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Abstract

:

Rapid urbanization development and construction has seriously threatened the connectivity of habitat patches in cities and hindered the construction of ecological networks in highly urbanized areas. Among them, China is affected by early compressed urbanization, and the broken ecological space in cities and towns has attracted the extensive interest of researchers. To avoid the subjective randomness and single analysis of ecological space in urbanization areas, this paper takes the central urban area of Wuhan as the main research area. It comprehensively evaluates the ecological network space by combining the MSPA-MCR model. The main conclusions are as follows: (1) Identifying the ecological landscape types with important ecological significance in the study area: Core (88.29%), Islet (0.25%), Perf (0.63%), Edge (9.74%), Loop (0.22%), and Bridge (0.14%). Through the dPC landscape index, seven important ecological sources south of the middle reaches of the Yangtze River were identified. (2) According to the comprehensive factors of natural and human factors constructed by the MCR model, the minimum cumulative ecological resistance surface was established, with an average value of 2.65, a maximum value of 4.70, and a minimum value of 1.00, showing a trend that the ecological resistance values in the central and eastern parts are lower than those in the western part. (3) According to the standard deviation ellipse, the distribution direction of NE–SW in ecological sources was analyzed. The ecological sources distributed in the north were less, and the spatial distribution was scattered on the whole. The strong global positive correlation and local spatial aggregation characteristics of ecological resistance surface were evaluated according to spatial autocorrelation. Based on the gravity model, the interaction intensity of ecological corridors between source areas was evaluated, and the importance of ecological corridor protection and restoration was quantitatively analyzed. The research results provide scientific and reasonable references and a basis for ecological planning of Wuhan central city.
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1. Introduction


More than 50% of the world’s population currently lives and works in urbanized areas, and the number of such migrations will continue to increase in developing countries [1,2]. It is predicted that 65% of the population will live in urban areas by 2025 [3]. However, the above transformation process has significantly impacted the environment and gradually evolved into one of the critical issues in the study of worldwide change [4]. Under the influence of early compressed urbanization in China, the natural ecological elements in cities and towns are decreasing year by year. The environmental landscape patches show significant fragmentation characteristics [5,6]. At present, this has posed significant challenges and threats to the protection of biodiversity, the maintenance of ecosystem stability and operational security [7,8,9], and reduced the local climate suitability and quality of life [10,11,12].



Since the 1990s, many scholars have built models and methods of multilevel spatial scale ecological networks based on landscape ecology principles. Generally speaking, the construction of scientific ecological networks relies on two aspects: ecological sources and ecological corridors. At present, there are principally two methods to identify ecological sources: the first is the direct method, for example, by selecting nature reserves [13,14], urban green space [15,16], and land cover types [17] as ecological sources; the second is a comprehensive method, such as studying the supply and demand of ecosystem services (ES) [18], the granularity reverse method [19], the principal component analysis [20], the ecological network research method of landscape pattern analysis [15], etc. However, the above research methods have some shortcomings: the former process is subjective and does not consider the internal differences of the same land type. In contrast, the latter method selects various kinds of indicators for case studies due to the significant local differences in the environment. Considering the above reasons, this paper adopts the morphological spatial pattern analysis (MSPA) method, widely used to identify ecological source areas in recent years [21,22,23]. MSPA is an imaging method based on grid pixels of land use in the study area for calculation, identification, and segmentation. Compared with the previous two methods, MSPA can objectively define the nature and structure of the landscape and quantitatively identify the ecological source [23].



The identification of the ecological corridor needs to be based on the resistance surface constructed [21], and the ecological resistance surface is usually corrected by giving moderate weights to factors such as land cover and elevation [24]. Therefore, the extracted potential ecological corridor can be used as the best channel for regional material and energy circulation [25]. However, previous studies often face the defect that it is difficult to reflect the influence of natural and artificial superimposed factors on ecological resistance value, so this paper creatively constructs the “natural–humanistic comprehensive resistance factor”. The Minimum cumulative resistance (MCR) model plays a vital role in building ecological corridors. Dong and other scholars have also proved that this model is significant for exploring ecological corridors [26]. However, the above methods will disregard the ecological forces between ecological sources. Therefore, the gravity model used in this study effectively evaluates landscape connectivity and quantitatively determines the priority of ecological corridors [27].



