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Abstract

:

Natural resources are the material basis of urban construction, as well as a crucial factor that determines the livability and employment opportunities of a given city. Under the traditional development model, cities rely on their natural resources to develop their regional economy. However, this is always accompanied by environmental impacts. Maintaining and optimizing the ecological environment of such cities during economic development is not only related to the sustainable development and transformation of resource-based cities, but also affects the overall status of sustainable urbanization and construction. This study takes Zhangzhou City, Fujian Province, as a typical case to analyze the characteristics and status of urban ecological space. We explored a positioning and optimization strategy based on the proper management of urban ecological space systems in the future. The morphological spatial pattern analysis method (MSPA) and the minimum cumulative resistance (MCR) model were used to identify the urban ecological sources and extract the potential ecological corridors between the ecological sources. Ecological corridors were constructed by quantitatively analyzing their importance with a gravity model. Our findings indicated that the ecological area and the construction land area in Zhangzhou present a significant opposition. We identified 18 important core areas and 21 important corridors, which are concentrated in the west and north of Zhangzhou. Based on these findings, our suggestion is to maintain the status quo of urban ecology, set up ecological rest spaces around important roads, and increase the number of green facilities in the city.
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1. Introduction


In recent years, rapid urbanization has caused inefficient utilization and a shortage of natural resources. This process has also caused environmental pollution and ecological imbalance, and seriously threatens the livability of the city and the sustainability of economic and social development [1]. The government clearly established in the work report of the 14th Five-Year Plan: “Urban construction should adhere to the concept that green rivers and green mountains are gold and silver mountains, should strengthen the management of mountains, rivers, forests, fields, lakes, and grass systems, and accelerate the green transformation of urban development”. (The outline of the 14th Five-Year Plan for National Economic and Social Development of the People’s Republic of China and the Long-term Goals for 2035). Cities dominated by natural resource endowment have many potential problems in the long-term development of local ecosystems, such as over-exploitation and utilization of land and massive occupation of ecological environment patches [2]. Under the new trend of high-quality urban development and high-level protection of the ecological environment, it is of great significance to repair and build a stable and healthy municipal ecological network and improve the level of the urban ecological system and ecological service functions [3].



An ecological spatial network is a spatial organization system that can identify linear ecological corridor characteristics, effectively connect various ecological patches, and reflect the combination order of spatial elements and structural and functional characteristics in a specific space [4,5]. With the steady economic development of cities, environmental problems such as cultivated land destruction, forest and grassland destruction, and wetland degradation will also occur. In turn, this affects the balance of the regional ecosystem, making it difficult to recover, and important natural resources in the ecological network will gradually degrade or disappear [6,7]. Maintaining regional ecological security and enhancing the service value of natural ecosystems by constructing ecological networks has become a widespread approach [8,9].



In terms of research objects, early scholars focused on biodiversity and ecological protection of national parks [10,11], natural heritage sites [12,13] and nature reserves [14], in the study of ecological network construction. In recent years, Chinese scholars had combined the development of provinces and municipalities with the construction of ecological networks, such as Guangzhou [15], Guiyang [16] and Etuoke Banner [17]. They found natural resource-based cities have more serious damage to the ecological environment [18]. Among them, Guo, S.S. analyzed the relationship between urbanization and resource environment [19]. Li, J. focused on economic growth and resource environment [20]. Yu J. et al. [21] took the construction of ecological security patterns in landscape resource-based cities. Similarly, Li H.K. et al. [22] studied the ecological security patterns in mining resource-based cities. Economic development of the cities with natural resource endowments has to face the contradiction between resource exploitation and environmental protection [23,24]. The existing research objects are mostly concentrated in cities with high urbanization and large-scale, or the research content is mostly limited to the static impact of a single natural resource on the ecological network. Meanwhile, China’s territorial space planning and management increasingly emphasize the importance of ecological space, maintaining the sustainable development of urban ecological space has become an urgent need for policy implementation [25,26]. We should realize that with the strategic transformation of urban economic development, how to repair and optimize the urban ecological pattern has become an important topic, especially for medium-sized cities with a low urbanization rate.



