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Degradation or evolution? Assessing ecological security network for a rapid urbanization region in Eastern China

Abstract
[bookmark: _Hlk23595559][bookmark: OLE_LINK76][bookmark: OLE_LINK77]Rapid urbanization leads to fragmentation of large land patches, islandization of ecological landscape, and destruction of ecological security network. As a basic guarantee of life, a sound ecological security network promotes connectivity between ecological sources, improves ecological security patterns, and mitigates the degradation of an ecological system. The objective of this study was to improve a framework for assessing the ecological security network. We demonstrated the application of the proposed framework through a case study of the urban agglomeration around Hangzhou Bay (UAHB), a rapid urbanization region in Eastern China's Zhejiang Province. We improved the identification method of ecological sources by integrating the evaluations of ecosystem services value and ecological sensitivity, while we screened ecological sources by using the rank-size rule and the natural breaks method. Based on the screened ecological sources, the ecological corridors were reconstructed and optimized for the UAHB region. Results from this study showed that the structure and function of the ecological security network were strongly influenced by human activities and urban sprawl. The ecological security network has deteriorated locally in eastern coastal areas of UAHB during the past 20 years with strong spatial variability in ecological security patterns. To maintain a well-protected and sustainable ecological quality, we proposed a set of 5 measures to improve the ecological security pattern and the sustainable development of the ecological system in Eastern China.

[bookmark: _Hlk12476958][bookmark: OLE_LINK13][bookmark: OLE_LINK11][bookmark: OLE_LINK12]KEYWORDS: Ecological importance, Ecological network, Ecological security,
[bookmark: _Hlk7983987][bookmark: OLE_LINK14]Ecological sensitivity, Ecosystem services value

1. INTRODUCTION 
[bookmark: _Hlk23169692][bookmark: _Hlk23165852][bookmark: OLE_LINK80]Ecological security is the foundation of human (ecological) civilization (Ma et al., 2019; Frazier et al., 2019). Ecological security, together with economic security, financial security, and national defense security, constitute the basic guarantee system of national security. Maintaining global ecological security is an important part of building a community of shared future for mankind (Huang, 2017). 
[bookmark: _Hlk43570594]With the industrial revolution and the rapid global urbanization, most countries and regions are facing a series of ecological threats, such as ecosystem degradation (Bai et al., 2018), ecological space reduction (Jiang et al., 2016), and biodiversity loss (Kong et al., 2010). At present, ecological security has become a common challenge facing the world. A sound ecological security network (pattern) can maintain the integrity of ecosystem structure and function, protect biodiversity, promote ecosystem evolution (Kuemmerlen et al., 2018), and sustainable land use (Meddeb et al., 2019). 
[bookmark: OLE_LINK79][bookmark: OLE_LINK83][bookmark: OLE_LINK88][bookmark: OLE_LINK89][bookmark: _Hlk23188649][bookmark: OLE_LINK39][bookmark: OLE_LINK40]Since the 1970s, a growing number of studies have been conducted to study ecological security from multiple perspectives (Peng et al., 2018; Feng et al., 2019; Wang et al., 2019), such as landscape ecology (Liang et al., 2018), geography (Wohlgemuth et al., 2008), and urban planning (Ahern, 2012). In terms of theory and method, the existing studies focused mainly on basic concepts and principles (Patten et al., 1976), structure and function of the ecological system (network) (Meddeb et al., 2019), construction and evaluation of ecological security pattern (Dame and Christian, 2008). In terms of practice, the existing studies concentrated mainly on biodiversity protection (Kong et al., 2010), design and planning of nature reserves (Xie et al., 2014), urban (regional) landscape design and planning (Yin et al., 2011), forest management (Franklin and Forman, 1987), land evaluation and planning (Bai et al., 2018), ecological risk evaluation (Guo et al., 2019), and ecological restoration and conservation (Ahern, 2012; Han et al., 2015). 
[bookmark: OLE_LINK81][bookmark: OLE_LINK82]Not surprisingly, each country or region has its own emphasis on the study of ecological security, reflecting the characteristics and dynamics of the regional ecological security influenced by the interactions between various natural and human factors (Galvani et al., 2016; Xu et al., 2015). Table 1 lists the frequency of the keywords of the studies on ecological security published in the past 50 years and indexed by the Web of Science (WOS) and China National Knowledge Infrastructure (CNKI). The studies in the international domain mainly focused on ecological service function, biodiversity conservation, ecological vulnerability and resilience, ecological risk and sustainable development in the context of climate change and food security; whereas the studies in China paid more attention to the basic theories and empirical analyses (Hepcan et al., 2009; Peng et al., 2018; Wegner et al., 2015; Yao and Xie, 2016; Zhang et al., 2016a), such as ecological network construction, ecological carrying capacity assessment, ecological compensation, ecological civilization construction, ecological protection redlines, ecological security barrier, land (cultivated land or water) ecological security, and spatial planning of ecological security pattern.
[bookmark: OLE_LINK94][bookmark: OLE_LINK95][bookmark: OLE_LINK3][bookmark: OLE_LINK4]Especially, since ecological network analysis was proposed by Patten et al. (1976), it has been widely used to assess ecological security pattern (Fath et al., 2017), to improve the ecological landscape fragmentation (Pino and Marull, 2012), to solve the conflict between urban development and ecological protection (Zhang et al., 2010a), to manage water resources (Kharrazi et al., 2016), and to enhance the relationship between regional space development and ecological security (Rodewald et al., 2014). Yu (1996) later put forward the method of constructing the ecological security network (pattern) by calculating the minimum cumulative resistance surface of ecological sources, which has been accepted and subsequently improved by fellow scientists (e.g., Peng et al., 2018; Yao and Xie, 2016; Zhang et al., 2016b). Conine et al. (2004) proposed a 7-step procedure for ecological network construction: (1) identifying goals and objectives, (2) assessing potential demand areas, (3) assessing potential connectivity supplies, (4) assessing site suitability, (5) assessing network accessibility, (6) delimiting corridors, and (7) assessing ecological network. Currently, ecological space (pattern/network) reconstruction has become a very important practice in network analysis. 
Since China's economic reform in 1978, several large habitats and protected ecological sources have been encroached by land-use activities related to rapid urbanization (Ng et al., 2011; Qiu et al., 2019). Land system degradation or landscape fragmentation and islandization are increasingly becoming a serious hazard to the land ecosystems in China (Liu et al., 2017). The damages to ecological security networks have resulted in continuous degradation of the connectivity between ecological sources, changes in the structures and functions of ecosystems, losses of biodiversity, and severe challenges to ecological security and regional sustainable development (Barau, 2015; Cook, 2002; Hu et al., 2018; Shen et al., 2014; Yin et al., 2011). 
[bookmark: OLE_LINK55][bookmark: OLE_LINK56][bookmark: OLE_LINK90][bookmark: OLE_LINK91]Currently, China's social and economic development has entered a transitional period of ecological civilization (Gu et al., 2015; Knight, 2013). At the 19th National Congress of the Communist Party of China in 2017, President Xi Jinping stressed: China will carry out major projects to protect and restore key ecosystems, to improve the system of shields for ecological security, and to develop ecological corridors and biodiversity protection networks, so as to strengthen the quality and stability of our ecosystems (Xi, 2017). Therefore, assessment, reconstruction, and optimization of the ecological network are the important path to realizing ecological security and the basic guarantee for realizing regional socioeconomic development and ecosystem protection. Especially in the rapid urbanization areas of China, it is extremely important to formulate a regional development strategy based on ecological security that is of great importance to regional socioeconomic development and ecosystem protection (Zhang et al., 2016a).
[bookmark: _Hlk11247242]The purpose of this study is to develop a framework for assessing the degradation or evolution of regional ecological security network and spatial pattern, which includes (1) improving the method of identifying ecological sources (2) constructing potential ecological corridors, (3) extracting the key ecological nodes, and (4) proposing the feasible path to improving regional ecological security pattern. The technical flowchart of this study is shown in Figure 1. 
The potential contributions of this study include: (1) improving the methods of identifying ecological sources by integrating ecological services value and ecological sensitivity, which highlights the function and value of an ecosystem, and (2) using the quantitative methods, including the rank-size rule and the natural breaks method, to extract and screen key ecological sources.