In recent years, China’s land spatial planning has progressively highlighted the importance of ecological space, and fully dividing urban ecological areas has become a pressing need for policies such as delineating the red line of ecological protection and the boundary of urban development and implementing space control [28,29]. As the only national central city in Central China, Wuhan is a highly urbanized area built along the Yangtze River with a large population, prosperous economy, and limited space. However, with the rapid development of the social economy and the continuous expansion of the construction scale, important ecological habitats in the city face significant challenges and threats [30,31].



Given the above careful consideration, this study takes Wuhan central city as an example. It constructs the ecological network of Wuhan central city using MSPA-MCR model, focusing on determining the ecological network of Wuhan central city by identifying ecological sources, ecological resistance surfaces, and ecological corridors. This study attempts to solve the following three tasks: (1) Construct a quantitative framework of ecological network: accurately identify ecological sources based on morphological spatial pattern analysis (MSPA) and landscape connectivity, and avoid subjective selection of ecological sources. The ecological resistance surface constructed using multi-source data of nature and humanities considers the influence of multiple factors. Ecological corridors are built by the minimum cumulative resistance (MCR) model. (2) Assess the spatial distribution and current characteristics of the ecological source, ecological resistance surface, and ecological corridor in Wuhan central city. (3) To optimize the ecological network in the central city of Wuhan, provide solutions corresponding to biodiversity conservation, and provide a scientific and reliable basis for special ecological planning such as ecological restoration planning of land space in Wuhan, and protection planning of the ecological framework in Wuhan.




2. Materials and Methods


2.1. Study Area


As shown in Figure 1, the central urban area of Wuhan is constituted of seven regions and is situated at the intersection of the Yangtze River (middle reaches) and the Han River. It belongs to a characteristic subtropical humid monsoon climate with an excellent environment. The average annual temperature is 15.8 °C to 17.5 °C, and the average annual rainfall is 1269 mm. On the other hand, Wuhan has experienced rapid urbanization since the beginning of the 21st century. According to the results of Wuhan’s seventh national census, the urbanization rate is as high as 84.31%, yet it has triggered a series of significant deteriorations of the ecological environment [32]. In particular, the ecological patches in the central urban area of Wuhan have been gradually occupied, and the sharp decrease in biodiversity has seriously threatened the ecological security pattern of the central urban area of Wuhan and hindered the healthy and sustainable development of the central urban area of Wuhan in the future.




2.2. Research Framework and Data Preprocessing


Figure 2 summarizes constructing and evaluating the ecological network in Wuhan central city. The following sections expand on the steps that describe each phase in detail. Specifically, morphological spatial pattern analysis (MSPA) is an image-processing method based on the morphological principles of corrosion, expansion, opening, and closing operations by Peter Vogt and other researchers [33], which calculates, identifies, and divides the matrix of land-use raster images, to effectively identify critical habitat patches in the study area [34,35,36].



The data used in this study mainly include land-use data, SLOPE data (obtained by DEM), night light, etc.: (1) land-use data: from GLOBELAND30, a 30 m-resolution global land cover data set established by a Chinese scientific team. Available online: http://www.globallandcover.com/ (accessed on 15 October 2021). (2) DEM data: 30 m-resolution ASTERGDEM digital elevation data from the Chinese Academy of Sciences geospatial data cloud, and these data will be used to extract slope. Available online: http://www.gscloud.cn/ (accessed on 15 October 2021). (3) Night-lighting data: these come from the first professional luminous remote sensing satellite in the world—Luojia-1 Scientific Experimental Satellite. At present, night lighting data have been proved to be the scientific basis for reflecting the intensity and scope of human activities such as regional urbanization level, social and economic status, environmental energy consumption, etc. [37]. At the same time, to reduce the errors, we convert all the generated grid maps into a general spatial coordinate system (WGS1984, UTM Zone 50N) and divide them into 30 m × 30 m grid units by using a grid calculator [38].



Considering the relatively flat topography of Wuhan central city, the DEM value ranges from −40 to 174, so using ArcGIS to preprocess DEM data to calculate the slope can better measure the ecological spatial value characteristics of Wuhan central city. The calculation formula is as follows:


  tan P =      (    ∂ z   ∂ x    )   2  +    (    ∂ z   ∂ y    )   2     



(1)







In the formula,     ∂ z   ∂ x     and     ∂ z   ∂ y     represent partial derivatives in x and y directions, respectively, and P is a slope.