At present, the basic framework of regional ecological network construction has been formed, which includes pattern element planning and design, source identification, resistance surface setting and correction, corridor extraction, pattern optimization and effectiveness evaluation, application of research results [27,28], and the continuation of changing to quantitative data sources. Morphological spatial pattern analysis (MSPA) combined with raster operation in pixel level scale recognition, as well as other ecological sources [29,30]. The Minimum Cumulative resistance (MCR) model generates the best path by the weight of the resistance surface, which is used to extract the potential ecological corridor [31,32]. A gravity model has been widely used in the optimization of urban spatial structure, and later also in the study of the interaction structure between urban economy and regional environment [33,34].



Therefore, this study selected Zhangzhou City as a typical case of a natural endowment city to analyze the characteristics and status quo of urban ecological space. Based on the appropriate management of urban ecological space systems in the future, we explored the role of a positioning and optimization strategy. Based on morphological spatial pattern analysis (MSPA) and a minimum cumulative resistance (MCR) model, the urban ecological source areas were identified, and the potential ecological corridors were extracted. Combined with a gravity model, the importance of these corridors was quantitatively analyzed, and the ecological corridor was constructed based on these results. Finally, we summarized the optimization direction of urban space partition, linear space, and node space corresponding to different blocks, corridors, and strategic points in ecological space hierarchy, and explore potential strategies for ecological civilization construction of natural endowment cities. It is expected to provide effective support for Zhangzhou’s territorial space planning, ecological space construction and ecological protection red line management and control, and also provide a scientific basis for future urban overall planning, and national forest construction planning in Zhangzhou. The study method could be a reference for similar regional ecological space network research.




2. Research Object and Methods


2.1. Overview of the Research Area


Zhangzhou City, located in the southernmost part of Fujian Province, is adjacent to the Xiamen Special Economic Zone in the east, Zhangping and Yongding counties in the north, the cities of Meizhou and Chaozhou in Guangdong Province in the west, and Taiwan Province in the southeast across the sea. This region is not only an important area of the Golden Triangle economic development zone in southern Fujian but also a famous “land of fish and rice”. In Figure 1, according to the forest resources file data in 2020, the forest area of Zhangzhou reached 12.84 million acres, accounting for approximately 68% of the city’s land area, and the forest coverage rate is 64.78%, making this the city with the highest forest coverage rate in the coastal areas of southern Fujian Province [35,36,37]. From the perspective of natural resource endowment, its landform is dominated by hills, plains, and mountains, with the largest plain in the province (Zhangzhou plain) and the second-largest river (Jiulong River), as well as a vast sea area and long continental and island coastline. The humid south Asian tropical monsoon climate brings abundant rainfall to Zhangzhou throughout the year, providing the city with abundant water resources year-round. Therefore, natural light, heat, and water resources are the most abundant heat resources in the province. Generally speaking, Zhangzhou has better geographical and climatic resources than the same latitude areas, and it is a representative city with abundant natural resources in Fujian province and even the whole country. However, as the fourth largest GDP city in Fujian Province, Zhangzhou’s economic development has been stagnant [38]. Good natural resources provide economic power but also development resistance. We pose the question: how should we balance the contradiction between the natural environment and urban construction? Under the premise of sustainable economic development, continuing to maintain its ecological network pattern has become an urgent issue for government managers to explore.




2.2. Data Sources


The main data selected in this research are as follows: (1) digital elevation model (DEM) data in the research area were obtained from the geospatial data cloud website (http://www.gscloud.cn/, accessed on 1 April 2022 with a resolution of 30 m × 30 m). (2) The classification data of land use in 2020 were obtained from the RESDC website (http://www.resdc.cn, accessed on 1 April 2022). According to the characteristics of land use in Zhangzhou City, the maximum likelihood method was used to classify the land types. The land types were divided into seven types: forestland, cultivated land, grassland, water area, wetland, construction land, and unused land in Figure 1. (3) Night light data of Zhangzhou City in December 2020 were obtained from the National Oceanic and Atmospheric Administration (NOAA) website (https://ngdc.noaa.gov/eog/viirs/download_ut_mos.html, accessed on 1 April 2022). (4) A survey of Zhangzhou’s Natural protected areas was obtained from the internal data of the Zhangzhou Forestry Bureau.




