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Abstract

:

Urbanization is the development trend of all countries in the world, but it has caused considerable ecological problems that need to be alleviated by building ecological security patterns. This study took Ningbo as an example to construct and optimize an ecological security pattern. We analyzed land use types, normalized difference vegetation index, and landscape connectivity for ecological sources selection. In constructing the resistance surface, we considered natural and socio-economic factors. On this basis, we identified ecological corridors based on a minimum cumulative resistance model. Finally, the ecological security pattern was optimized through space syntax. Results showed that Ningbo has 18 ecological sources, with an area of 3051.27 km2 and 29 ecological corridors, with a length of 1172.18 km. Among them, 11 are first-level, 10 are second-level, and 8 are third-level corridors. After optimization, the area and protection cost of the ecological security pattern were significantly reduced, which can effectively alleviate the trade-off between ecological protection and economic development. This research can provide a reference for the construction and optimization of ecological security patterns and has reference significance for ecological protection in rapidly urbanized areas.
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1. Introduction


The “New Urban Agenda”, on 20 October 2016, pointed out that the world’s urban population is expected to nearly double by the middle of this century [1], and China will account for 35% of this increase [2]. Hence, four-fifths of people will live in cities and towns, and urbanization is an inevitable choice for countries globally to achieve economic growth in the 21st century [3,4,5]. However, the increasingly intense high-intensity human activities have caused problems, such as the fragmentation of habitats, the loss of biodiversity, and the decline of ecosystem service supply capabilities. These problems have severely restricted the sustainable development of the region [6,7,8,9]. The Millennium Ecosystem Assessment (MEA) was proposed to promote the protection and sustainable use of ecosystems [10]. Therefore, improving the quality of the ecological environment has become an important demand for balancing rapid urbanization and ecological protection [11,12,13].



Nature-based solution (NbS) is a new term in environmental research and policy practice [14]. NbS advocates understanding the process of natural systems that benefit mankind through the link between the ecosystem structure and process functions and its direct or indirect human welfare and profit gains and losses [15]. In addition, NbS pays attention to multiple goals, such as economy, ecology, and environment, takes ecological protection as a prerequisite, and takes maintenance of biodiversity and ecosystem services as a basic task to formulate a long-term stable plan [16]. The ecological security pattern (ESP) follows the guiding concept of NbS. That is, ESP forms a protection network by identifying points, lines, and areas with key ecological functions to maintain regional ecological security [17,18]. At present, ESP is one of the three major strategies for the development and protection of China’s land space [19]. Moreover, ESP is beneficial to optimize the ecological spatial pattern and promote the construction of ecological civilization [20,21,22].



In recent years, scholars in different fields all over the world have studied the ecological security patterns and related issues in different regions [23,24,25]. Radosław Korneć conducted a research using Poland as an example. Starting from the human understanding of ecological security, the study took the residents of the city center of the largest city as the research object, determined the main factors affecting the ecological security of Poland and put forward suggestions for the sustainable development of cities [26]. Russian scholar N.V Solovjova used two methods to predict ecological risks and put forward effective methods to maintain the ecological security and achieve sustainable development of coastal cities [27]. Gong and colleagues predicted the ecological security of Guangzhou through cellular automata, and proposed a series of urban plans for Guangzhou, such as the overall development plan, which effectively promoted the urbanization of Guangzhou [28]. Urban ecological security issues affect the urban life style, the combination of regional sustainable development planning and ecological security still need further research [25,29]. Up to now, “selection of ecological sources-construction of ecological resistance surfaces-extraction of ecological corridors” has become the basic paradigm for the construction of ESP [30]. Among them, as key ecological patches, the ecological source area can not only promote the ecological process but also maintain the integrity and stability of the ecosystem [31]. In addition, this ecological source area plays a crucial part in maintaining regional ecological security [17]. As the size, type, shape, and distribution of ecological sources affect their ecological functions, the multi-index system is often used to extract ecological sources [32]. The ecological resistance surface reflects the resistance of species migration and energy flow, which has an important impact on species diversity and complexity [33]. Usually, the land use type is used as the dominant factor, and other factors are combined to construct a resistance surface [34,35,36]. Ecological corridors are the structural basis for species migration and energy flow in ecological networks (EN) [37,38] and represent the possible areas for organisms to move from one ecological source to another [39]. Ecological corridors play an important role in enhancing the links between ecological sources [22]. The identification of the direction and width of ecological corridors has always been a key issue in the extraction of these ecological corridors. In direction identification, methods, such as the minimum cumulative resistance (MCR) model [40,41] and circuit theory [42], are usually used. With the application of computer algorithms, such as ant colony algorithm [17] and wavelet transform [43] in ESP, the problem of corridor width identification has been effectively solved.



