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Abstract

:

(1) Background: Eco−spatial networks play an important role in enhancing ecosystem services and landscape connectivity. It is necessary to study landscape structure optimization to achieve synergistic gains in network connectivity and ecosystem functionality. (2) Method: Based on remote sensing data, RS and GIS were used to evaluate the spatiotemporal changes in ecosystem services in China. Combined with complex network theory, the spatiotemporal evolution of China’s ecological spatial network and its topological structure from 2005 to 2020 is discussed. Network function–structure co−optimization was carried out using the edge augmentation strategy. (3) Result: The “three River resource” has high water conservation and high soil and water conservation in southeastern hilly areas. There is strong windbreak and sand fixation in southeastern Inner Mongolia. In the past 15 years, there have been about 8200 sources and about 14,000 corridors. The network has the characteristics of small−world and heterogeneity. After optimization, 18 sources and 3180 corridors are added, and the network connectivity and robustness are stronger. Finally, five regions are divided according to the network heterogeneity and corresponding protection and management countermeasures are proposed to provide scientific guidance for the country’s territorial space planning.






Keywords:


China; eco−spatial network; complex network; function−structural synergy; robustness; pattern optimization












1. Introduction


Due to the interference of high−intensity human activities, the ecological environment has been degraded and the structure of the ecosystem has been destroyed, and the ecological security caused by it is related to the future survival and development of human beings [1,2,3]. Enhancing the stability of the ecosystem is one of the goals of ecological civilization construction, and it is also a strategic task to optimize the spatial development pattern of the country and strengthen the protection of the natural ecosystem. Ecosystems and ecological processes provide human beings with the natural conditions for their survival and development, which are called ecosystem services [4]. The Millennium Ecosystem Assessment divides ecosystem services into four categories: provisioning, regulating, cultural, and supporting [5]. As the decline in ecosystem services affects human well−being, scientists are building various models to quantitatively assess ecosystem services such as carbon sinks [6], soil and water conservation [7], water conservation [8], windbreaks, and sand fixation [9].



The green ecological space network connected by forests, grasslands, and ecological corridors can not only provide habitats for terrestrial organisms but also promote species gene flow and provide a wide range of ecosystem services, and changes in network structure will affect ecosystem resilience and robustness [10,11]. Therefore, the construction and optimization of ecological spatial networks are considered to be an effective means to curb habitat fragmentation and promote ecological processes [12,13]. GIS and RS are integrated, complementary, and cooperative. The spectral characteristics, spatial resolution, and multi−temporal phases of remote sensing are consistent with the diversity, heterogeneity, and multi−scale characteristics of ecosystems. Compared with traditional remote sensing application technologies, the organic combination of remote sensing and ecology can fully tap the deep indicative features implied by remote sensing observation data and analyze the pattern and function of spatially continuous high−precision ecosystems. Ecosystem remote sensing plays an important role in the monitoring and assessment of the ecological effects of major projects. The comprehensive use of RS and GIS technology can build a complete ecological spatial network [14,15]. However, the research scale of ecological safety networks mainly focuses on the administrative scale of county, city, and province and the scale of watersheds [16,17,18,19]. Ecological restoration has also begun to shift from improving the local ecological environment to optimizing the large−scale ecological spatial pattern to reduce the problem of corridor connections and cross−administrative boundaries [20,21]. “Source identification−resistance surface construction−extraction corridor” is the main method for constructing an ecological space network. Ecological source sites can usually identify areas with high values of ecosystem service importance [22,23]. They can also directly extract forest and grass ecological patches [24,25]. In this study, the high−value areas of ecosystem services within the ecological barrier are used as a supplement to the ecological source of forest and grass, so as to improve the ecological source of the country. Potential ecological corridor extraction methods in species migration are usually implemented based on MCR models [26,27]. However, important river systems play an important role in maintaining China’s ecological security pattern [28,29]. In this study, important water systems in China were supplemented as potential ecological corridors.



By 2025, China’s forest coverage rate is expected to increase from the current 23.04% to 24.1%. However, at present, China’s thinking is relatively single when it comes to formulating strategies such as afforestation and forest protection and restoration [30]. For example, in order to improve the functions of regional soil conservation, water conservation, windbreak, and sand fixation, artificial forests are built blindly, causing changes in the connection structure of the entire ecological space network and resulting in the obstruction of ecological flow and circulation and the weakening of the overall function of the ecosystem [31,32,33]. Therefore, blindly planting trees and afforestation under the constraints of limited land resources tends to ignore factors such as landscape, climate, and water that affect tree growth, and it is difficult to achieve a simultaneous increase in network connectivity and ecosystem services. Therefore, China’s afforestation programs in the future should pay more attention to changes from quantity to quality. China needs to explore the optimal ecological space patterns and should formulate the optimal tree planting and greening plan, rationally plan and manage the green ecological space, and promote the circulation of ecological processes, so as to improve the function and structural stability of the ecosystem.



This study starts from the top−level design in China. First, we use remote sensing monitoring data such as vegetation, meteorology, and soil to evaluate China’s water conservation, soil conservation, and windbreak and sand fixation functions from 2005 to 2020, and to clarify the temporal and spatial evolution of ecosystem services in ecological space. Based on the Landsat remote sensing image data in 2005, 2010, 2015, and 2020, the Chinese landscape types were classified and green patches were extracted. Combined with complex network theory, the dynamic process of China’s ecological spatial network and the temporal and spatial evolution of topological structure are studied. Secondly, combined with the real ecological network, the structure of the potential ecological space network is optimized and supplemented, the ecological space network with synergistic function and structure is constructed at the macro level by using the edge−adding optimization strategy, and the robustness of the network before and after optimization is analyzed. Finally, suggestions for zoning governance in the construction of China’s ecological space network in the future are put forward. The rational layout and optimization of the ecological space structure of forests and grasslands can effectively improve ecosystem services, enhance ecosystem stability, and promote the construction of ecological civilization.