2.3. Ecological Source Construction and Evaluation


2.3.1. Morphological Spatial Pattern Analysis (MSPA)


To be specific, firstly, raster images are reclassified into two types: foreground and background images, in which natural ecological resources such as water, forest land, grassland, and wetland in land use with a raster size of 30 m × 30 m are set as foreground with an assignment of 2, land types such as cultivated land and construction land are designated as background with a selection of 1, and the remaining missing values are set as 0. Then, using Guidos Toolbox analysis software, seven categories of landscape functions, namely, core, bridge, loop, branch, edge, perforation, and islet, are divided by different image processing methods (Table 1). The landscape classification results with different ecological meanings are statistically analyzed and strengthened. Finally, the connectivity of the extracted core areas is analyzed to prepare for screening of the important ecological source areas in Wuhan central city.




2.3.2. Landscape Connectivity Evaluation


Landscape connectivity indicates that landscape promotes or hinders the diffusion process of species among ecological patches [39,40]. Precisely, it can effectively judge the connectivity between ecological patches from the macroscopic quantitative point of view [41]. The connectivity probability (PC) value in the results can also identify ecological patches with important connectivity [42], and the formula is as follows:


  PC =     ∑  i = 1  n     ∑  j = 1  n     a  i        a  j    p   i j  *      A  L 2     



(2)







In the formula, n is the number of patches,    a i      and      a j      are the area of patches  i  and  j , AL is the total landscape area, and    p  i j  *      is the maximum probability of species dispersion in patches  i  and  j . The value of PC ranges from 0 to 1, and the larger the value, the higher the connectivity value of a regional ecological landscape. The increment of PC (dPC) can measure the contribution of each ecological patch to the overall connectivity value of the ecological network [43]. The formula is as follows:


  d I  (  d PC  )  =   I −  I ′   I  × 100  



(3)







In the formula,   d I   indicates the importance of removing elements,  I  is the calculation result of connectivity, and   I ′   indicates the connectivity calculation result after removing a certain element. The higher the dI value, the higher the importance between features [44]. We use Conefor software. Available online: http://www.conefor.org/ (accessed on 15 October 2021). We set the threshold of connectivity distance and connectivity probability of ecological patches to 2500 and 0.5, and finally determined the ecological source of the study area according to dPC value. Therefore, in this study, seven ecological patches with dPC value greater than 5 were selected as important ecological sources for species survival and reproduction in the study area, while other patches were general ecological sources.




2.3.3. Standard Deviation Ellipse Analysis


The standard deviation ellipse method is a spatial econometric analysis method, proposed by Lefever (1926) [45] and gradually widely used, which can reflect the distribution characteristics and direction trend of spatial data [46], in which the length of the principal axis indicates the spatial distribution direction and the degree of aggregation and dispersion of data. The angle of rotation reflects the dominant trend of spatial data change. Therefore, this study uses the standard deviation ellipse method to evaluate the 200 ecological sources identified in the early stage and explore the spatial development direction of ecological sources in the study area. The calculation formula is as follows:


  S D  E x  =       ∑  i = 1  n      (  x i  −  X ¯  )   2     n     



(4)






  S D  E y  =       ∑  i = 1  n      (  y i  −  Y ¯  )   2     n     



(5)







In the formula, xi and yi are the coordinates of element i,    {   X ¯  ,  Y ¯   }    represents the average center of elements, and n represents the total number of elements.





2.4. Construction and Evaluation of Ecological Resistance Surface


2.4.1. Ecological Resistance Surface Based on Natural–Human Factors


Due to the different stages of natural land cover and human intervention, the ecological spatial movement process of species in other regions presents different characteristics, including the mobility and transferability of ecological functions [47,48], which shows that ecological land is influenced by both natural and human factors [49]. Therefore, combined with Wuhan central city’s unique ecological spatial pattern, this paper constructs a natural–humanistic composite element based on land-use type, slope, and night light data. When evaluating the resistance value of each index, it is divided into five levels from 1 to 5. The higher the value, the more excellent the ecological resistance in the process of species diffusion. According to the evaluation system (Table 2), the resistance value given by each factor is determined as the cost data of the MCR model [15,23,50,51,52,53].