2. MATERIALS AND METHODS
2.1. Identification of ecological sources
"Ecological sources" refer to the continuously distributed ecological background structures in a landscape which promote ecological processes (Chen et al., 2008; Chen et al., 2015). In most studies (Santos et al., 2018; Wohlgemuth et al., 2008), ecological sources were directly extracted from the original natural landscape patches (e.g., larger forest fragment patches, nature reserves, forest parks, waters, green space with a certain area, etc.) at the landscape structure level, but rarely considering ecological service value and ecological sensitivity at the landscape function level (Guo et al., 2019; Peng et al., 2019). In this study, we employed ecological service value assessment and ecological sensitivity assessment to identify ecological sources.
2.1.1. Ecosystem services value assessment
[bookmark: OLE_LINK8][bookmark: OLE_LINK9]Costanza et al. (1997) proposed the principles and methods of assessing ecosystem services value (ESV). The formula for evaluating ESV is:

												(1)
where ESV is the land ecosystem services value; VCi is the coefficient of ecosystem services value of the ith land-use type; Ai is the area of the ith land-use type.
Based on the mothed and results of Costanza et al. (1997), Xie et al. (2008) classified China's mainland into six sub-ecosystems and nine service functions and set the food production function as the standard ecosystem service with an equivalent value coefficient of 1. The coefficients of other service functions were equivalent values compared with the standard value of 1. However, because the equivalent coefficient is a national average value of the ecosystem services in China, it cannot be directly applied to assess regional ecosystem services value. In this study, we revised these coefficients based on the previous studies (Xie et al., 2005; Xie et al., 2015a) and reset 1.8 as the adjustment coefficient of ecosystem services value for Zhejiang Province. The equivalent value coefficients of ecosystem services per hectare land are shown in Table 2. 
[bookmark: _Hlk11744918][bookmark: _Hlk44520069]The ESVs per unit area for different ecosystems were calculated based on the assumptions that the equivalent economic value of a unit of ESV is equal to one-seventh of the average market value of grain yield in the same period (Xie et al., 2015b), and the economic value of natural grain yield of cultivated land is about 4119.1 RMB hm-2. Using the natural breaks method, the ESVs were divided into five levels, i.e., negative value area, low value area, moderate value area, high value area, and extreme value area.
2.1.2. Ecological sensitivity assessment
Ecosystem sensitivity refers to the degree of response of an ecosystem to human disturbance and natural environment changes, and it represents the probability of the occurrence of certain ecological environment problems (Cao and Liu, 2010). In this study, the comprehensive index method was used to evaluate ecological sensitivity. The calculation formula is:

													(2)
[bookmark: _Hlk11360008]where S is the composite index of ecological sensitivity; n is the total number of indicators; Ai is the standardized value of the ith indicator; Wi is the weight of the ith indicator, which was determined using the analytic hierarchy process (AHP) method by experts' knowledge (Zhou et al., 2012). 
[bookmark: _Hlk12005145]Considering the representativeness of assessment indicators, data accessibility, and lessons learned in the previous studies (Pan et al., 2011; Yin et al., 2011), a set of 11 indicators covering 4 areas (i.e., geological conditions, soil environment, habitat conditions, and human disturbance) were employed to assess the ecological sensitivity (Table 3).
2.2. Determination and screening of ecological sources
The results from the above ecosystem services value assessment and the ecological sensitivity assessment were then superimposed in ArcGIS 10.5 to determine the ecological importance according to the rules set in Table 4. The ecological importance was categorized into five levels with level Ⅰ having the highest priority for protection. 
[bookmark: _Hlk21183935][bookmark: _Hlk11960261]Additionally, in terms of biodiversity protection, parameters such as patch area size, landscape type, ecological value, and spatial distribution (i.e., area-type-function-distribution) are important factors to consider when screening the key ecological sources. Based on the principle of "area-type-function-distribution", the key ecological sources were further screened from the priority protected areas (i.e., ecological important level I) in Table 4 by using the rank-size rule (Korpi, 2008) and natural breaks method (Aretano et al., 2015).
2.3. Construction of ecological corridors
2.3.1. Construction of the potential ecological corridors
[bookmark: _Hlk12522606][bookmark: _Hlk11444239][bookmark: OLE_LINK15][bookmark: OLE_LINK16]Minimum cumulative resistance (MCR) refers to the cost paid to overcome the total resistance from one source to another over a landscape (Li et al., 2014). Using the MCR model, the least-cost path from a source to a destination can be calculated. The least-cost path is the best path for the migration and diffusion of biological species, through which various external disturbances may be avoided. The formula to calculate MCR is:

										(3)
where Dij is the spatial distance from ecological source j to spatial landscape unit i; Ri is the resistance coefficient from source j to landscape unit i and can be determined by the value of i, and the path from unit i to source j produces different resistance values.
[bookmark: _Hlk11441268][bookmark: OLE_LINK17]The key to establishing the MCR model is the selection of ecological sources and the construction of a resistance surface system. Ecological sources were extracted from the ecological importance assessment. Six land types (i.e., developed land, cultivated land, forest land, grassland, water, and unused land) and buffer zones of transportation lines (e.g., expressway, railway, national road, and provincial road) were selected as resistance factors to construct the resistance evaluation system (Table 5). The higher the resistance value is, the greater the resistance or cost in the process of biological migration will be.
2.3.2. Selection of the key ecological corridors
[bookmark: _Hlk21184448][bookmark: OLE_LINK29][bookmark: OLE_LINK30][bookmark: _Hlk12025973]The MCR model could be employed to construct the general ecological corridor system between ecological sources, but it would provide little information about the relative importance of individual ecological corridors when the connections are developed from one source to many others. Therefore, the gravity model was applied to solve this problem and to extract the key ecological corridors through the quantitative evaluation of the interaction intensity between ecological sources (Kline et al., 2001). The interaction intensity formula is:

						(4)
where Gij is the interaction intensity between sources i and j, Wi and Wj are the weights of sources i and j, Dij is the standardized value of corridor resistance between sources i and j, Pi and Pj are the resistance value of sources i and j, Si is the area of source i, Lij is the cumulative resistance value of the corridor between sources i and j, and Lmax is the maximum cumulative resistance value of all corridors in a region.
2.3.3. Identification of the key ecological nodes
[bookmark: OLE_LINK18][bookmark: OLE_LINK19][bookmark: OLE_LINK60][bookmark: OLE_LINK64][bookmark: OLE_LINK20][bookmark: _Hlk12026319]Identifying the key ecological nodes can reveal the relationships between landscape patterns and ecological processes (Ernstson, 2013). Ecological nodes are the intersections of the minimum cost path and the maximum cost path between ecological sources. In terms of ecological functions, ecological nodes are usually considered to be the deteriorating areas after being disturbed or affected by human activities. In large-scale ecological corridor research, ecologically weak areas or ecologically critical areas are usually regarded as ecological nodes. 
In this study, there are two types of ecological nodes: (1) the intersection of the key corridors (identified by the gravity model) and the previously existing corridors (such as roads and rivers) by spatial overlay analysis of the general corridors and the key corridors, and (2) small areas of ecological sources in the important ecological corridors. 
2.4.	Assessment of ecological security network
[bookmark: _Hlk11485510][bookmark: _Hlk11485523]2.4.1. Ecological sources assessment
The assessment of ecological sources includes the shape index of ecological sources and the degree of ecological sources. The shape index of an ecological source reflects the impact of the current ecological source on ecological processes, such as material diffusion, energy flow, and material transfer in the landscape (Ouyang et al., 2014). The formula is as follows:

															(5)
where Ii is the shape index of ecological source i; Pi is the circumference of ecological source i; Ai is the area of ecological source i. A larger shape index means that the ecological source is closely connected to the outside world with high ecological security network connectivity.
[bookmark: _Hlk11487719]The degree of the ecological source is used to measure the number of ecological corridors connected to an ecological source. The value represents the accessibility of the ecological source and the connectivity characteristics of ecological structures (Zhang and Yu, 2016). A higher degree of ecological source means more external connections the ecological source has. And these sources often become an important ecological source or node of the landscape space structure. The greater degree of ecological sources also indicates more ecological sources to be crisscrossed by ecological corridors.
[bookmark: _Hlk10919664]2.4.2. Ecological corridors assessment
[bookmark: _Hlk10964120][bookmark: _Hlk11932402]The comprehensive index method. The indexes of γ, β, and α (Table 6) can be used to reveal the quantitative relationship between the ecological sources and ecological corridors in the landscape (Kong et al., 2010). The comprehensive index of the ecological corridor in this study refers to the sum of indexes γ, β, and α (Table 6). 
Corridor width effect analysis. The relationship between the structure and function of the ecological corridors is complex. A narrow corridor is not conducive to the migration of sensitive species, whereas a wide corridor leads to the enhancement of landscape heterogeneity (Zhu et al., 2005). The ecological corridors constructed using the MCR model in this study are conceptual corridors without a width. In reality, an ecological corridor must have an associated width to play its functions of biodiversity conservation, contaminant filtration, erosion prevention, flood control, etc. (Yu and Li, 1997; Zhu et al., 2005). The width of an ecological corridor is dependent upon the complexity of the ecological corridor and is a function of several parameters such as target species, vegetation, functions of the corridor, surrounding land uses, and the length of the corridor. (Jiang et al., 2016). In our study, the corridor width effect was further analyzed using buffer width set to be 15m, 30m, 60m, 100m, 500m and 1000m for the key ecological corridors (Zhu et al., 2005).
2.5. Study area
The urban agglomeration around Hangzhou Bay (UAHB) is located in the southern part of the Yangtze River Delta, China (118º20ʹ-123º 25ʹ E, 29º13ʹ -31º11ʹ N). The UAHB consists of 6 cities, i.e., Hangzhou, Ningbo, Huzhou, Jiaxing, Shaoxing, and Zhoushan, with a total area of 45,400 km2, accounting for 44% of the total area of the Zhejiang Province (Figure 2). It should be mentioned that the city of Zhoushan was not included in our study area due to its weak sensitivity to factors such as traffic, hydrology, and habitat. The UAHB is under the influence of the subtropical monsoon climate, and its terrain is mainly plains. The UAHB has abundant water resources with densely distributed surface water networks.
[bookmark: _Hlk12538490][bookmark: OLE_LINK23][bookmark: OLE_LINK24]Over the past 20 years or so, the total population of the UAHB has increased from 23.36 million in 2000 to 31.33 million in 2017, with the urban population increased from 5.94 million to 12.59 million. During the same period, the GDP has increased from 4.11 billion RMB to 34.38 billion RMB (Zhou et al., 2015). However, with the development of urbanization and industrialization, ecological land fragmentation, land pollution, land subsidence, soil erosion, eutrophication, and haze have become serious environmental and ecological problems for the region. Especially, land-use/cover patterns have been dramatically changed.
[bookmark: _Hlk11507139][bookmark: OLE_LINK25]In 2003, Zhejiang Province released two reports: Zhejiang Province's Strategic Planning for Spatial Development of Urban Agglomerations around Hangzhou Bay and Zhejiang Province's Development Programming for the Industrial Belt around Hangzhou Bay (Zhou et al., 2015). These strategic plans eliminated the spatial boundaries of the previous administrative planning and improved the efficiencies of resource allocation and the social-economic sustainable development of the UAHB. However, only a few studies focused on the assessment of ecological security for this region (Zhou et al., 2015).
2.6. Statistical analysis
The datasets used in this study consist of social and economic data, natural geography, and remote sensing monitoring data of land-use. Social and economic data were extracted from the administrative planning map of Zhejiang Province and Zhejiang Statistical Yearbook (1996-2016). Rainfall erosivity data, soil data, and vegetation coverage data were from the National Science & Technology Infrastructure of China, Data Sharing Infrastructure of Earth System Science (http://geodata.nju.edu.cn).The remote sensing monitoring data of 1995 and 2015 are provided by the Geospatial Data Cloud site, Computer Network Information Center, Chinese Academy of Sciences (http://www.gscloud.cn). Six land use classes, including developed land, forest land, cultivated land, grassland, water, and unused land, were extracted from these images with the resolution of 30 m×30 m for ecosystem services value assessment. The Kappa coefficients for the land-use/cover map classification precision range between 80% to 90%. Data were stored in an ArcGIS relational database for spatial networks analyses. All spatial maps were produced by using ArcMap® (version 10.5) and Adobe® Photoshop® (version 8.0).
3. RESULTS
3.1. Spatial-temporal evolution of ecosystem services value
[bookmark: _Hlk44520372]In this study, the ESVs ranged from -39419.98 RMB to 186802.09 RMB. Based on the natural breaks method, the ESVs were further divided into five levels, i.e., negative value area (-39419.98-0), low value area (0-47047.64), moderate value area (47047.64-96313.26), high value area (96313.26-141557.67), and extreme value area (141557.67-186802.09). Figure 3 shows that more than 50% of the UAHB were in the high ESV value area. In general, the ESVs decreased from southwest to northeast, because the southwest region is most dominated by mountains, covered by forest lands, and dotted with scenic landscapes. The areas with low ESVs were mainly distributed in the northern part of Huzhou, Shaoxing, and the eastern coastal areas. The areas with negative ESVs had expanded from 1995 to 2015, and mainly scattered in cities and coincided with the developed lands (e.g., urban and rural settlements). In contrast, the areas with moderate ESVs had decreased from 1995 to 2015.
3.2. Spatial-temporal patterns of ecological sensitivity
