

With the accelerated urbanization and frequent occurrence of climate extremes, the regional ecosystem service level has ushered in a great challenge, and the resilience of the ecological network has gradually weakened, leading to lower ecological benefits and production levels. As a core ecologically sensitive area in the middle reaches of the Yangtze River, Wuhan metropolitan area has been expanding outward with rapid urbanization, crowding out surrounding arable and ecological land, and facing serious challenges to the sustainable development of the national space, while current cross-regional ecological protection measures need to be strengthened urgently, and exploring the structural resilience of its ecological network is of great significance to promote regional stability. In this study, Wuhan metropolitan area is taken as an example, and we explore the evolution and laws of ecological network structure from the perspective of network analysis by constructing ecological networks in Wuhan metropolitan area in 2000, 2010, and 2020. Firstly, we select regions from the ecological control line developed in China as ecological source sites, and also select multivariate data to supplement them. Then, the ecological network was established using the MCR model. Finally, network analysis was applied to discuss the evolution of network structure under multiple times and propose corresponding conservation strategies. The results show that (1) the major ecological resistance of Wuhan urban area has increased by 5.24% in 20 years. (2) The centrality and connectivity of the network nodes have increased over the 20-year period, and the overall structure of the network has stabilized and the resilience of the network has increased. (3) There is a strong link between changes in the network as a whole and local resilience. The results of the study will help analyze the relationship between the network as a whole and the region, and provide reference for optimizing the ecological network and constructing the systematic management of ecological security pattern.
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1. Introduction


Global unsustainable human activities have a significant impact on the Earth’s ecosystem and threaten the ecological basis of the entire human society which results in global vegetation change and biodiversity reduction [1]. The disorderly expansion of cities usually leads to the heavy loss of ecological land, resulting in the continuous loss and fragmentation of natural habitats [2]. Landscape fragmentation results in the reduction in internal habitat patch area, the truncation of ecological corridors, and the decrease in landscape connectivity, which interferes with the normal landscape ecological process and ecological regulation ability, damages the health integrity of the ecosystem, and leads to the change of ecosystem service function [3,4]. In order to change this situation and strengthen the connections among ecosystems, local governments in China have formulated an ecological control line policy to maintain the integrity of urban ecosystems [5]. The ecological control line (ECL) is a series of closed spatial boundaries for preventing urban sprawl and ensuring the integrity and stability of regional ecosystems [6]. The policy strictly implemented an ecological protection program within the ECL in order to prevent further ecological degradation [5]. Wuhan metropolitan area is located in the middle reaches of the Yangtze River in the east of Hubei province, Central China (Figure 1). It has a very important strategic position in the development plan of China’s Yangtze River Economic Belt. Wuhan metropolitan area is not only the province’s economic center, but also one of the largest regional economic unions in China, with over 31.80 million residents currently living in its 57,968 km2 boundary [7]. With the proposal of the national strategy of the “Rise of Central China” plan and the construction of the “1 + 8 Wuhan metropolitan area”, the urbanization rate of the Wuhan metropolitan area has reached 63.521%. The built-up areas are expanding outward, compacting the surrounding cultivated and natural lands and hindering the sustainable development of the national land space [8]. In 2022, the Chinese government released the 14th Five-Year Plan for the Development of Urban Agglomerations in the Middle Reaches of the Yangtze River (the National Development and Reform Commission of China approved the plan on 24 February 2022) as the backbone of economic development in the Yangtze River middle reaches. Researching the Wuhan metropolitan area’s ecological security pattern is critical to the delivery of this plan. Ecosystem damage diminishes the size of internal habitat patches and destroys biological corridors, reducing the ecological landscape connectivity, which influences species migration and exchange [9]. The ecological security patterns also affect ecosystem function and service sustainability [10].



The ecological security pattern is an important basis for linking the ecological environment with sustainable socio-economic development [11]. The ecological network [12] is integral to regional spatial characteristics [13]. Ecological environment security and species diversity can be effectively maintained through ecological network construction [14,15]. To evaluate and respond to patterns, processes, and spatial relationships in actual landscape ecological networks, patterns and landscape connectivity indices are currently used [15]. In recent years, several approaches have been developed for constructing ecological network models, including the minimum cost distance method, the graph theory, and the recent theories (Table 1). The majority of these approaches consider node properties and relationships. However, the frequency of natural and man-made disasters has led to the integration of resilience as an overall stability concept into network research [16,17]. Ecological network stability influences the network overall structure, and ecological networks are a common representation of the geographical characteristics that determine a region’s sensitivity to shock, adaptability to shock, and growth capacity [18]. Thus, studying the resilience of ecological networks is vital.