2.4.2. Spatial Autocorrelation Analysis


According to the first law of geography, geographical elements are interrelated in space, and the correlation decreases with the increase in spatial distance, called spatial autocorrelation. Therefore, spatial autocorrelation analysis can analyze the spatial correlation and spatial difference of ecological resistance surface in Wuhan central city. Moran’s I index is used as a statistical index to measure the global spatial autocorrelation degree. The calculation formula is as follows:


  I =   n   ∑  i = 1  n     ∑  j = 1  n    w  i j   (  x i  −  x ¯  ) (  x j  −  x ¯  )         ∑  i = 1 j = 1  n     ∑  i = 1  n    w  i j       ∑  i = 1  n   (  x i  −  x ¯  )    2         



(6)




in which n is the sample size,    x i      and    x j    are the observed values of spatial positions  i  and  j , respectively,    w  i j     represents the relationship between spatial positions     i   and  j , and when  i  and  j  are adjacent,    w  i j      = 1; otherwise, it is 0. The global Moran’s I index ranges from −1 to 1. When the value is greater than 0, it represents spatial positive correlation, when it is less than 0, it represents negative correlation, and when it is equal to 0, it represents no correlation.



The local spatial autocorrelation value represents the correlation degree of the same attribute value between a spatial unit and its adjacent spatial units. The Local Moran’s I statistics can measure the spatial correlation and heterogeneity of spatial elements in adjacent areas [54]. The calculation formula is as follows:


    I  i  =        n  2        ∑  i = 1 j = 1  n     ∑  i j  n    ω  i j         ×   (  x i  −  x ¯  )   ∑  i + 1  n   ω (  x j  −  x ¯  )       ∑  j = 1  n     (  x i  −  x ¯  )  2      =  z i    ∑  j = 1  n    ω  i j      z j   



(7)




in which    z i    and      z j    are the attribute values of research units  i  and  j , respectively,    ω  i j     represents the spatial weight matrix, and    I i    represents the local correlation index of  i  unit.



This paper calculates Moran’s I index based on GeoDa and ArcGIS 10.5. A LISA distribution map is drawn because LISA can distinguish four types with statistical significance (p = 0.05): high and high agglomeration (HH), high and low agglomeration (HL), low and low agglomeration (LL), and low and high agglomeration (LH) [55], thus showing the spatial agglomeration characteristics of ecological resistance surface in Wuhan central city.





2.5. Construction and Evaluation of Ecological Network


2.5.1. Minimum Cumulative Resistance Model (MCR)


MCR (minimum cumulative resistance model) was proposed by Knaapen and other researchers [56], and can simulate the species in the study area by calculating the minimum path between source and target, and better describe the trend and potential of material and energy flowing between ecological patches [57,58]. The calculation formula is as follows:


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



(8)




in which    D  i j     represents the species spatial distance from source point j to ecological patch i, and    R i    is the movement from the resistance coefficient of landscape unit i to a certain patch.




2.5.2. Cost Distance and Cost Path Analysis


Based on the generated ecological sources and resistance surfaces, the lowest-cost path between important ecological sources is simulated by ArcGIS software. Firstly, the Cost Distance module measures the minimum cumulative cost distance between each pixel in the ecological source and the adjacent area on the comprehensive resistance surface. Then, the Cost Path module is used to calculate the minimum-cost path from the ecological source to the target patch, which is used to create the potential ecological corridor in the study area.




2.5.3. Gravity Model Analysis


The gravity model can quantify the interaction force between ecological sources by measuring the interaction matrix between important ecological sources [27], and then scientifically and reasonably evaluating the relative importance of potential ecological corridors and draw the ecological network map of the study area according to the actual situation of the study area [27,59]. The formula is as follows:


   G  i j   =    N i   N j     D  i j  2    =    [   1   P i    × ln  (   S i   )   ]   [   1   P j    × ln  (   S j   )   ]       (     L  i j      L  m a x      )   2    =    L  m a x  2  ln  (   S i   S j   )     L  i j  2   P i   P j     



(9)







In the formula,    G  i j     represents the degree of interaction between plaque  i  and  j ;    N i    and    N j    are the weight coefficients of patch  i  and  j , respectively;    D  i j     is the standardized resistance value of potential ecological corridor between patches  i  and  j ;    P i    is the overall resistance value of plaque  i ;    S i    is the area of plaque  i ;    L  i j     represents the cumulative resistance value of the potential corridor between patches  i  and  j , and;    L  m a x     is the maximum resistance value of all corridors in the study area.