[bookmark: _Ref6419094][bookmark: _Ref6419144][bookmark: _Hlk43370850]Figure 4 shows the spatial-temporal changes of ecological sensitivity between 1995 and 2015. In the past 20 years, the areas of slightly sensitive areas and the moderately sensitive have decreased by about 5.1% and 2.7%, respectively, whereas the areas of extremely sensitive and non-sensitive have increased by 3.5%. In terms of spatial pattern, the spatial distributions of ecological sensitivity in 1995 and 2015 were basically the same, following a bell-shaped curve pattern with the sensitive level being mostly slightly sensitive, moderately sensitive, and highly sensitive. However, the extremely sensitive areas in the west and the non-sensitive area in the northeastern plain had increased. The ecological sensitivity of the southern region was higher than that of the northern part. The highly sensitive areas were mainly distributed in the northwest of Hangzhou, and there were some patchy extremely sensitive areas in Shaoxing and Ningbo. The non-sensitive areas were mainly distributed in the northern plain suitable for human activities because of the flat terrain. Most of the areas were urban and rural areas, and ecological sensitivity was low.
3.3. Identification of ecological sources
[bookmark: _Hlk11789592][bookmark: OLE_LINK28][bookmark: _Hlk14180695][bookmark: _Hlk12465578]Based on the rules presented in Table 4, the ecological importance (Figure 5(a)) was obtained through the overlay analysis of ecosystem services value and ecological sensitivity. The ecological importance patches of Level I was further ranked according to the area size using the rank-size rule and were screened using the natural breaks method. Finally, the top 10% patches were retained as the ecological sources for 1995 and in 2015 (Figure 5(b, c)). 
As shown in Figure 5(c), the ecological sources accounted for 73.3% and 74.3% of ecological importance patches of Level I in 1995 and 2015, respectively. Although the total areas of ecological sources in 1995 and in 2015 are about the same, their spatial distributions were apparently different. Large-sized ecological sources were mainly distributed in the southwest of the UAHB, while small-sized ecological sources scattered in the plains. Comparing the quantitative structure of ecological sources in 1995 and 2015, merging and fragmentation of ecological sources occurred simultaneously. For example, some small-sized ecological sources in southwestern in 1995 evolved into large ones by 2015, whereas some small ecological sources disappeared in the same time period.
3.4. Construction of ecological corridors
[bookmark: OLE_LINK73][bookmark: OLE_LINK74]In this study, the ecological corridor system (i.e., the potential ecological corridors) consists of the key ecological corridors and the general ecological corridors. According to the extracted ecological sources, the potential ecological corridors were generated using the minimum cumulative resistance model (Figure 6). As shown in Figure 6(a-1, a-2), the potential ecological corridor structure of the study area changed considerably from 1995 to 2015. Compared with 1995, the spatial distribution of potential ecological corridors in 2015 did not show any patterns (Figure 6(a)), and many of them were redundant or overlapping ecological corridors. In addition, due to urban expansion, some ecological corridors disappeared or prolonged to bypass the developed land, which increased the difficulty of migration and energy transfer. The results showed that urban expansion damaged the early ecological security network and had a negative impact on biological habitats and biodiversity. Therefore, to increase the effectiveness of ecological corridors and reduce unnecessary material flow costs, it is necessary to reconstruct the potential ecological corridors, i.e., to screen important ecological corridors and identify ecological nodes.
[bookmark: _Hlk11843908]In this study, the interaction intensity value of 100 was taken as the threshold value for screening the key ecological corridors using the gravity model. The redundant ecological corridors with highly overlapping corridor paths were further deleted in order to reduce the flow costs. Therefore, although a total of 108 key ecological nodes in 1995 and a total of 113 in 2015 were identified, only 82 key ecological corridors in 1995 and 79 key ecological corridors in 2015 were extracted, respectively, for the following assessment of the ecological security network (Figure 6(b-1, b-2)).
[bookmark: _Hlk11922312]3.5. Assessment of the ecological security network
3.5.1. Ecological sources assessment
Figure 7 (a) shows the shape index of ecological sources calculated for 1995 and 2015. The higher shape index of ecological sources was mainly concentrated in the northeast and southwest of the UAHB. There were a large number of ecological sources with small shape index, so it is necessary to reconstruct ecological corridors between these small ecological sources to improve the connectivity of the ecological security network.
Figure 7 (b) presents the degree of ecological sources obtained for 1995 and 2015. The degree of ecological sources in the periphery of the study area was relatively low. Especially, a lot of ecological sources were at a lower degree in the southeastern of the UAHB, so the reconstruction of ecological nodes should be strengthened to improve the corridors' connectivity between these ecological sources.
3.5.2. Ecological corridors assessment
From 1995 to 2015, the comprehensive index of ecological corridors in the study area had declined from 0.54 to 0.57 for γ, 1.58 to 1.68 for β, and 0.30 to 0.35 for α. This means that the level for an ecological source or node to connect with other ecological sources or nodes in the UAHB had increased, whereas the efficiency and the connectivity of ecological corridors had increased. Therefore, ecological corridors have actually improved in the study area in the last 20 years.
The area percentages of the land-use types corresponding to the ecological corridors with different width are shown in Figure 8. It is shown that land-use types in the corridors were mainly forest land and cultivated land. With the increase of corridor width from 15 m to 1000 m, the percentages of the developed land, cultivated land and waters increased, whereas that of the forest land decreased. Furthermore, the percentages of the grassland and unused land were relatively small and had no significant changes over time. Ecological corridors were mostly distributed in areas where there were few human activities. Figure 8 also shows that, in the UAHB, the corridors with a width greater than 100 m covered a lot of the developed land from 1995 to 2015. Therefore, according to the theory of landscape's structure and function, the width effect of ecological corridor in the study area was weakening. 