Numerous studies have established that network resilience [28] is related to network structure.Network resilience can be evaluated using indicators such as network efficiency [17,29], network security [30], and network accessibility [31]; however, there is no unified network resilience evaluation approach. The effect of network nodes on network resilience has long been debated in several fields. Particularly, one study [32] argued that the frequent occurrence of man-made and natural disasters might cause network disruption, which can alter the normal functioning of nodes and result in other unpredictable outcomes. The importance, number, and connectivity of nodes within a network also determine network resilience, according to a previous study [33]. However, thus far, there has been little consideration of the relationship between nodes and overall network resilience.



The network analysis method considers the interactions among distinct components or neighboring levels within a network and combines the entire network for comparison [34]. This way, node-to-node and network-wide relationships can be effectively analyzed [35]. In network analysis, complex landscape features are reduced to simple nodes and associated edges to elucidate the network flow of ecological landscapes and structures [36]. The structure and function of the landscape network can also be calculated from the overall network density, network connectivity, and network circuitry [37]. Research has been conducted on the effects of node spatial distribution, node connectivity [33,38], and node function and structure [39] on network and node analysis. Most of the studies on ecological network resilience research have focused on the link between physical structure, ecological function, and the ecological network.



Thus, rather than focusing solely on the spatial relationship between nodes and network resilience, this study applies network science methods to investigate network resilience from a multi-temporal and varied perspective to clarify the influence of multiple indicator changes within network nodes on network resilience. The effects of changes in multiple network node indicators on network resilience are investigated.




2. Materials and Methods


2.1. Data Sources and Research Framework


Data were gathered from multiple sources at various time points. The sources include Landsat 4–8 satellite remote sensing band maps (with a basic grid size cell of 30 × 30 m); 2015 geographic digital elevation data on Hubei Province obtained from the geospatial data cloud of the Chinese Academy of Sciences (www.gscloud.cn/search accessed on 10 December 2021); land use maps of the Wuhan metropolitan area in Hubei Province for 2000, 2010, and 2020 (www.globallandcover.com accessed on 20 December 2021); and the ecological red line diagram of the Wuhan metropolitan area from the Delineation Scheme of Ecological Protection Red Line in Hubei Province (2017). The ecological resistance range was identified according to three factors: land use, vegetation coverage, and geographical feature information for 2000, 2010, and 2020. The variables of landscape resistance were computed using ArcGIS Pro software (2.5.0/Esri, Redlands, CA, USA) to produce an ecological resistance surface. The cost distance was determined using the minimum cumulative resistance (MCR) model. In this study it is necessary to analyze the linkage between the overall network and the internal nodes through the connectivity of the nodes in the ecological network, and the MCR model can calculate the biomigration costs of different landscapes in order to simulate the minimum cumulative resistance paths for constructing ecological network. These resistance paths together constitute the ecological network. Finally, network analysis is applied to compare the ecological network values in 20 year to discover its change pattern (Figure 2).




2.2. Methods


2.2.1. Recognition of Ecological Source Sites


Ecological source sites are “sources” of ecological land preservation, and they are chosen from regions with strong ecological functions and abundant biodiversity and existing species’ habitats. The exchange and spread of species are also considered in the selection of source sites [6]. The ecological source area of the Wuhan metropolitan region (Figure 3) was defined according to the ecological red line range of the “Hubei Province Ecological Protection Red Line Delimitation Scheme” issued by the Hubei provincial government in 2017. The ecological source regions of the Wuhan metropolitan area are widely distributed, with the south and northwest having the most and fewest regions, respectively.