2.3. Research Method


2.3.1. Ecological Source Identification Based on the MSPA Method


Four landscape types (woodland, grassland, water, and wetland) were extracted as the foreground, whereas farmland and construction land were taken as the background. The Guidos Toolbox analysis software was used to carry out a series of mathematical operations, such as expansion reconstruction, skeleton extraction, open operation, and closed operation, on the raster data of these six types of land, to divide the pattern image into seven meaningful indicator types [39]. Considering that the ecological environment of Zhangzhou is relatively good, this research selects patches with an area of more than 30 km2 in the core area as ecological sources in this study.




2.3.2. Identification of Important Ecological Source Areas and Evaluation of Landscape Connectivity


Landscape connectivity is a quantitative index of species migration ability between ecological sources, and also determines the stability of ecosystems and biodiversity [38]. Currently, MSPA analysis commonly uses three indicators, namely the overall connectivity index (IIC), possible connectivity index (PC), and patch importance (dI), to evaluate the overall structural characteristics of the landscape and identify the relative contribution of each patch and corridor to ecological connectivity. The calculation formula is as follows [40]:



	(1)

	
Overall connectivity index (IIC) and possible connectivity index (PC):









  I I C =     ∑  i = 1  n     ∑  j = 1  n      a i  ×  a j    1 + n  l i    j           A L 2     



(1)






  P C =     ∑  i = 1  n     ∑  j = 1  n    P ∗     i j   ×  a i  ×  a j         A L 2     



(2)




where N represents the total number of patches, ai and aj represent the area of patches i and j, respectively, nlij represents the number of connections between patches i and j, AL represents the area of the whole landscape, and P*ij represents the maximum probability of connections between patches i and j. When 0 ≤ IIC ≤ 1, IIC = 0, there is no connection between habitat patches. In contrast, when IIC = 1, the whole landscape is comprised of habitat patches.



	(2)

	
Patch importance (dI):









  d I  %  = 100   I −  I  r e m o v e    I   



(3)




where I is the connectivity index value of a certain landscape. In this study, it refers to the overall connectivity index (IIC). Iremove is the overall index value of the remaining patches after removing a single patch or corridor.




2.3.3. Construction of Ecological Resistance Surface


Different landscape types affect the ability of organisms to migrate; some blocking, some promoting. They are also being affected by human activities and other factors. In this paper, based on existing studies, different landscapes were assigned basic resistance values (Table 1), and nighttime light data were used to modify the basic resistance surface. The calculation method is as follows:


   R ′  =   T L  I i    T L  I a    ×  R i   



(4)




where R′ is the modified resistance value of patch i, TLIi is the noctilucent light value of patch i of land use type a, TLIa is the average nighttime light tube data of land use type a, and Ri is the basic resistance value of patch i.




2.3.4. Potential Ecological Corridor Construction Based on the MCR Model


The MCR model can determine the minimum consumption path between source and target, which is the best path for migration and diffusion of biological species and can effectively avoid various external disturbances [41,42]. The basic formula of the minimum cumulative resistance model is as follows:


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



(5)




where f is the positive correlation function between the minimum resistance at any point in space and the distance to all other points and the characteristics of the base plane. Dij is the spatial distance of species from point J to a certain point through landscape base plane I; Ri is the resistance value of landscape i.




2.3.5. Extraction of Important Ecological Corridors Based on the Gravity Model


The interaction matrix between ecological sources is generated based on the gravity model, from which the interaction between ecological sources is analyzed and the interaction intensity is graded. The gravity model formula is as follows [43]:


   G  ab   =    L  max  2  × I n  S a  × I n  S b     L  a b  2  ×  P a  ×  P b     



(6)




where Gab is the interaction force between patches a and b, Sa and Sb are the areas of patches a and b, Pa and Pb are the average resistance value of patches a and b, Lab is the cumulative resistance value of corridors between patches a and b, and Lmax is the maximum cumulative resistance value of all corridors.