4. DISCUSSION
[bookmark: _Hlk12266992]4.1. Ecological security pattern and partition management
Based on landscape ecology theory (Wu, 2014) and ecological security pattern theory (Yu, 1996), a typical ecological security pattern mainly consists of 5 aspects: (1) ecological sources, (2) buffer zones, (3) connectivity between sources, (4) radiation channel (corridors), and (5) strategic ecological nodes. Considering the five aspects, we further discuss the ecological security pattern of the UAHB in the following. Please refer to Figure 9.
As the main habitat of organisms, the conversion of ecological sources to developed lands should be strictly prohibited. Based on the threshold of minimum cumulative resistance curve and area, the buffer zones may be divided into ecological buffers, ecological transition zones, and developed land area. Ecological buffers are the protective barrier of ecological sources (Jeltsch et al., 2000), and should be restricted from urban development. Ecological transition zones are the transition areas between the ecological land and the developed land; and they may be reasonably divided into restricted development zone and developable zone (Wu, 2014). The developed lands are the areas that meet the needs of urban development and construction, and they should be used sustainably through urban planning. 
Ecological nodes include the key ecological nodes and the potential ecological nodes (Yu, 1999). When comparing the ecological security network in 1995 and 2015, it is apparent that the areas with missing ecological sources, nodes, and corridors were mainly distributed in the eastern coastal developed areas, due to the damages caused by urban expansion and land-use activities in the region. We suggest that, in the future, the potential ecological nodes along the key ecological corridors should be fully utilized to further extend the branch corridors to urban areas and form a multi-level ecological security network system (Liang et al., 2018).
[bookmark: _Hlk24613766][bookmark: _Hlk12368435]4.2. Measures of improving ecological security pattern
[bookmark: OLE_LINK71][bookmark: OLE_LINK72][bookmark: _Hlk24632121]Based on the ecological space theory (Forman, 1995), public governance theory (Osborne, 2006), and risk management theory (Peng et al., 2018), we propose five measures to improve regional ecological security pattern in the UAHB in light of the Strategic Plans for National Territory Spatial Planning System (Zhou and Zhao, 2017) and our findings.
[bookmark: _Hlk24631973][bookmark: OLE_LINK68][bookmark: OLE_LINK69]The first is the legal safeguard mechanism. The proposed constitutional amendment of the People's Republic of China was adopted in the first session of the 13th National People's Congress in March 2018, which included a mandate for ecological civilization and building a "Beautiful China" in the new development concept (http://www.globaltimes.cn/content/1137873.shtml). Subsequently, the Ministry of Ecology and Environment of the People's Republic of China was officially established on April 16, 2018. Over the past 40 years, China's laws and regulations on ecological and environmental protection have been constantly improved (Khan and Chang, 2018). The law enforcement and supervision, as well as the legal system for ecological and environmental protection, have been gradually established. However, at present, China's ecological protection management system mostly exists in the form of policy documents (China Council for International Cooperation on Environment and Development, 2014), and a few provisions are in abstract concepts and guidelines, which are difficult to implement. Besides formulating comprehensive national laws on ecological protection, regional regulations should also be explored. For example, according to the actual situation and the special needs in the UAHB, the State Council should enact the Regulations on the Cooperative Protection of Regional Ecological Environment of the UAHB. In the same time, the existing national laws and industry regulations should be re-organized and merged to formulate the National Spatial Development Protection Laws, to ensure the effective implementation of national spatial planning, and to promote the formation of a national spatial development pattern coordinated with population, economy, resources, and environment.
The second is the regional cooperative mechanism. At present, the two strategies for the UAHB planning mentioned above have resulted in coordinated development among the cities on spatial planning and economic development. (Zhou et al., 2015). However, because of the regional gap of the resource endowment and social and economic development of different cities, there still exists a series of issues in the UAHB, such as regional differentiation, disorderly development and vicious competition, unbalanced and insufficient rural-urban development, and incomplete regional cooperation mechanism (Zhang et al., 2013). All this has made it difficult to adopt the new strategies of regional cooperative development in the new era. Therefore, we need a regional cooperative management authority to guide the regional planning and adhere to the cooperative development of the spatial pattern. We also need the collaborative development of industrial transformation, space exploitation, and ecological protection as well as the integration of resource conservation and ecological protection. 
The third is the dynamic regulatory and risk pre-warning mechanism. Dynamic monitoring, pre-warning, and real-time response are important components in the ecological security control system (Zhang et al., 2010b). First, government agencies should establish a regional geographic information system and an information-sharing platform to share monitoring and pre-warning information. Second, government agencies should provide real-time monitoring of ecological security networks, identify the existing and potential risk sources and risk factors in the process of ecological protection, and determine the corresponding protection measures of different ecological risk levels. Third, when ecological security is predicted at risk, relevant agencies should collaborate and implement joint emergency plans and formulate the measures of ecological restoration and ecological protection.
[bookmark: OLE_LINK70]The fourth is the ecological compensation mechanism, which is to ensure the equality of development rights between cities and serves as an institutional guarantee for ecological security network construction and ecological security (Bai et al., 2018). Reasonable ecological compensation should be given to the areas that sacrifice their right for development because of ecological protection (Fang and Michael, 2016). The UAHB should establish a reasonable regional comprehensive ecological compensation system by adjusting the land value-added income distribution system, and define the key compensation areas and improve the compensation mechanism. Under the guidance of the Environmental Protection Law of the People's Republic of China, the local government should enact the enforcement regulation on regional ecological compensation to define a series of issues, including compensation principles, compensation subjects, compensation modes, ecological compensation accounting methods, and compensation standards. 
The fifth is the public participation mechanism. Ecological security protection is a typical public utility and public administration activities (And and Purcell, 1999). Solving ecological protection problems requires extensive public participation and social support (Macleod et al., 2010). If ecological protection cannot be separated from a strong leadership system, public participation and oversight are also indispensable. Ecological protection requires not only strong leadership but also the participation and oversight of the public (Nahlik et al., 2012). It is necessary to define the public's right to information and their right to participation based on the information disclosure of regional ecological security. In addition, local government should also promote community residents' public participation awareness in ecological and environmental protection, stimulate their public participation willingness, enhance social responsibility and ability to participate, and broaden the path of public participation.
4.3. Limitations of the present study
In this study, we improved the method of identifying ecological sources based on ecological importance assessment. We also proposed the method of screening the ecological sources by using the rank-size rule and the natural breaks method. The improved methods allowed us to avoid subjective interference when determining the important ecological sources and selecting the key ecological corridors. The results of this study have important implications in terms of improving the ecological security network's structure, promoting the ecosystem quality and function, and optimizing the ecological security pattern. 
However, our study is not without limitations. First, our study stopped at the assessment of the ecological security network, and future work is needed to develop the landscape simulation model (e.g., CA-Markov, CA-logistic) by fusing socioeconomic data and remote sensing data to conduct a multi-scenarios simulation of ecological security network and spatial pattern for the UAHB region. Second, the assessment of the ecological security network in this study mainly focused on ecological sources and ecological corridors. Future studies are also needed to evaluate the stability, fragility, and resilience of ecological security networks. 
5. CONCLUSIONS
[bookmark: _Hlk12468387]Using the urban agglomeration around Hangzhou Bay in Eastern China as a case study, we proposed a new analysis framework for assessing the ecological security network and its spatial pattern. The results showed that the ecological security network of the UAHB and its spatial pattern has changed from 1995 to 2015, largely driven by urban expansion and land-use activities. Although the ecological sources and ecological corridors were basically balanced in terms of quantitative structure, they have apparent spatial differences. Additionally, in order to realize the function of the ecological security network for biodiversity protection, our study suggested that the optimal width of the ecological corridor in the UAHB should be approximately 100 m. Moreover, the missing important ecological sources, nodes, and corridors were mainly distributed in the eastern developed areas, driven by the rapid urban expansion and land-use changes in the UAHB region.
Our case study in the UAHB demonstrated that the improved analysis framework of ecological security network is an effective tool that can be used to emphasize the implications of the important links among driving factors, ecosystem structure and function, temporal and spatial evolution, risk pre-warning, and optimization path for ecological security network. The results of our study will provide a theoretical reference and practical support for those regions with existing similar ecological issues.
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TABLE 1 Examples of high-frequency keywords related to ecological security or ecological network
	Keywords †
	Frequency
	Keywords
	Frequency
	Keywords
	Frequency
	Keywords
	Frequency