At present, the technical methods for constructing ESP are relatively mature, but how to optimize the constructed ESP still needs in-depth research. Existing studies mostly used the gravity model for hierarchical optimization [44,45,46], but this model takes a long time to calculate and lacks automation tools [47], so the analysis efficiency is low. From the overall spatial accessibility and relevance, the space syntax abstracts the connections between spaces as axes and then carries out topological analysis on axes according to the basic principles of graph theory, such as global integration and choice. Finally, a series of morphological analysis variables are derived as the basis for spatial optimization [48]. The space syntax has the advantages of fast operation, simple indicators, clear topological relationships, and others, which is an effective tool for optimizing the ESP [49,50].



China has experienced rapid industrialization and urbanization since the reform and opening up, and its urbanization rate has exceeded 60% in 2019. Environmental pollution and ecosystem destruction caused by urban expansion have seriously threatened regional sustainable development and ecological civilization construction. Constructing ESP is an important measure for ecological civilization. Ningbo is the economic center and chemical industry base in the southern wing of the Yangtze River Delta, and one of the economic centers of Zhejiang Province. In the process of urban development and construction, the environment has been damaged. Moreover, the resource environmental bearing capacity has declined, thereby directly affecting the sustainable development of the regional economy and ecology. This study took Ningbo City as the research area and constructed an ESP through the MCR model. On this basis, the space syntax was used to optimize the ESP. This research can provide a basis for the formulation of ecological protection policies in Ningbo and provide a reference for the hierarchical optimization of ESP globally, which is of great significance to regional sustainable development.




2. Study Area and Data Sources


2.1. Overview of the Study Area


The research area selected for this study is Ningbo, China (Figure 1). Ningbo is located in the middle section of the Chinese coastline (120°55′ 122°16′ E, 28°51′ 30°33′ N). Ningbo is an important chemical base in the Yangtze River Delta and one of the important economic centers of Zhejiang Province. The total land area is 9816 km2, and the total sea area is 8355.8 km2. Ningbo has a registered population of 6.03 million and an urbanization rate of 72.9%. This area is located in a plain, and the terrain is high in the southwest and low in the northeast. The main landforms include mountains, hills, basins, and plains. The latitude is moderate, the climate is mild and humid, and the four seasons are distinct. Then, the multi-year average temperature is 16.4 °C, and the multi-year average precipitation is 1480 mm. In addition, the vegetation in the city has little difference between north and south but has an evident difference between east and west. As the altitude changes, coniferous forests, broad-leaved forests, cultivated plants, and coastal plants are distributed from west to east. As an important port city on the southeast coast of China, Ningbo’s development prospects are good. How to protect regional ecological security while achieving economic development has also become an urgent problem to be solved in its development process.




2.2. Data Source


The data used in this study include land use data, normalized difference vegetation index (NDVI), elevation, and slope of Ningbo City in 2015. Among them, the resolution of land use data is 30 m, and the GDP data and land use data are obtained from the Resource and Environmental Science and Data Center of the Chinese Academy of Sciences (http://www.resdc.cn/, 2015, accessed on 10 March 2021). Then, the elevation and NDVI data are from the Geospatial Data Cloud (https://www.gscloud.cn/, 2015, accessed on 10 March 2021), and the resolution is 100 and 30 m, respectively. Based on ArcGIS 10.3, we extracted the distance from the water area, rural residential areas, and other built-up lands, such as factories and mines.