2.2.2. Construction of Ecological Resistance Surface


	
Land use type



Land use, a significant component influencing biological landscape movement, reflects the positive or negative effects of various land use attributes on landscape movement. The land use in the research area is divided into water areas, natural protection land, forest land, grassland, cultivated land, bare land, facility land, and urban construction land, according to the “Classification of Land Use Status” (GB/T 21010-2017) standard (Table 2). Land use patterns differ considerably in ecological resistance creation, and thus depict the internal organic relationships in the ecological security pattern.



	
Vegetation coverage



Fractional vegetation cover (FVC) measures vegetation density and reflects its growth pattern, and is a significant index for ecosystem description. This study estimated the impact of vegetation cover on an ecological resistance surface in the Wuhan metropolitan area using FVC as the foundational data.



	
Geographical feature information



Geographical factors considerably affect ecological corridors, and clear disparities occur between mountainous and plains regions. In this study, the change in slope was primarily explored in the evaluation of geographical attributes. The 2000, 2010, and 2020 geographic elevation data of the Wuhan metropolitan area were evaluated using the main guidelines of comprehensive management planning for soil and water conservation (GB/T15772-2008).



	
Weight calculation



According to previous research [40], the effects of natural conditions and human disturbance must be considered in the construction of a resistant surface. The importance of each element is represented by the increment value of each weight (  d I  ). Patch connection is more critical when the weight is higher. The weights for the Wuhan metropolitan area were calculated over time using Formula (2), and the resistance was split into five levels: most important (5), very important (4), important (3), potential (2), and general (1) (Table 3).








2.3. Minimum Cumulative Resistance Model


The minimum cumulative resistance (MCR) model is widely used in the study of species migration and diffusion to simulate the tendency and possibility of species movement [41]. The MCR model is widely used to predict the urban land evolution process and landscape security patterns of natural areas. The core of the MCR model operation includes source area selection and ecological resistance surface construction [42]. Previous research has assumed that the urban ecological landscape continually increases, with the sources serving as the primary focal points. Other units will encounter resistance to the expansion range. The greater the resistance to the expansion, the greater the difficulty of environmental protection. The minimal resistance surface is determined from the ecological expansion resistance graph (Table 4).




2.4. Network Analysis


According to graph theory, network analysis [46] considers internal nodes and network structure as a system in an abstract network [47]. To facilitate the analysis of complex factors and values in the abstract network, the network nodes are often linked, and the nodes and the corresponding change in the overall structure are analyzed. Node indicators are stratified to observe the influence of the network nodes. The connectivity and centrality coefficients represent the connectivity and degree of correlation between nodes. The indicators of ecological nodes are evaluated using three indicators:   C AD   (Equation (4)),   C BC   (Equation (5)), and   C CC   (Equation (6)). To compare the structural change in overall network toughness, the average clustering coefficient (Equation (7)) and the closeness centralization (Equation (8)) of the network structure are simultaneously determined (Table 5).





3. Results


3.1. Ecological Resistance Surface Construction


Ecological minimum cumulative cost resistance was calculated for three years (2000, 2010, and 2020) based on land use type, geographic information, and fractional vegetation cover. The three-year integrated resistance surface was reclassified and thus the suitability zoning was obtained (Figure 4). The results show that the integrated resistance values of the key construction areas are between 5 and 4 (red areas in the figure), which are concentrated in the central city of Wuhan and the central city of each administrative region. These areas have large populations and large construction land areas, and the development of construction land in these areas will cause less damage to the environment, and can be used as key construction areas. In the process of development and construction in the key construction areas, attention should be paid to improving the land utilization rate and reducing the damage to the environment. The optimized construction area has a resistance value between 4 and 3 (yellow area in the figure), which is mainly located in the arable land and grassland of Wuhan metropolitan area. These areas can be used as complementary areas to the priority construction areas, so they are treated as optimized construction areas. The optimized construction zone is not spread around the source, and the southern part of the study area is more suitable for the expansion of construction land than the northern part, mainly due to the weakened ecological environment in the north, which should be optimally laid out to focus on the protection of forest land and arable land in the development process. The comprehensive resistance value of the restricted construction zone is between 3 and 2 (gray area in the figure), and the land type mainly includes grassland, woodland and some wetlands, whose role is to maintain ecological diversity, purify air, and provide water for the region. As a secondary suitable zone for the expansion of construction land, the restricted construction zone has more strict requirements for the development of construction land in this area, so construction in this area should be developed in an orderly manner according to the priority of construction land projects. The ecological restoration area has a comprehensive resistance value between 0 and 2 (blue area in the figure), mainly around rivers and lakes, and its land type is mainly lakes and wetlands. The ecological environment in the ecological restoration area is fragile, so the ecological protection in this area should be paid attention, all related construction activities in this area should be prohibited, and relevant policies should be formulated to protect it, with emphasis on ecological construction and environmental protection. The key construction area and the optimized construction area are taken as the main resistance surface, from which it is found that the ecological resistance surface increased by 5.24% from 2020 to 2000. This is due to the rapid expansion of construction land and the obstruction of the road network transportation system and the expansion of the resistance surface is mainly concentrated in the central cities and prefecture-level cities in Wuhan. The slower growth of ecological resistance surface in the northwestern region is caused by the slower urbanization of the region, which is far from the central city of Wuhan.