	International domain

	Climate change
	306
	Agriculture
	112
	Indicator
	72
	Land-use change
	43

	Food security
	250
	Resilience
	110
	Landscape
	57
	River
	42

	Impact
	192
	Model
	107
	Dynamics
	54
	Social-ecological system
	40

	Sustainability
	173
	Vulnerability
	102
	Soil
	51
	Africa
	38

	Ecosystem service
	169
	Land use
	100
	Diversity
	50
	Sustainable development
	28

	System
	167
	Water
	97
	Risk
	50
	Risk assessment
	27

	Biodiversity
	164
	Adaptation
	93
	Urbanization
	45
	Pollution
	27

	Conservation
	161
	Pattern
	90
	Ecosystem
	45
	Variability
	27

	China
	160
	Framework
	76
	Heavy metal
	44
	Degradation
	22

	China domain

	Ecological security
	113
	Ecological protection
	39
	Green development
	31
	Land resources
	21

	Ecological civilization
	69
	Yangtze river economic belt
	39
	Ecological protection
	28
	Urban ecological security
	20

	Ecological safety barrier
	58
	Land use
	37
	Ecological space
	27
	Landscape pattern
	20

	Ecological red lines
	51
	Early warning
	36
	Biodiversity
	27
	Ecological risk
	19

	Ecological security pattern
	48
	Ecosystem services
	34
	Beautiful China
	26
	Land ecological
	19

	Ecological security assessment
	46
	Ecological quality
	33
	Nature reserve
	26
	Soil and water conservation
	18

	Sustainable development
	45
	Ecological compensation
	32
	Cultivated land
	24
	Regional ecological security
	17

	Land ecological security
	42
	Ecological footprint
	32
	The ecological system
	24
	Ecological function
	16

	Index system
	41
	Forestry
	31
	Ecological carrying capacity
	23
	Ecological construction
	16


† The keywords of the existing studies in the past 50 years were collected from Web of Science (WOS) and China National Knowledge Infrastructure (CNKI).