3. Results


3.1. Ecological Sources


As shown in Figure 3a and Table 3, the study area comprises 200 regional core landscapes with a total area of 22,901.31 hm2, accounting for 88.29% of the total foreground area, primarily distributed in woodland, river, and other places in the south-central part. At the same time, the spatial distribution in the north is rare. On the whole, the core landscape space is broken, which signifies the weak connection between patches. The marginal area next to the core landscape is 2526.57 hm2, accounting for 9.74% of the total foreground area, indicating that the prospect of the study area has an excellent marginal effect. The connecting branch lines and pore areas account for 0.73% and 0.63% of the foreground area, respectively. The area of the connecting bridge only accounts for 0.14% of the total area of the foreground, so it is impossible to construct the ecological flow channel of energy and material in the central city of Wuhan. The isolated island patch area only accounts for 0.25% of the foreground area. The loop line supporting the circulation of species in ecological patches only accounts for 0.22% of the total area of the prospect.



Seven important ecological sources were selected according to the dPC value being greater than 5. The critical ecological patches with connectivity in Wuhan central city were concentrated in the Yangtze River (middle reaches) and its south (Figure 3b). Although they basically covered the ecological core zone of the study area (Table 4), there were no patches with important connectivity in the north of the Yangtze River (middle reaches), resulting in poor connectivity between the north and south of ecological sources, which led to uneven spatial distribution. On the other hand, dPC values vary greatly among ecological sources, so it is urgent to build an ecological network to improve ecological suitability and landscape connectivity in Wuhan central city.



As shown in Figure 3b, the ecological source areas principally distributed in the eastern part of the study area have scattered and blocky distribution characteristics, leading to the development direction of NE–SW. However, ecological sources in the north are less distributed and spread in space. The ecological source-classification map and land-use map were superimposed and analyzed. It was found that the ecological sources were mainly waters, woodland, and grassland with good habitat quality, accounting for 75.43%, 12.66%, and 11.24% of the total ecological source area, respectively.




3.2. Improved Ecological Resistance Surface


Based on the ecological resistance-factor assignment standard of the “comprehensive weighted index method”, the comprehensive ecological resistance surface of the study area was shaped, as shown in Figure 4. Figure 4a shows the reclassified land-use classification, Figure 4b shows the reclassified slopes, showing noticeable north–south differences along the banks of the Yangtze River, and Figure 4c shows the reclassified night lights, reflecting that the human social activities in Wuhan downtown are mainly concentrated along the Yangtze River and its radiation-driven areas. Figure 4d is a comprehensive ecological resistance surface corrected based on natural–human factors. The average ecological resistance value is 2.65, the maximum value is 4.70, and the minimum value is 1.00. The ecological resistance in the middle-east is lower than that in the west.



The Moran’s I index is 0.763, the z value is 153.159, and the p-value is 0.000. The results show that ecological resistance has a strong positive correlation in space. The spatial aggregation was analyzed by local autocorrelation LISA analysis. As shown in Figure 5, the areas with prominent human activities on both sides of the Yangtze River (middle reaches) predominantly show the characteristics of high concentration (HH), covering six administrative regions, including Hanyang District, Qiaokou District, Jianghan District, Jiang’an District, Qingshan District, and Wuchang Districts. Among them, Hongshan District also has some HH districts. However, in the Yangtze River (middle reaches), East Lake Eco-tourism Scenic Area, Yanxi Lake, and other areas rich in natural resources, it mainly shows the characteristics of low concentration (LL).




3.3. Ecological Network


Based on the ecological source and comprehensive resistance surface determined above, the MCR model was used to construct Wuhan central city’s entire minimum cumulative resistance surface (Figure 6a). The results show a spatial pattern of “one axis block”, the central axis in the northeast–southwest direction is formed in the middle due to the action of crossing the Yangtze River Basin. At the same time, there are six blocks of low-resistance areas in lakes and scenic spots in the south.



By analyzing the cost path of important ecological sources in the central city of Wuhan, 21 potential ecological corridors are generated, and the interaction matrix (Table 5) used to quantitatively measure the relationship between ecological patches is calculated by gravity model to determine the importance of different connected corridors in the region to the ecosystem. Therefore, those with gravity model values greater than 30 are divided into essential corridors, and the rest are taken as general corridors, including five critical corridors and sixteen general corridors (Figure 6b).