3. Method


This research focuses on the construction and optimization of the ESP and mainly includes the following steps: (1) extraction of ecological sources. Based on the land use type, forests, grasslands and water areas were extracted as alternative land types for ecological sources. Then, we extracted forest and grassland with a NDVI greater than 0.80. Finally, we used the Conefor2.6 software to analyze landscape connectivity and extracted the ecological sources. (2) Construction of ecological resistance surface. We considered natural and man-made interference factors and selected impact factors to construct the resistance surface. (3) Ecological corridors extraction and pattern optimization. The MCR model was used to determine the corridors, and the space syntax was used to judge the priority of the corridor and optimize the ESP. The technical route is shown in Figure 2.



3.1. Determination of the Source


This study uses the Integral Index of Connectivity (IIC) and Connectivity Probability (PC) to judge the connectivity between the spatial structural units of the landscape. Saura and Pascual-Hortal were the first to introduce PC in 2007 and interpreted PC as the probability of habitat availability, the probability of spread between patches, and the direct discrete probability of graph structure [51]. This study used Conefor2.6 for connectivity analysis. When calculating landscape connectivity, the thresholds of the IIC and PC were both set to 500 m, and the PC was set to 0.5.


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



(1)






  P C =  ∑  i = 1  m   ∑  j = 1  m   a i  ×  a j  ×  P  i j  *  /  A L 2  ,  



(2)




where IIC represents the integral index of connectivity, PC represents the probability of connectivity, i and j represent different ecological patches, m refers to the total number of ecological patches (source points) in the landscape,    a i    and    a j    are patches i and j,   m  l  i j     is the number of connections between patches i and j,    A L    is the largest landscape attribute, and    P  i j  *    refers to the maximum product probability of all paths between source points i and j [21,52].




3.2. Resistance Surface Construction


The resistance surface reflects the resistance of information transfer and energy flow and has an important impact on species diversity and complexity [33]. Many index selection methods exist for constructing the resistance surface [12,34,35,36,53]. This study referred to previous research methods [24,54] and selected man-made and natural interference factors as the impact factors to construct the resistance surface. Among them, the land use type was the dominant factor, and other resistance factors were used as correction factors. Table 1 shows the resistance values and weights.




3.3. Preliminary Determination of the Corridor


The traditional method for determining the corridors is to use the MCR model. This study realizes this model through the cost distance and cost path in ArcGIS 10.3. The cost distance reflects the resistance value from one point to another, whereas the cost path reflects the MCR from one point to another [52]. The formula of the MCR model is as follows:


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



(3)




where MCR is the MCR,    f  m i n     represents a positive correlation between the resistance from any point in the space and any other point, i and j represent different ecological source points, and    D  i j     represents ecological source point i. The distance from the ecological source point j,    R i    represents the land resistance coefficient during the movement of i [38].




3.4. Corridor Classification Based on the Space Syntax


The basis of the spatial syntax analysis is to reflect the relative accessibility of different places in a city or region by measuring the different characteristics of the network. This analysis can be carried out on the axis diagram or part of the map [55]. Using the spatial syntax to measure the accessibility of different corridors in the urban spatial network can help to determine the difference between different corridors [56]. In this study, we used ArcGIS 10.3 to create polyline elements. On the basis of Section 3.3, the inflection point of each corridor was used as a discontinuity point, and the preliminary corridor was determined. A single corridor was divided into multiple axes to construct the axis diagram of the corridor. The Depthmap software was used to analyze the global integration and choice of the axis diagram. According to the global integration and selectivity values, the corridors are prioritized, as shown in the following Table 2.