TABLE 2 Equivalent value coefficients of ecosystem services per hectare land in this study
	Ecosystem 
services
	Functions
	Cultivate land
	Forest land
	Grassland
	Waters
	Developed land
	Others

	Supplying 
services
	Food production
	1.8 
	0.6 
	0.8 
	0.9 
	0.0 
	0.0 

	
	Raw materials
	0.7 
	5.2 
	0.6 
	0.6 
	0.0 
	0.1 

	Regulating services
	Gas regulation
	1.3 
	7.6 
	2.6 
	0.9 
	0.0 
	0.1 

	
	Climate regulation
	1.7 
	7.2 
	2.8 
	3.6 
	0.0 
	0.2 

	
	Hydrological regulation
	1.4 
	7.2 
	2.7 
	33.0 
	-13.2 
	0.1 

	
	Waste treatment
	2.5 
	3.0 
	2.3 
	26.1 
	-4.3 
	0.5 

	Supporting services
	Soil formation and retention
	2.6 
	7.1 
	3.9 
	0.7 
	0.0 
	0.3 

	
	Biodiversity protection
	1.8 
	7.9 
	3.3 
	6.0 
	0.6 
	0.7 

	Cultural services
	Recreation and culture
	0.3 
	3.7 
	1.5 
	7.8 
	0.0 
	0.4 

	
	Total
	13.9 
	49.5 
	20.5 
	79.8 
	-16.8 
	2.5 




TABLE 3 Assessment index system of ecological sensitivity
	First-level indicators

	Second-level indicators
	Classification of ecological sensitivity
	Weights †

	
	
	Non-sensitive
	Slightly sensitive
	Moderately sensitive
	Highly sensitive
	Extremely sensitive
	

	Geological condition
	Slope
	<5
	5-15
	15-25
	25-30
	>30
	0.13

	
	Elevation
	<200
	200-400
	400-600
	600-1000
	>1000
	0.15

	
	Rainfall erosivity
	<5546
	5546-6137
	6137-6973
	6973-8048
	>8048
	0.05

	Soil environment
	Soil type

	Paddy soil
	Tidal soil, coastal saline soil
	Calcareous soil
	Yellow soil, red soil
	Coarse soil, purple soil
	0.07

	Habitat condition
	Distance to water
	>3000
	2000-3000
	1000-2000
	500-1000
	0-500
	0.07

	
	Distance to nature reserve, scenic spot, forest park
	>6000
	5000-6000
	4000-5000
	3000-4000
	<300
	0.19

	
	NDVI
	<0.3
	0.3-0.5
	0.5-0.7
	0.7-0.8
	>0.8
	0.17

	Human disturbance
	Land-use type
	Developed land
	Unused land
	Cultivated land
	Grassland
	Waters, Forest land
	0.15

	
	Distance to road
	0-500
	500-1000
	1000-1500
	1500-2000
	>2000
	0.02


† The weights were determined using the analytic hierarchy process (AHP) method by experts' knowledge (Zhou et al., 2012). 

TABLE 4 The rules for identifying the ecological importance and protection levels in the study area
	Ecological service value levels
	Ecological sensitivity levels
	Ecological importance levels
	Protection levels

	Negative value area
	Non-sensitive
	Ⅴ
	General protected area

	Low value area
	Slightly sensitive
	Ⅳ
	

	Moderate value area
	Moderately sensitive
	Ⅲ
	Secondary protected area

	High value area
	Highly sensitive
	Ⅱ
	

	Extreme value area
	Extremely sensitive
	Ⅰ
	Priority protected area




TABLE 5 The value system for resistance factors to ecological sources
	Resistance factors
	Resistance value
	Resistance factors
	Resistance value

	Forest land 
	5
	Unused land
	20

	Grassland
	30
	Developed land
	500

	Cultivated land
	50
	A buffer of 30m to expressway and railway
	300

	Waters
	80
	A buffer of 20m to the national road and provincial road
	150




TABLE 6 The concept, connotation, and formula of indexes γ, β, and α
	Index type
	Calculation method †
	Concept and connotation

	Index γ
	
 (6)
	The index γ is the ratio of the number of ecological corridors in the landscape to the maximum possible number of ecological corridors. The index γ ranges from o to 1; 0 means that there is no connection between ecological sources or ecological nodes; 1 indicates that each ecological source is connected with each other.


	Index β
	
			 (7)
	The index β is an index to measure the degree of difficulty for an ecological source to connect with other ecological sources.


	Index α
	
		 (8)
	The index α is a measure of the circular path in the spatial structure of the ecological landscape, and the degree of the existence of the circular path connecting the existing ecological sources. The index α ranges from 0 (with no loops) to 1 (with the maximum loops). 


† L is the number of ecological corridors; V is the total number of ecological sources; Ln is the actual loops; 2V-5 is the maximum possible loops.

FIGURE CAPTIONS
FIGURE 1 The framework and technical flowchart of ecological security network assessment
FIGURE 2 The location and scope of the study area
FIGURE 3 Spatial-temporal patterns of ecosystem services value in 1995 and 2015
FIGURE 4 Spatial-temporal patterns of ecological sensitivity in 1995 and 2015
FIGURE 5 Identification of ecological sources in the UAHB in 1995 and 2015
FIGURE 6 Ecological corridors system in the UAHB in 1995 and 2015
FIGURE 7 Assessment of ecological sources based on shape index and degree of ecological sources
[bookmark: _Hlk44574472][bookmark: _Hlk23423817]FIGURE 8 Area percentages of land-use types corresponding to ecological corridors with different width (m)
FIGURE 9 Ecological security network and spatial pattern of the study area
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