3.2. Ecological Corridor Generation


The ecological corridor was determined from the calculated   M C R  , with biological migration allowing for habitat-to-habitat crossing between ecological corridors and ecological nodes. According to the results (Figure 5), there were 74, 65, and 49 significant ecological corridors and 63, 61, and 42 potential ecological corridors in 2000, 2010, and 2020, respectively. The core nodes (19) are ecological nodes derived from the ecological source, and the secondary nodes are the corridor intersections. The core and secondary nodes make up the three-year ecological corridors. Between 2000 and 2010, the number of ecological corridors in the Wuhan metropolitan area decreased, with the number of important ecological corridors reducing by nine and the number of potential ecological corridors decreasing by two. Between 2010 and 2020, the major corridors decreased by 16 and the potential corridors by 19. Consequently, the main corridors are concentrated in the southern region.




3.3. Ecological Network Structure


Figure 6 compares the multiple network coefficients of the ecological corridor network structure over the three years. The results show the following:




	
Figure 6 depicts an upward trend in the average degree of ecological networks over the last three years. Figure 6 compares the 2000–2010 data with the 2010–2020 data. Over the years, the average degree first increases and then decreases, although the overall trend is stable. Further statistical analysis reveals that the most important ecological nodes in the Wuhan metropolitan area are found in the southern forests and along the western waterways. The central and southern regions have the strongest network connectivity, and the mutual influence among nodes is clearer, as depicted by the average degree.



	
The closeness centrality group reveals an overall increasing trend (Figure 6). Closeness centrality represents the closeness of a node to other nodes. The closeness centrality of the Wuhan metropolitan area expands as the city grows. The most important nodes are located around Wuhan and extend to the southern forest (Figure 6). The important nodes are also centered in the southern forest and agricultural area.



	
The overall indirect centrality of ecological networks has declined over the years (Figure 6). Despite the consistency in the number of the most important nodes over the past 20 years, the number of important nodes has reduced by 31.25% due to a decrease in the number of corridors. This directly influences the network scope of information dissemination, lowering the ecological network ability to control information and resource exchange among nodes.



	
Figure 6 demonstrates that the overall clustering coefficient has been increasing over the study period. The Wuhan metropolitan area’s overall connectivity is improving. The top half of the table demonstrates that, while the network propagation scope is weakening, the network connectivity and wholeness have expanded over the years. Consequently, the “near-center potential” was chosen to assess the changes in the overall ecological network to further study the entire network hierarchy and clarify the network structural stability. The closeness centralization of the Wuhan urban area has weakened over the years, as shown in the bottom half of the table. According to the findings of the network structure study, the network closeness centralization in the Wuhan metropolitan area has decreased, its variability has decreased, and its connectivity and balance have increased.
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Figure 6. Ecological network node diagram. 