The results show that the gravity model values greater than 50 include patches 1 and 2, patches 1 and 3, and patches 2 and 7, indicating that the interaction between the two patches is strong. It is more probable to overcome the resistance of species migration, which is conducive to the exchange and dissemination of material and energy. Therefore, destructive human activities should be avoided, and the protection of the above corridors should be strengthened. Since the distance between plaque two and plaque five is the farthest, the possibility of communication is the smallest. Generally speaking, due to the lack of significant ecological sources in the north of the Yangtze River in the study area, the spatial distribution of critical ecological sources is highly uneven, and the connection between the north and the south is weak. Therefore, it is of great practical significance to link species migration and energy exchange between the north and the south to ensure the overall connectivity of the ecological landscape in the study area.





4. Discussion


4.1. Characteristics of Ecological Sources


Ecological origin refers to large and relatively complete patches which can protect biodiversity and be conducive to the survival, reproduction, and migration of species [19]. In this study, different from the previous direct and comprehensive methods, we used land-use data based on the MSPA method, image processing, and morphological analysis to identify the ecological source of the central urban area of Wuhan, and extract habitat patches that play an essential role in connecting the landscape at the pixel level [21]. The identified ecological source of the Wuhan central urban area is the result of natural action and covers the artificial landscape formed according to the specific needs of human beings. The composition of landscape patches is complex and diverse, accounting for 88.29% of the total prospect area. The results are consistent with the spatial distribution of natural ecological elements such as water and forest land in the central urban area of Wuhan and artificial landscapes such as East Lake Eco-tourism Scenic Area. This result is similar to previous research results [11,15] which show that MSPA is more objective and reasonable than the commonly used ecological source-identification methods.



At the same time, according to the fact that the dPC value in landscape connectivity is greater than 5, which is regarded as the source of biological species development and proliferation, seven important ecological sources are selected, indicating that the core patches with good connectivity are mainly distributed in the south of the study area, with poor overall connectivity and north–south severe faults. Therefore, it is necessary to strengthen the protection and restoration of the northern region, build ecological patches suitable for species survival, promote the ecological network of material and energy flow between the north and south regions, and promote the healthy and sustainable development of the ecosystem. On the other hand, the Yangtze River Basin and East Lake Eco-tourism Scenic Area have the most significant patch area and the highest aggregation index in the ecological source areas of Wuhan central city, which are suitable for aquatic organisms and aquatic amphibians to multiply and survive in them, and only 12.66% of the land types of ecological source areas are woodland and 11.24% grassland, so there is less activity space suitable for terrestrial organisms than aquatic organisms. Therefore, it is necessary to shape the green land further and create the land-use function of the urban forest in Wuhan central city.




4.2. Analysis of Ecological Resistance Surface


In the method of ecological resistance assignment, the comprehensive resistance surface is constructed through the “comprehensive weighted index sum method”, and the natural–human resistance factors are determined according to the biodiversity needs of the specific study area. While reflecting the ecological value of different land functions in the central urban area of Wuhan, the interference effect of human factors is introduced based on the night light data; although there is no recognized standard for the selection of ecological resistance surface at home and abroad [60,61], it has a particular reference significance for the future study of ecological resistance surface in densely populated urban areas. The results show that, especially in recent years of rapid urbanization, the artificial surface areas of residential land, industrial and mining land, and transportation facilities in the central urban area of Wuhan are expanding, which makes the value of ecological resistance surface in this area larger [62]. This result is the same as that of the former [63]. At the same time, the ecological resistance shows a strong positive correlation in the global space. The areas with solid human activities show the characteristics of high–high agglomeration (HH). In contrast, the areas with rich ecological resources such as rivers and woodlands show the attributes of low–low aggregation (LL).