3.5. Buffers Construction


To compare the effects of grading and optimization of corridors before optimization, we referred to previous research [17] and established buffers with a radius of 900 m with the corridor as the center to determine the spatial range of the corridors.





4. Results


4.1. Determination of the Source


By calculating landscape connectivity, 18 patches with IIC > 0.5, PC > 0.5, and patch area greater than 20 km2 are obtained. In addition, the geometric center of each patch is extracted as the ecological source point, as shown in Figure 3. The total patch area is 3051.27 km2, accounting for 31.08% of the total land area in the study area. Among the 18 selected patches, the largest IIC reaches 94.30, and the largest PC reaches 92.58. Ecological patches are mainly distributed in Yuyao City, Fenghua District, Ninghai County, Beilun District, and Ivory County. This distribution is related to the vegetation coverage, climate, and water resources conditions in each region. The analysis results show the following: (1) the main types of ecological sources in the study area are forest land and water area; (2) the cultivated land in the study area is less distributed, the cultivated land is scattered, and the landscape is more fragmented; (3) the distribution area of grassland and unused land is relatively independent and does not have high ecological resource potential.




4.2. Resistance Surface


According to the method described above, the final resistance surface is determined as shown in Figure 4. Higher resistance values are mainly distributed in the northeast and central north of the study area, involving Cixi City and Zhenhai District. More built-up land weakens the connectivity of the landscape and hinders the migration of species. The high resistance value in the north hinders the reproduction of species and the normal progress of ecological processes.




4.3. Preliminary Determination of the Corridor


Based on the MCR model, a total of 153 corridors are extracted. As shown in Figure 5, the longest corridor is 160.96 km, and the shortest corridor is 5.47 km. Most of the ecological corridors are distributed in the middle and south of the study area, involving Fenghua District, Ninghai County, Xiangshan County, and Beilun District. The ecology in the north is more fragile than that in the south, and the corridors are less distributed. The main types of land used in the areas where the corridor passes are woodland, grassland, and water bodies. The preliminarily determined corridors overlap more, and the spatial structure is complicated, making accurately guiding the ecological construction of the study area difficult. In addition, the construction of considerable redundant corridors tends to increase construction costs and has a limited effect on improving landscape connectivity. This case will exacerbate the contradiction between ecological protection and economic development. Therefore, optimizing the initially constructed corridors is necessary.




4.4. Corridor Classification Based on the Space Syntax


Based on the corridor constructed in Section 4.3, the axis diagram has a total of 239 axes, and Figure 6 depicts the calculated overall integration and selectivity statistics. Among them, in Figure 7, as the color of the overall integration becomes more purple-red, the overall integration is lower. Moreover, as the the color becomes more blue, the overall integration is higher. Then, as the color of the choice becomes more inclined to pink, the choice is lower. Finally, as the color becomes more inclined to fuchsia, the choice is higher. After removing the repeated ecological corridors, a total of 68 corridors are obtained. The graded axis is compared with the corridors determined by the least cumulative resistance model to determine the grade of the ecological corridors. Among them, 14 are first-level, 30 are second-level, and 24 are third-level corridors, as shown in Figure 8. The first-level corridors are regarded as the key protected corridors, and the second and third-level corridors are followed. According to this principle, the corridors are screened, and the final ESP is determined as shown in Figure 8. There are 29 ecological corridors exist. Among them, 11 are first-level, 10 are second-level, and 8 are third-level corridors, with a total length of 1172.18 km.





5. Discussion


5.1. Advantages of the Method


With the rapid expansion of cities, the ecosystems have been disturbed by human activities, resulting in the decline in ecosystem service supply capacity and the loss of biodiversity [57,58,59]. In addition to providing residents with a high-quality life, cities must also be able to withstand pressure from humans and nature, including dealing with challenges, such as water security, climate change, disaster risks, and economic and social development. To protect the environment and improve human well-being, a landscape-scale protection plan for natural habitat protection and species migration must be formulated [60].