3. Results and Analysis


3.1. Identification and Analysis of Ecological Source Area


3.1.1. Landscape Pattern Analysis Based on MSPA


The results of landscape pattern analysis based on the MSPA method are shown in Figure 2 and Table 2. The core area of the research area was approximately 3954.19 km2, accounting for 31.25% of the research area and 83.51% of the ecological landscape. On the whole, the single patch area of the core area of the ecological landscape in Zhangzhou was large, with the northwest region of Zhangzhou being contiguous, and the southeast region being fragmented. Its regional scope is mainly concentrated in Pinghe County, Nanjing County, and Hua’an County of Zhangzhou, including a number of national, provincial, and municipal forest parks and nature reserves represented by Ling Tong Mountain National Geoparks and Hua’an National Forest Park. The marginal area is the outer edge of the ecological landscape patch, and the perforation is the inner edge of the patch, both of which are the regions producing an edge effect, accounting for 4.83% and 0.94% of the research area, and 12.89% and 2.50% of the total ecological landscape area, respectively. The large area of the edge zone and pores indicates that the core zone is stable and has a strong ability to resist the interference of external factors. The bridge area plays a role in connecting the structures for biological migration and communication but only accounts for 0.07% of the study area, indicating that the connection between the core areas is poor and the fragmentation is obvious. A branch line is a region where only one end is connected with the edge area, bridge area, loop area, or pore area, which has a certain connectivity effect, accounting for 4.83% of the research area. The loop area is a shortcut for animals within the patch, which is conducive to the migration of species within the same patch, but its actual area accounts for only 0.01%. At the same time, island patches, as isolated ecological landscape patches, have a small area and fragmented distribution, which can be used as steppingstones in the ecological network. However, their area proportion is almost negligible in the whole research area. The aforementioned situation shows that the landscape pattern of Zhangzhou city shows good patch connectivity in the core area of the northwest region, but lacks an internal migration corridor of species. On the other hand, there is a lack of large ecological source patches in the southeastern part of central China, which are fragmented and have poor connectivity, and the migration and flow of organisms are easily disturbed. Therefore, it is necessary to increase or expand the construction of ecological source areas.




3.1.2. Extraction and Analysis of Important Ecological Source Areas


According to the landscape connectivity calculated by Confer 2.6 and the dIIC, dPC, and area size of each patch, there are 18 important core areas (Table 3, Figure 3), accounting for 37.68% of the core area, and nearly 57 secondary ecological sources, which account for 17.32% of the core area. Together, they make up nearly half of the core area.



The patches of ecological source areas were evenly distributed. Overall, the 18 important ecological source areas in the research area included large forests, wetlands, and natural protected areas. The number one ecological source area covers an area of 189.88 km2, including Hua’an National Forest Park, Hua’an Jiulongshan Provincial Forest Park, and Hua’an Xianxi Provincial Forest Park. Part of the number two ecological source area includes the Hua’an Geshan Provincial Forest Park and Gongyashan Nature Reserve. The number five ecological source area includes Hongyan Reservoir Reserve, Dingding Mountain Nature Reserve, and Fujian Tianzhu Mountain National Forest Park. The number six ecological source area has Changtai Lianggang Mountain Provincial Forest Park, Hua’an Wanshiqing Provincial Forest Park, and Tianbao Mountain Provincial Forest Park. The number eight ecological source area includes Hubo Liao Nature Reserve and Nanjing Banshan Provincial Forest Park. The number ten ecological source area includes Pinghe Tianma Mountain Provincial Forest Park, Zhangpu Meili Nature Reserve, and Zhangpu Pingshui Nature Reserve. The number fifteen ecological source area has Pinghe Baisha Provincial Forest Park, Pinghe Lingtong Mountain National Geopark, Qinshan Nature Reserve, and Zhao and Longumbrella Dong Provincial Forest Park. The number sixteen ecological source area is mainly represented by Zhaoan Wushan National Forest Park. There are many gaps in the northern part of the study area and the coastal areas of the southern part of the study area, which lack a large ecological source patch distribution, exhibit fragmented and poor connectivity, and biological migration and flow are vulnerable to obstruction and interference. Therefore, it is necessary to increase or expand the construction of ecological source areas. In fact, of the nearly 5000 ecological sources in Zhangzhou, most of them exist in a broken and independent state. Therefore, they can also be used as stepping stones for biological diffusion. At the same time, source areas seven, nine, eleven, twelve, thirteen, and fourteen are close to each other and have similar areas. They are located in the central region running through the north-south coastal direction of Zhangzhou. The connectivity within patches is high, but the overall connectivity between patches is low, which is an important hub affecting biological migration and communication in the north-south direction. There are patches of well-connected ecological source areas in the northwest and southwest of the study area, especially represented by ecological source areas one, eight, and fifteen, indicating that the habitat quality in this area is high and suitable for biological migration and survival.