4.3. Construction of Ecological Network


In this study, the minimum cumulative resistance model was used to construct the “one-axis block” spatial basic framework of the Wuhan major urban ecological network, in which the “one-axis” is the Yangtze River basin located in the northeast–southwest direction in the middle. “Blocky” refers to six areas with low block resistance distributed in the south. At the same time, the ecological network is evaluated by the gravity model. The results show that there are five critical corridors in the central city of Wuhan, and the interaction between patches 5 and 6 and other patches is weak. Therefore, it is necessary to strengthen the protection and restoration of ecological corridors between patches 5 and 6 and other patches in future ecological planning to ensure the connectivity of matter and energy between patches. On the other hand, the existing corridors are mainly concentrated in the south of the Yangtze River Basin, which is consistent with the research results of previous researchers [64]. From the perspective of maintaining the stability and integrity of the ecosystem, it is necessary to plan the ecological source areas and ecological corridors in the north to protect the ecological network system and repair the habitat fragmentation caused by rapid urbanization, which is the critical area in the future development and construction of Wuhan central city. Combining with the ecological pattern of “two-mountains, two-waters, and one-piece” advocated in “Wuhan Ecological Framework Protection Plan”, the ecological framework structure of “two-axes, two-rings, six-wedges, and multiple-corridors” was implemented at the city level. It was proposed to break the city’s administrative boundary and build a flaky ecological outer ring of “internal introduction and external connection”, which further demonstrated the viewpoint of this study and provided significant reference value for future planning. At the same time, according to the requirements of Wuhan’s “14th five-year plan” for ecological and environmental protection, the research results can be applied to the boundary and distinction of the ecological-protection red line, and to explore the establishment of an ecological-protection red-line supervision system, the eco-environment management and control unit and the eco-environment access list are taken as the essential basis of industry layout, structure adjustment, resource development, town construction, primary project-site selection, planning environmental assessment, eco-environment governance, and supervision.




4.4. Research Limitations and Future Research Directions


The limitations and future research directions of this study are mainly reflected in the following three points: (1) since the differentiated research scale will impact the analysis results of MSPA [65], we should choose the appropriate regional research scale. However, larger granularity usually leads to missing small ecological patches with better connectivity, so this study limited the size of the grid research scale to 30 m. Different research scales for comparative study can be set in the future. (2) In this study, the dPC threshold was set concerning previous studies, the connected distance threshold was set at 2500 m, and the connection probability was 0.5. The PC index would change with the set threshold. If the distance between two ecological sources exceeds the set threshold, the two places are not connected, reflecting the biological diffusion distance [44]. Therefore, a scientific threshold will be set according to the actual research situation in the future for more detailed research, such as using the target-species method to meet the requirements of local wetland animal migration and diffusion [66]. (3) The constructed ecological resistance surface does not consider the influence of other human interference factors and the living habits of certain organisms in the study area [67]. It lacks effective indicators that can be used to evaluate specific target ecological functions [68], which has certain limitations. It can be comprehensively analyzed with more multi-source data in the future.





5. Conclusions


In this study, the central city of Wuhan was taken as the main research area. Aiming at the key problem of quantitatively constructing and evaluating the ecological source and ecological network, MSPA-MCR model were used to provide a scientific basis for the planning scheme of protecting ecological patches and focal-species living environment in the city. The main conclusions of the study are as follows:




	(1)

	
Based on the morphological principle, this study identified various ecological landscape types with important ecological significance in the central urban area of Wuhan: Core (88.29%), Islet (0.25%), Perf (0.63%), Edge (9.74%), Loop (0.22%), Bridge (0.14%), and Branch (0.73%). Through the dPC landscape index, the seven core patches in the south of the middle reach of the Yangtze River in the study area were scientifically and accurately identified, which avoids the randomness and subjectivity of manual selection to a great extent.




	(2)

	
The comprehensive ecological resistance factors of natural–human factors were constructed according to the MCR model to establish the complete minimum cumulative ecological resistance surface between ecological sources in the study area. The average ecological resistance value is 2.65, the maximum value is 4.70, and the minimum value is 1.00. Spatially, the ecological resistance value in the middle-east is lower than that in the west; this reflects the fact that human social activities in the central urban area of Wuhan are concentrated along the Yangtze River and its radiation-driven areas.




	(3)

	
The ecological source, resistance surface, and ecological corridor were evaluated quantitatively. According to the standard deviation ellipse, the NE–SW distribution direction of ecological sources was analyzed. There are few ecological sources in the north, and the spatial distribution is scattered. According to the spatial autocorrelation evaluation, the ecological resistance surface in the central urban area of Wuhan has a solid global positive correlation and local spatial aggregation characteristics. Based on the gravity model, the interaction intensity of ecological corridors between sources was evaluated, and the importance of ecological corridor protection and restoration was quantitatively analyzed. Since the use of these focal species can guide the ecological protection and utilization planning of the Wuhan central urban area, the focal indicators for these sensitive species can be considered in the future.
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Figure 1. Geographical location and land-use map of the study area. 
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Figure 2. Research framework. (MSPA: morphological spatial pattern analysis; MCR: minimum cumulative resistance.). 
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Figure 3. Construction and evaluation of ecological sources in the study area. (Note: (a) spatial distribution of landscape types; (b) ecological sources based on MSPA). 
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Figure 4. Comprehensive Ecological Resistance Surface Based on “Comprehensive Weighted Index Method”. (Note: (a) land-use classification; (b) slope; (c) night lighting; (d) comprehensive resistance surface). 
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Figure 5. Local autocorrelation distribution of ecological resistance surface. 
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Figure 6. Construction and evaluation of ecological network in the study area. (Note: (a) comprehensive minimum cumulative resistance surface; (b) potential ecological corridor). 
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Table 1. Landscape types and ecological significance of MSPA.
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	Landscape Types
	Ecological Significance