NbS uses services provided by ecosystems, among others, to address social challenges, such as climate change, like global warming or natural disasters, like mudslides [15]. The International Union for Conservation of Nature defines NbS as “The actions to protect and sustainably manage the natural ecology, and restore the natural ecology or improve the ecosystem, so as to effectively and adapt to local conditions to respond to social challenges, while providing human well-being and biodiversity benefits [61].” As a green and sustainable development concept and a solution to contemporary social challenges, NbS has a wide range of applications in the construction and development of cities. NbS can fully explore and exert the value of city’s natural capital, innovate the sustainable development pattern of the city, and realize the ecological, social, and economic coordinated development. With the continuous acceleration of urbanization and the increase efforts in the construction of ecological civilization, various studies, such as “based on nature”, “adapted to nature”, and “utilization of nature”, have received increasing attention. Many world organizations, countries, and cities use the NbS concept in basic research and ecological protection and restoration practices. The emergence of various innovative cities, such as “green cities”, “sustainable cities”, and “low-carbon cities”, developing into “sponge cities”, “resilient cities”, and others, are essentially the NbS concept in urban construction innovative applications.



Green Infrastructure (GI) [62,63], EN [64,65], ESP [12,66], and other ecological protection planning methods take NbS as the guiding concept. Moreover, elements that are critical to regional ecological security (e.g., hubs or sources, links or corridors) are identified and protected to ensure the sustainable supply of regional ecosystem services. Among them, the concepts of GI and EN are widely used in international landscape planning and protection, and the concept of ESP is more common in China [26]. The ESP of different scales is one of the three strategies for the development and protection of China’s territorial space [19]. Moreover, ESP plays an important role in solving the problem of ecological protection in rapidly urbanizing areas.



This study took Ningbo City as the research area to construct and optimize the ESP. We adopted a comprehensive index method in selecting ecological sources and constructing ecological resistance surfaces. This method comprehensively considers factors, such as land use types, topography, and landscape connectivity, and is the basis for constructing an ESP. After extracting the ecological corridor through MCR, this study optimized the ecological corridors based on the space syntax. The relevant parameters of this model fully reflect the mutual influence and role of different nodes in the network. These parameters can also explore the internal laws of the space from the user’s perspective to identify corridor paths based on attractiveness and accessibility. The results showed that 153 ecological corridors were optimized, with a length of 3092.23 km, an area of 5788.65 km2, and a total protection cost of 19,280 million yuan, mainly passing through Fenghua District and Ninghai County, presenting a “spider web” layout. After optimization, 29 ecological corridors were obtained with a length of 1172.18 km, an area of 2245.70 km2, and a total protection cost of 108.015 billion yuan. Compared with the unoptimized ecological corridors, ecological corridors present an “octopus-like” layout, and the total area and protection cost are reduced. The optimized ecological corridors can still meet the needs of maintaining the connectivity of the landscape while reducing the area and protection costs, which helps to ease the trade-off between local urbanization and ecological civilization construction. This study continues the comprehensive index method to construct the ESP and expands the application of space syntax in natural network evaluation. This study also provides ideas for optimizing the ESP, improving the efficiency of ecological protection, and promoting the coordinated development of the economy and ecology.




5.2. Layout Optimization


This research optimized and classified the ecological corridors through the space syntax and determined the final ESP. We proposed an ecological framework composed of ecological corridors and ecological landscapes of “one axis, three centers, and three belts”, which is a landscaped, structured, systematic, functional, and integrated regional ecological security network system. As shown in Figure 9, the “one axis” starts from Lianghuang Mountain in the south to Jiufeng Mountain in the north, and spreads in the east-west direction. The main land type is woodland. As a central hub connecting other sources and corridors, the “one axis” supports the overall ESP; “three centers” is a biodiversity and water conservation protection area centered on Siming Mountain National Forest Park, Xikou Scenic Area, Lilongtan Forest Park, and Sanxin plays an important role in the protection of surrounding biodiversity and water resources. With the “one axis” as the center, three ecological resource protection belts are distributed, involving the Huangxian Forest Tourist Area. As an important protection belt connecting the “one axis” and the “three centers”, “three belts” serve as the hub axis belt for the layout of the regional ESP. They are playing an important role in connecting the overall situation.