3.2. Analysis of Ecological Network Construction


3.2.1. Extraction and Analysis of Potential Ecological Corridors Based on the MCR Model


Based on the modified landscape resistance surface, as shown in Figure 3, the resistance value is 0.77–13,387.1. As the land types were mainly forest land, grassland, and garden land, the resistance values in the research area showed obvious differentiation. The high resistance values were mainly concentrated in the construction area of each district and county. The resistance values were most concentrated along the two banks of Jiulong River (Zhangzhou urban area) in the north of the central part of the study area. Due to the surge of construction land, the ecological resistance is high, which seriously affects the migration of regional biological species and the flow of biological energy. A total of 153 potential ecological corridors were extracted based on Linkage Mapper.




3.2.2. Identification and Analysis of Important Ecological Corridors


Based on the gravity model, the potential ecological corridors were further classified, and those with interaction strength greater than 1000 were extracted as important corridors. In turn, a total of 21 important corridors were obtained. The ones with strength greater than 100 and less than 1000 were used as secondary corridors, and 51 secondary corridors were obtained, whereas the others with strength greater than 0 were general corridors (Table 4 and Figure 4). The interaction intensity between source two and source four was the strongest, and they were close to each other, with low landscape resistance and high habitat quality. Species migration and communication between the two sources are more likely, and the ecological corridor between them needs to be maintained and managed. Additionally, the ecological source areas seventeen and eighteen were the main source areas, and the interaction force intensity with most of the ecological sources was very small (<1). Particularly, the interaction intensity between source seventeen and sources five, seven, sixteen, and eighteen is almost zero. This phenomenon can also explain why the whole region from the southern coastal area of Zhangzhou to the eastern coastal area of the north not only has a large geographical distance span but is also limited by the landscape resistance value. The migration path of biological communication between the source areas is almost broken, and only the internal migration path is retained. In contrast, the source areas one, two, three, four, and six located in the north of Zhangzhou have great interaction intensity, with the general association intensity greater than 1000. The same situation also occurred in the source areas fourteen, fifteen and sixteen in the southwest of Zhangzhou, where the interaction intensity between the source areas was generally greater than 100 and locally greater than 1000. This situation also shows that the ecological network of Zhangzhou presents an obvious two-level distribution state. The main source areas in northwest and southwest China can provide a good migration environment for terrestrial organisms, but the coastal areas in northeast and southeast China lack important ecological corridors. Therefore, when planning the construction of the ecological network, a special focus should be placed on the Zhangzhou Jiulong River estuary, coastal protection, and its surrounding environment. Applying these principles to the whole ecological network can improve the connectivity of the southeast, but also the northeast ecological connectivity between the source, and provide a channel for biological migration of east-west corridors and open environments, thereby enhancing the balance and stability of the whole ecological network of Zhangzhou.





3.3. Optimization of the Ecological Network in Zhangzhou City


3.3.1. Maintenance and Addition of Ecological Source Areas


Parts of the middle, east, and south regions along the coastal areas in the study area lack connectivity. Therefore, based on the original ecological sources, combined with the distribution of secondary and general ecological sources in the whole research area, six core areas with the highest connectivity and suitable distribution locations were selected as the new important ecological sources in Figure 4, and ecological environment construction and protection were carried out for these six patches to improve the habitat quality to make up for the lack of ecological corridors in Zhangzhou at this stage. At the same time, important ecological source areas are important nodes in the ecological network due to their crucial role as habitats of species.



Currently, there are many important ecological sources in the north, west, and southwest of Zhangzhou. They are large in area and have good connectivity. At the same time, they also contain a large number of national and provincial forest parks and large nature reserves. Therefore, to enhance maintenance efforts, it is necessary to strengthen the connection with small forest parks, wetlands, and nature reserves scattered around to expand the area of ecological sources and promote the mutual communication of surrounding organisms. On the other hand, the Jiulong River, which runs through the eastern and central regions of Zhangzhou, is a natural ecological corridor that plays a crucial role as an important ecological link between coastal and inland areas. However, this river is currently classified as a weak ecological corridor, thus highlighting the need to focus on maintaining and strengthening the protection of the river and the construction of the surrounding green islands, so as to enhance the integrity and connectivity of the ecological network in the urban center. In addition to the urban construction area, there are a large number of small ecological sources in the eastern and southern coastal areas of Zhangzhou City. As illustrated by the land use status map, most of these areas are cultivated land and garden land. Therefore, in future ecological construction, it is necessary to strengthen the restoration of natural ecological elements such as forest land, garden land, and water area in Zhangzhou City to improve the quality of habitats, so as to maintain the ecological environment of the whole region.