	Core
	As a larger habitat patch in the landscape element, the former is of great significance to protecting biodiversity and can be used as the “source” of the ecological process.



	Bridge
	The narrow and long area connecting patches in different core areas has the characteristics of an ecological corridor. Most of them are banded green belts, conducive to species migration and the connection of the domestic landscape.



	Edge
	The transition area between the edge of the core area and the peripheral nongreen landscape area can reduce the impact of the external environment and human interference. It is usually the peripheral forest belt of forest parks and large forest farms.



	Loop
	The internal channel connecting the same core area is a shortcut for material and energy exchange in the same core area.



	Perforation
	As a transition area with edge effect between core area and nongreen ecological patch.



	Branch
	The area with only one end connected to the main patch is the extension area of green space, which is the channel for species diffusion and energy exchange with the peripheral landscape.



	Islet
	In small fragmented patches that are not connected, the possibility of material and energy exchange between patches is slight, and this is mostly urban or rural small green space.
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Table 2. Grading assignment and weight of resistance factor.
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Resistance Factor

	
Grading Index

	
Resistance Value

	
Weight

	
Division Basis






	
Natural condition

	
Land-use type

	
Water body

	
1

	
0.4

	
Chang et al., 2015

H. Li et al., 2015




	
Woodland

	
2




	
Grassland/Wetland

	
3




	
Cultivated land

	
4




	
Artificial surface

	
5




	
Slope (°)

	
<3

	
1

	
0.3

	
Jin et al., 2020

Zhu et al., 2020




	
3~8

	
2




	
8~15

	
3




	
15~25

	
4




	
>25

	
5




	
Human interference

	
Night light data

	
<15,925

	
1

	
0.3

	
Natural fracture method




	
15,925~36,303

	
2




	
36,303~97,532

	
3




	
97,532~408,251

	
4




	
>408,251

	
5
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Table 3. Statistical results of MSPA classification.
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	Landscape Type
	Total Area (hm2)
	Percentage in the Forest
	Percentage in the Study Area





	Core
	22,901.31
	88.29%
	2.63%



	Islet
	65.97
	0.25%
	0.01%



	Perf
	162.27
	0.63%
	0.02%



	Edge
	2526.57
	9.74%
	0.29%



	Loop
	57.87
	0.22%
	0.01%



	Bridge
	35.64
	0.14%
	0.01%



	Branch
	190.17
	0.73%
	0.02%
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Table 4. Importance ranking of landscape connectivity index of ecological source areas.
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	Patch Number
	Main Current Location
	dPC





	1
	Yan Xihu
	10.82



	2
	Yandong Lake (North Section)
	5.41



	3
	East Lake Eco-tourism Scenic Area
	22.17



	4
	Shimenfeng Memorial Park
	5.44



	5
	Huangjiahu (North Section)
	5.23



	6
	Townsend Lake (North Section)
	6.17



	7
	Yangtze River (middle reaches)
	82.06
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Table 5. Interaction matrix between patches based on Gravity Model.
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	Plaque Number
	1
	2
	3
	4
	5
	6
	7





	1
	-
	54.27883
	51.09392
	14.03559
	0.406291
	0.722196
	18.45795



	2
	54.27883
	-
	3.29616
	17.05193
	0.207414
	0.234004
	53.48612



	3
	51.09392
	3.29616
	-
	32.59876
	1.209842
	3.245129
	6.399567



	4
	14.03559
	17.05193
	32.59876
	-
	0.223802
	0.437447
	3.474232



	5
	0.406291
	0.207414
	1.209842
	0.223802
	-
	30.22772
	11.65011



	6
	0.722196
	0.234004
	3.245129
	0.437447
	30.22772
	-
	3.728914



	7
	18.45795
	53.48612
	6.399567
	3.474232
	11.65011
	3.728914
	-
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