Figure 6. Ecological network node diagram.
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4. Discussion


4.1. Relationship between Network Analysis Indicators and Network Resilience


Human activities have strongly altered the Earth’s surface, making landscape fragmentation a common form of ecological space [53]. In this case, large patches and fragmentation patches are usually randomly distributed in the landscape. In order to construct connections between them, this paper applies the method of constructing ecological networks and discusses and analyzes the structural changes within the network and the evolution of the overall network through network analysis. Tthe intersection of nodes and linkages forms an landscape ecological network. Such networks [54] are important for the exchange of energy, materials, and information between landscape elements [55]. Understanding the system structure and function is critical to clarifying its elasticity. In the analysis of the network function and structure [56], considering the physical and logical connections between nodes [57] and the diffusion and transferability of nodes [58] is vital. Moreover, understanding the structure and function of a system is critical to clarifying its resilience mechanism. The physical logical connection between nodes and the diffusion and transferability of nodes must be considered in the study of network function and structure [59]. Changes in the resilience of the overall network topology are linked to changes in the nodes. This allows for a more comprehensive examination of the effects of node changes on network resilience. This research is the first to consider the change in node importance and the number of three-year investigation periods over the past 20 years. Second, the differences in connectivity between nodes are analyzed and compared with the overall network resilience. The changes in a single node indicator do not directly explain the network change law. All node indicators should be included, and their impacts comprehensively examined. The assessment of the betweenness centrality, closeness centrality, and average degree indicators can reveal numerical changes in abstract networks, which can indicate the changes in node values within the network. The findings of this study reveal the following:




	
The network indicators of nodes have an important connection with the overall network structure. With the simplification of the network structure over 20 years, it is concluded from the changes of clustering coeifficent and closeness centralization that the overall ecological network structure of Wuhan metropolitan area tends to be stable.



	
The overall increase in the average degree index of the nodes within the network represents an increase in the average degree of the nodes within the network, an increase in the structural resilience of the nodes, and an increase in the stability of the equilibrium of the network.



	
In past 20 years, the increase in closeness centrality makes the connectivity between nodes within the network enhanced, the functional resilience of nodes enhanced, and the circulation of material and information within the network enhanced.



	
The yearly decrease in betweeness centrality indicates a weakening of structural variability within the network, an increase in functional resilience of important nodes, a weakening of the more centripetal overall network, and a more even index of all nodes in the network.









4.2. Impact of Network Analysis of Regional Ecological Security Patterns


To conduct targeted protection operations to establish ecological security patterns, it is necessary to define ecologically important objects and areas and protection targets. Network analysis is a multifactor method for node analysis that is based on the combination of important objects and connectivity levels. To optimize the object of the ecological security protection pattern, analyzing the important ecological objects and connectivity levels and formulating corresponding protection strategies is vital. The network structure of ecological corridors can be optimized through the coordination of important nodes and connectivity. Network structure optimization can improve both the efficiency and overall protection of an ecosystem. This study develops a “whole-node” ecological security pattern optimization framework according to the above concepts. Such a framework is critical for ecosystem protection.



4.2.1. Strengthening of Node


Integrity is a critical component of a network structure. Effective protection of all of the nodes is necessary to ensure network structure stability [60]. Thus, based on types of average degree nodes and layering results, this study presents appropriate protection mechanisms. The most important nodes in the network structure are those at the center of the range, as they reflect the distribution of ecologically important areas. The most important nodes are mainly located in the central and western areas of the Yangtze River Basin and the southern and eastern forest areas. The protection and strengthening of the nodes are important to ensure ecological network stability and circulation. The important nodes are mainly dispersed in the areas surrounding the most important nodes. This dispersion is one of the important indicators influencing average degree. In a fixed network structure, the important nodes of a region with strong node centrality are prone to the effects on other nodes, which is excellent for the collective protection of the entire area. The network integrity is unaffected by potential nodes or normal nodes. The majority of the nodes are outside the Wuhan metropolitan area, in forests and farmlands. As the purpose of node strengthening is to improve the quality and efficiency of ecological protection, it is vital to consider the scope of cultivation and construction, to avoid extensive ecological impact. In summary, both the design of eco-centric node strengthening and the preservation of important node layering must be balanced to successfully protect the region’s ecological security pattern.




4.2.2. Strengthening of Node Connectivity


In ecological safety pattern analysis, network node connectivity is an important indicator of landscape connectivity. The preservation and enhancement of node connectivity is a critical component for promoting species linkages to enable species diversity conservation and network structure improvement [61]. It should focus on the protection of important primary nodes, and at the same time carry out the improvement and protection of the surrounding ordinary nodes, so as to gradually support the improvement of the ecosystem and the overall ecological quality of the range. The most important nodes occur within ecological source areas, which can provide ecosystem services such as environmental protection, regulation, and recreation. Hierarchical network analysis of connected nodes can elucidate the changes in node connectivity, allowing for the selection of the most important ecological nodes and strong connectivity points for holistic ecological protection, and ensuring sufficient space for ecosystem services. The protection and enhancement of node connectivity can improve the network structure and ecological security pattern of the region.