3.3.2. Construction of the Pedal Stone


Pedal stones (pedal stone: it can provide dispersal of species or flow of matter and energy, and play a role as a medium in ecological networks.) play an important role in ecological networks, as they provide temporary resting places for organisms. Increasing the number of pedal stones could not only improve the survival rate of organisms in the process of migration and communication but also enhance the stability of the ecological network [44,45]. The crossing points of general corridors and places with relatively small resistance values are the preferred pedal stones. Meanwhile, the bridge area is an important connection point of the core area and also one of the selected stepping stones, which is of great significance to the connectivity of the whole ecological network and the migration and communication of organisms. The Pinchpoint Mapper tool in the Linkage Mapper toolbox was used to select 29 pedal stones in combination with the distribution of ecological sources and ecological corridors in Zhangzhou and the actual ecological environment (Figure 5a). Among them, 12 stepping stones were located in grasslands and gardens, and most of them were concentrated near eastern coastal and central scenic spots, while others were scattered in natural mountain forest environments, indicating that vegetation quality and density of grassland gardens should be improved to maintain and build surrounding stepping stones. There are eight pedal stones in the forestland, most of which are scattered in the north, west, and central mountain forests of Zhangzhou. We can improve the environmental quality and strengthen the pedal stone function by transforming low-yield forests. Furthermore, seven pedal stones were located on arable land and other land types, which need to strengthen restrictions on human activities and improve the green facilities of the city. Additionally, there were two pedal stones on the water area and wetland, which can selectively promote the growth of certain plants according to the site conditions and ecological functions around the water area to improve the habitat quality of the water area and wetland, in addition to providing temporary habitats for organisms.




3.3.3. Restoration of Ecological Fracture Points


The influence of urban construction land, traffic construction land, and water area in ecological networks should not be ignored. Particularly, these factors can hinder the process of biological migration and communication, and the intersection with the ecological corridor is prone to network fracture, thus forming ecological fracture points [46,47]. The Barrier Mapper analysis tool in the Linkage Mapper toolbox was used to extract twenty ecological fracture points combined with landscape ecological resistance surface and traffic network in the study area (Figure 5b). Overall, ecological fracture points are concentrated in the central and southern coastal areas of the study area. There were seven fracture points in the water area or mangrove wetland of Jiulong River tributaries, and the regional fracture points are affected by urban construction land and related land areas. There are eight ecological fracture points on expressways, particularly the Shenzhen-Hai expressway, the S40 Zhangzhou-Wuzhou expressway, the G1523 Yong-Dongguan expressway, and a railway, with four additional fracture points located on provincial roads or other roads. Therefore, our findings suggest that efforts should be made to preserve the areas around the fracture point in subsequent planning. By elevating the green area around the road or water area or wetland area, the interference of human activities can be minimized to facilitate the development of biological pathways. Otherwise, this could also be achieved through the construction of a viaduct, underground passage, bridge, and other pathways to extend the biological corridor.






4. Conclusions and Prospects


4.1. Conclusions


As an important city of agricultural resources in Fujian Province, Zhangzhou has a high forest coverage rate and a relatively stable economic development rate. However, the urbanization rate of population and land is relatively low. Therefore, balancing ecological protection and economic development has been particularly challenging in this region. In this study, the MSPA method and the MCR model were combined to construct an ecological network in Zhangzhou City. Moreover, through the extraction of important ecological sources and important corridors, a method for increasing ecological sources and establishing stepping stones to repair ecological fracture points was implemented to optimize the entire ecological network of Zhangzhou City, enhance landscape connectivity, promote biological migration and communication, and assess the stability of the entire ecological environment. The following are our main conclusions:




	(1)

	
The ecological area and the construction land area in Zhangzhou city showed a significant opposition, the resistance factor of the ecological advantage area was small, and the ecological resistance of the construction land area increased markedly. The core area of the Zhangzhou landscape pattern identified by the MSPA method is approximately 3954.19 km2, accounting for 31.25% of the total area of the study area and 83.51% of the total area of the ecological landscape. The single patch area of the core area is large, and it is mainly distributed in the northwest region of Zhangzhou and scattered and fragmented in the southeast. This is also consistent with the current polarization of Zhangzhou City and the forest region.