5.3. Research Limitations


From the perspective of landscape planning and management, this study took Ningbo as an example to construct and optimize the ESP through a comprehensive index method, MCR, and space syntax. However, this research has the following limitations in theory and practice: first, this article only identifies the direction of the ecological corridor, and determines its spatial scope by establishing a buffer zone. In future studies, the spatial scope of corridors can be identified in accordance with local conditions by constructing a comprehensive evaluation system, threshold discrimination, and other methods. Second, this article uses MCR to identify ecological corridors from the overall regional perspective and lacks consideration of spatial scale and species types. Future studies can verify the scale sensitivity and species applicability of the model through empirical verification and field sampling, which can enhance the practical value of the research results.





6. Conclusions


Based on the use of the traditional MCR model to construct an ESP, this study considers the construction of resistance surfaces from multiple angles. In addition, the study uses spatial syntax to classify the corridors and divides the corridors into first, second, and third levels. After grading and optimization, the extracted ecological corridors were cost of 1080.15 billion yuan to protect. Compared with the before optimization, the area is reduced by 61.80%, and the total protection cost is reduced by 45.80%. This case significantly reduces the area and protection costs for building an ecological safety pattern. On the basis of ensuring ecological safety, the area and economic expenditure have been achieved and minimized. This research is a good practice of the NbS concept in the construction of China’s ecological civilization, enriches the application cases of the NbS concept in China, and provides Chinese experience for ecological protection in the process of urbanization in the world.
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Figure 1. Geographical location and land use status of Ningbo. 
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Figure 2. Technical route. 
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Figure 3. Ecological source. 
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Figure 4. Resistance surface. 






Figure 4. Resistance surface.
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Figure 5. Preliminary corridor. 
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Figure 6. Column chart of global integration and choice: (a) axis choice; (b) axis global integration. 
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Figure 7. Spatial layout of global integration and choice: (a) axis of the figure; (b) the global integration spatial distribution of the axis; (c) spatial distribution of axis choice. 
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Figure 8. Ecological security pattern of Ningbo City: (a) primary level 1 ecological corridor; (b) primary level 2 ecological corridor; (c) primary level 3 ecological corridor; (d) optimized ecological security pattern. 
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Figure 9. The optimization pattern of “one axis, three centers, and three belts”. 
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Table 1. Resistance value.
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Interference Factor

	
Resistance Factor

	
Resistance Value

	
Weights




	
10

	
30

	
50

	
70

	
90






	
Natural disturbance factors

	
Land use type

	
Woodl-and, water, ocean

	
Grassla-nd

	
Cultivated land

	
Unused land

	
Constructio-n land

	
0.35




	
Distance to water

	
<1 km

	
1–3 km

	
3–5 km

	
5–10 km

	
≥10 km

	
0.12




	
slope

	
≤3°

	
3–5°

	
5–10°

	
10–15°

	
>15°

	
0.14




	
Elevation

	
≤0 m

	
0–50 m

	
50–100 m

	
100–150 m

	
>150 m

	
0.12




	
Human interference factors

	
Distance from rural settlements

	
≥5 km

	
3–5 km

	
1–3 km

	
0.5–1 km

	
<0.5 km

	
0.13




	
Distance to other built-up land, such as factories and mines

	
≥15 km

	
10–15 km

	
5–10 km

	
1–5 km

	
<1 km

	
0.14
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Table 2. Corridor priority.






Table 2. Corridor priority.





	
Choice

	
Global Integration






	

	
≥0.6

	
<0.6




	
<300

	
Level 3

	
Level 3




	
300–1000

	
Level 2

	
Level 1




	
>1000

	
Level 1

	
Level 2
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