4.3. The Impact of Constructed Ecological Networks on Eco-Regional Communities


Ecological networks reflect not only ecological connection, but also social management [62]. Conflict has always existed between ecological governance and local administration, which affects ecological protection and local economic development [63], particularly in the Wuhan metropolitan area, which is an administrative area with eight cities. Considering the protection norms and governance means of various regions is vital for ecological governance. Furthermore, in cross-regional ecological governance, considering ecological integration governance and the management strategy of hierarchical classification is essential. The hierarchical grading of multiple ecological nodes requires not only the protection and strengthening of nodes with strong ecological centrality, but also the integration and coordination of the network region development. It is necessary to establish an ecological management supervision mechanism of collaborative governance, an important protection point management mechanism, and unified overall planning. Moreover, improving the ecological compensation mechanism is essential. The input–output relationship of various types of production and construction is balanced with the equivalent ecological protection, and the ecological benefits and ecological supply of each administrative region are evaluated to form a coordinated development pattern of the administrative region.




4.4. Limitations and Further Research Directions


Despite the important contributions of this study, it has some limitations which deserve further research. First, the limited sample size may have resulted in deviations (bias). Further study on node recognition and network analysis methods is therefore required. Improving the recognition accuracy of regional nodes could better clarify the ecological network complexity. Second, improving the data classification and analysis framework would simplify the network structure, which would allow more cross-regional research. Nonetheless, despite its limitations, this study provides scientific guidance for the construction of ecological security patterns and the coordination of national and local ecological protection.





5. Conclusions


This study compared the changes in the ecological corridor network in the Wuhan metropolitan area in 2000, 2010, and 2020, and analyzed the relationship between node change and network resilience. The results showed that the network structure change in the Wuhan metropolitan area has been consistent over the past 20 years, and network resilience has risen over the years. This study elucidates the linkage between the resilience of ecological networks and network nodes through network analysis. From a network perspective, this approach allows for the analysis of the overall network and a clear interpretation of the mid-optimal nodes of the network. This study can provide a reference and demonstration for the construction of similar cross-scale and cross-regional ecological security patterns globally. Nonetheless, the results provide technical support for the 14th Five-Year Plan for the Development of Urban Agglomerations in the Middle Reaches of the Yangtze River (2022), thereby promoting the stability of ecological barriers in the Yangtze River middle reaches and the green development of the Yangtze River economic belt.
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Figure 1. Scope of the Wuhan metropolitan area. 
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Figure 2. Technical route. 
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Figure 3. Distribution of ecological source sites in Wuhan metropolitan area. 
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Figure 4. Ecological resistance surface composition map. 
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Figure 5. Changes in ecological corridors. 
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Table 1. Network construction method.
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Construction Theory

	
Theoretical Characteristics

	
Reference






	
Minimum consumption distance method

	
Ecological sources and corridors are combined to establish landscape ecological security patterns.

	
Zhang [19]




	
The resistance surface is created according to the “source-sink” theory and the flexible weighting factor.

	
Theau [20]




	
Quantifying corridor width Biasing the impact of roads on species migration corridors.

	
Liu [21]




	
Graph theory

	
Network structure maps constructed based on Euclidean distance or minimum cost distance to establish the degree of network connectivity at different landscape levels.

	
Shahram [22]




	
Measuring overall network density based on patch node degree and association degree.

	
Foltête [23,24]




	
Current theory

	
Quantifying the stochastic migration corridors of species, the Key network nodes and important conservation areas.

	
Castilho [25]




	
Measure and analyze multiple potential corridors in the network.

	
Dickson [26]




	
Corridor efficiency and functionality are evaluated.