	(2)

	
Based on the landscape connectivity index dIIC, dPC, and Id, 18 important core areas and nearly 57 secondary ecological sources were selected, accounting for 55% of the core area. They were mainly distributed in the western and northern areas of Zhangzhou, while the coastal areas in the middle, east, and south are obviously short of large ecological sources.




	(3)

	
Based on the MCR model and gravity model, 21 important corridors, 51 secondary corridors, and 81 general corridors were extracted. The purpose was to maintain and repair the biological corridor in the east-west and north-south coastal directions of Zhangzhou City and further optimize the stability of the ecological network by maintaining the scale of urban construction land.




	(4)

	
We suggest adding six new ecological source areas along the central and eastern, western, and southern coasts of Zhangzhou city. Additionally, 29 stepping stones and 20 ecological fracture points should be set for the whole ecological network.









In order to maintain and optimize the ecological network space of natural dominant cities such as Zhangzhou City, we should pay attention to the following points: first, we should maintain its good ecological corridor status in the existing planning; secondly, in the process of urban construction, attention should be paid to the improvement of the habitat quality of water and wetland. A certain proportion of ecological rest space should be set around important urban roads. At the same time, increase the number of green facilities in the city. In addition, construction managers should pay attention to formulate specific action plans according to the actual distribution of important potential ecological corridors and important ecological nodes in the city, and carry out reasonable ecological protection according to the distribution of ecological resources in urban areas. Ecological protection is a long-term measure, and prioritizing economic development at the expense of the environment is bound to lead to considerable losses. Therefore, it is of great significance to establish a lasting and stable ecological safety network to maintain local economic development.




4.2. Prospects and Shortcomings


This paper proposes suggestions on regional ecological protection management and ecological spatial network construction, in order to provide effective support for territorial space planning, ecological space construction and ecological protection red line management and control of relevant cities, and also provide reference for similar regional ecological spatial network research, but the research itself also has shortcomings. According to the law of geographical similarity, the energy flow and material transport in the ecosystem are spatially continuous, and the mutual influence between geographical regions makes the ecological processes of neighboring regions also connected with each other. The integrity of the regions should also be considered when constructing the regional ecological security pattern. Therefore, the research scope will be expanded in the future, focusing on Zhangzhou, Xiamen, Quanzhou urban agglomeration and even Fujian Province, to explore the internal ecological network pattern relationship, which will make our optimization strategy more accurate and effective.
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Figure 1. Geographical location map of the research area and its land use types (2020). 
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Figure 2. Landscape pattern analysis based on MSPA. 
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Figure 3. Classification of ecological sources and landscape resistance surface. 
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Figure 4. Classification of ecological corridors and distribution of new patches and corridors. 
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Figure 5. (a) Pedal stone distribution. (b) Distribution of ecological fracture points. 
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Table 1. Basic resistance values.






Table 1. Basic resistance values.





	Land Type
	Woodland
	Grassland
	Wetland
	Water
	Farmland
	Construction

Land
	Other





	Base resistance value
	3
	50
	50
	500
	100
	1000
	700
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Table 2. Landscape type classification statistics.
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	Landscape Types 1
	Area

/km2
	Study Area

Area Ratio
	Total Ecological Landscape

Area Ratio





	Core
	3954.19
	31.25%
	83.51%



	Bridge
	9.18
	0.07%
	0.19%



	Edge
	610.51
	4.83%
	12.89%



	Loop
	1.59
	0.01%
	0.03%



	Perforation
	118.51
	0.94%
	2.50%



	Branch
	40.88
	0.32%
	0.86%



	Islet
	0.24
	0.00%
	0.01%



	Total
	4735.11
	37.42%
	







1 Core: large natural patches, which are “sources” of multiple ecological processes to provide habitats or migration destinations for wildlife. Bridge: a channel for species dispersal and energy exchange between adjacent core patches. Edge: the transition zone between the core area and its surrounding construction land. Perforation: the transition zone between the core area and its internal township construction land patch. Loop: corridors connecting the interior of the same core area. Branch: a corridor connecting the core area with the surrounding landscape. Islet: small isolated patches, in which internal and external species are less likely to communicate, often referred to as pedal stone.
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Table 3. Patch connectivity indices of 18 core regions.
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	No
	dI
	dIIC
	dPC
	Area/km2
	No
	dI
	dIIC
	dPC
	Area/km2