	
Bleyhl [27]
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Table 2. Network construction method.
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	Geographic Number
	Land Property





	01
	Arable Land



	03
	Woodland



	04
	Grassland



	05
	Construction Land



	06
	Mine Silo Storage land



	07
	Residential Land



	10
	Transportation Land



	11
	Land for water and water conservancy facilities
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Table 3. Network construction method.
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	Assignment
	Land Use Type
	Fractional Vegetation Cover
	Slope





	1
	Waters, nature reserves
	−0.2–0.03
	0–3



	2
	Woodland
	0.03–0.07
	3–8



	3
	Arable land, grassland
	0.07–0.14
	8–15



	4
	Bare land, facility land
	0.14–0.23
	15–25



	5
	Urban construction land
	0.23–0.62
	>25



	Weights for 2000
	0.671
	0.199
	0.13



	Weights for 2010
	0.668
	0.197
	0.135



	Weights for 2020
	0.713
	0.149
	0.138
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Table 4. Network construction method.
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	Name
	Formula
	Coefficient Description





	Vegetation cover
	

   F V C =   N D V  I max  − N D V  I min    N D V  I max  + N D V  I min      



(1)




	  N D V  I max    and   N D V  I min   ( i )    are the maximum and minimum normalized difference vegetation index (  N D V I  ) values of vegetation cover in the Wuhan urban area, respectively [43]. 



	Weight calculation
	

   d I  ( % )  = 100 ×   I −  I  remove     I    



(2)




	I denotes the pre-change resistance factor, while   I remove   denotes the resistance factor after the change [33]. The ecological threat is higher at a higher   d I   [44]. 



	Minimum cumulative resistance
	

   M C R = f min  ∑  j = n   i = m    D  i j   ×  R i    



(3)




	f denotes the value of the minimum cumulative resistance,   D  i j    denotes the spatial distance of species from source j to landscape unit i;   R i   denotes the resistance coefficient of landscape unit i to the movement of a species; f denotes the positive correlation between the minimum cumulative resistance and ecological processes [45]. 
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Table 5. Network analysis index calculation formula.
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	Name
	Formula
	Coefficient Description





	Average degree
	

    C  A D    ( i )  =  1 n    ∑  i = 1  n   k i     



(4)




	   C  A D    ( i )    represents the average degree of node i, which is used to calculate node i and other j nodes. Average degree measures the degree of each node in the whole network. The higher the aggregation degree, the greater the average degree, and the greater the inter-node connection, which is more conducive to the formation of a stable network structure. The average degree reflects the degree of equality or importance of nodes [48]. 



	Betweenness centrality
	

    C  B C    ( i )  = ∑    d  i j    ( n )    d  i j      



(5)




	   C  B C    ( i )    represents the betweenness centrality of node i,   d  i j    represents the number of shortest paths from i to j, and    d  i j    ( n )    is the number of nodes passing through the shortest paths from i to j. A node with a low average degree may have a high intermediate centrality. An indirect centrality reflects the ability of a node to control other nodes to exchange information and resources [49]. 



	Closeness centrality
	

    C  C C    ( i )  =   n − 1     ∑  j ≠ i     d  i j       



(6)




	   C  C C    ( i )    represents the closeness centrality of node i. The smaller the average shortest distance of a node, the greater the closeness centrality. The closeness centrality of a point is the reciprocal of the sum of the shortcut distances between the point and all other points in the network. It reflects the relative accessibility of the node in the network. Therefore, the higher the closeness centrality value of a node, the stronger the node accessibility [50]. 



	Clustering coefficient
	

    C  C O    ( i )  =   2    L  i     k i    k i  − 1      



(7)




	   C  C O    ( i )    represents the clustering coefficient of node i, and   L i   represents the number of links between   k i   neighbors of node i. The average clustering coefficient describes the clustering degree of nodes in network. The higher the aggregation degree, the higher the inter-node connection degree, which is more conducive to the formation of a stable network structure [51]. 



	Closeness centralization
	

    D  C C   =     ∑  i = 1  n     C C  C max −  C C  C  ( i )     ( n − 2 ) ( n − 1 )     



(8)




	  D  C C    represents the closeness centralization of network.   C  C C m a x    denotes the maximum closeness centrality of the point, and    C  C C    ( i )    denotes the relative closeness centrality of a point. The higher the closeness centrality potential, the greater the difference between network nodes, and the weaker the accessibility. In contrast, the smaller the difference between nodes in a network, the greater the connectivity balance, and the stronger the accessibility [52]. 
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