	1
	7.79
	12.31
	15.23
	189.88
	10
	9.08
	16.24
	17.89
	221.39



	2
	1.30
	2.05
	2.63
	31.59
	11
	1.32
	1.89
	2.30
	32.26



	3
	4.49
	7.44
	9.20
	109.36
	12
	1.37
	2.36
	3.03
	33.39



	4
	3.13
	5.49
	6.92
	76.44
	13
	3.19
	5.50
	6.68
	77.70



	5
	4.54
	7.61
	8.35
	110.78
	14
	1.59
	2.70
	2.94
	38.87



	6
	5.39
	9.64
	11.36
	131.41
	15
	15.73
	27.46
	31.01
	383.57



	7
	1.50
	2.63
	3.35
	36.56
	16
	5.49
	9.14
	11.52
	133.80



	8
	29.90
	55.01
	56.14
	729.12
	17
	1.29
	1.87
	2.47
	31.38



	9
	1.62
	2.80
	3.19
	39.45
	18
	1.28
	1.75
	2.30
	31.27
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Table 4. Patch connectivity indices of eighteen core regions.
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	NO
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12
	13
	14
	15
	16
	17
	18





	1
	0
	3374.4
	4013.4
	2395.7
	289.0
	467.4
	235.1
	69.5
	47.1
	47.5
	19.3
	75.6
	71.8
	135.0
	98.9
	241.2
	0.1
	0.7



	2
	
	0.0
	3984.6
	15,658.2
	550.5
	1418.0
	1465.8
	163.7
	129.3
	113.8
	45.6
	206.8
	207.9
	380.3
	253.5
	666.2
	0.2
	1.6



	3
	
	
	0.0
	6313.8
	664.6
	1202.6
	401.5
	85.0
	61.3
	58.5
	23.6
	98.2
	95.2
	177.5
	125.2
	313.9
	0.1
	0.9



	4
	
	
	
	0.0
	550.7
	2271.5
	1634.1
	138.8
	114.4
	97.0
	38.7
	182.6
	184.8
	338.7
	219.9
	585.1
	0.2
	1.3



	5
	
	
	
	
	0.0
	430.0
	96.2
	60.1
	34.2
	40.2
	16.7
	55.2
	49.9
	95.6
	77.5
	175.5
	0.1
	0.7



	6
	
	
	
	
	
	0.0
	308.5
	98.2
	67.4
	67.2
	27.3
	108.2
	103.3
	193.8
	140.8
	345.5
	0.2
	1.0



	7
	
	
	
	
	
	
	0.0
	56.9
	55.9
	73.5
	27.2
	41.0
	21.3
	57.0
	50.5
	74.9
	0.0
	0.3



	8
	
	
	
	
	
	
	
	0.0
	292.9
	204.6
	80.0
	464.6
	509.1
	902.8
	507.9
	1495.6
	0.3
	2.4



	9
	
	
	
	
	
	
	
	
	0.0
	252.6
	3113.3
	71.1
	33.7
	92.9
	82.5
	116.4
	0.1
	0.4



	10
	
	
	
	
	
	
	
	
	
	0.0
	190.0
	1107.9
	303.3
	1167.9
	720.6
	889.9
	0.2
	1.4



	11
	
	
	
	
	
	
	
	
	
	
	0.0
	60.5
	30.1
	80.5
	73.5
	105.3
	0.1
	0.4



	12
	
	
	
	
	
	
	
	
	
	
	
	0.0
	206.8
	9242.3
	2449.5
	1037.2
	0.1
	1.1



	13
	
	
	
	
	
	
	
	
	
	
	
	
	0.0
	419.3
	1167.7
	1095.0
	0.1
	0.9



	14
	
	
	
	
	
	
	
	
	
	
	
	
	
	0.0
	426.2
	829.4
	0.2
	1.5



	15
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	0.0
	3395.6
	0.3
	2.3



	16
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	0.0
	0.6
	5.6



	17
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	0.0
	0.0



	18
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	0
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