2. Materials and Methods


2.1. Study Area


China has a vast territory, complex and diverse spatial patterns, complex and changeable climatic conditions, and numerous rivers and lakes. China is one of the most species−rich countries in the world, with a vast climatic zone of species resources and rich ecosystems. China is an interesting study area to evaluate afforestation projects, as the global green area has increased by 5% in the past 20 years. A quarter of the green area is brought by China, and 42% of the newly added green area in China comes from the afforestation work carried out in various places. In the seventh forest resource inventory (2004–2008), the forest area was 195.45 million hectares, the forest coverage rate was 20.36%, and the forest stock volume was 13.36 billion cubic meters. By the end of 2020, China’s forest area reached 220.45 million hectares, the forest coverage rate reached 22.96%, and the forest stock volume reached 17.56 billion cubic meters. Chinese grasslands are widely distributed in the western part of the Northeast, Inner Mongolia, the mountains in the Northwest desert region, and the QinghaiTibet Plateau. The comprehensive vegetation coverage of grasslands in China is 55.72%. During this period, the total grassland area in the country showed a trend of slow growth, stability, and then slow decline. In 2006, the total area of grassland reached 5.793 billion mu, and in 2009 it increased to 5.892 billion mu. After that, the total grassland area in the country remained stable until 2015, and by 2020, the grassland area in the country dropped to 5.675 billion mu. The terrain of China is high in the east and low in the west, and the land is mainly distributed in three forest areas: the northeast forest area, the southwest forest area, and the southeast forest area. The land cover (left) and topographic features (right) of the study area are shown in Figure 1. Since this research focuses on the construction of an eco−−spatial network to analyze the characteristics of ecosystem services, islands such as Taiwan Island and Hainan Island cannot be connected by ecological corridors and cannot have effective ecological flows. Therefore, only the land area of China is selected as the research area of this paper.




2.2. Data Sources and Processing


The main data used in this study were obtained by remote sensing monitoring, including terrain, vegetation, land cover, meteorology, soil, administrative divisions, traffic networks, and other related data (Table 1). The land−−use type data monitored by remote sensing in 2005, 2010, 2015, and 2020 are from the Data Center for Resources and Environment Science, Chinese Academy of Sciences (https://www.resdc.cn/, accessed on 12 November 2021). The dataset is based on the manual visual interpretation of Landsat 8 remote sensing images with a resolution of 30 m. According to the attributes of land resources, land−use types are divided into 6 first−level types and 25 s−level types of cultivated land, forest land, grassland, water areas, residential land, and unused land. The precipitation data and evaporation data obtained by the China Meteorological Data Service Center (https://data.cma.cn/, accessed on 20 November 2021) were rasterized by spatial spline function interpolation. All raster data are resampled to 100 m × 100 m resolution, and all data are in the Krasovsky_1940_Albers projection.



The technical route of the research is shown in Figure 2. First, based on the data collected by remote sensing, the ecosystem service functions in China from 2005 to 2020 were assessed respectively. Second, the 2005–2020 China eco−spatial network was constructed and its topological structure was analyzed. Finally, the high−value areas of ecosystem services in the ecological barrier were used as supplements for ecological sources, and important water systems were used as corridors. The ecological space network is constructed and the function and structure are synergistically optimized, the performance of the improved network is analyzed, and the regional governance strategy according to local conditions is proposed.




2.3. Evaluation of the Importance of Ecosystem Services


The evaluation of the importance of ecosystem services is aimed at regional ecosystems and identifies areas with high importance of various ecosystem services. The evaluation results will also provide a direct basis for the determination of key ecological function areas and the formulation of ecological protection policies. Three evaluation indicators, namely biodiversity maintenance, water conservation, and soil conservation, were selected to analyze the internal relationship between ecological processes and ecosystem services, and the analytic hierarchy process was used to determine the weights of each factor: biodiversity maintenance was 0.25, water conservation was 0.45, and soil conservation was 0.3. The importance of ecosystem services is obtained by spatially superimposing the normalized weighting of the grading values of the above dimensions.



2.3.1. Water Conservation


Water conservation refers to the difference between total regional precipitation and evapotranspiration. The forest ecosystem, through interception, absorption, and the infiltration of precipitation, is of great significance for regulating the water cycle and improving hydrological conditions in semi−arid areas of the ecological environment. The water balance equation is used, and its main calculation formula is as follows:


  W R = P R E − E T − Q F  



(1)




where WR is water conservation, PRE is annual precipitation, and QF is surface runoff. ET is actual evapotranspiration.



The annual rainfall is accumulated from the daily meteorological data to the annual scale and then interpolated to the space by the spatial interpolation method. The actual evapotranspiration was calculated using the zhang model based on the Budyko water−heat balance assumption [34]. Its main calculation formula is as follows:


  E T =   1 + w ×   P E T  P    1 + w ×   P E T  P  +  P  P E T     × P  



(2)




where ET is the actual evapotranspiration, P is the precipitation, w is the water use coefficient of a certain land use type, and PET is the potential evapotranspiration, mm, Calculated as follows:


  P E T = 0.162  (  D T + 17.8  )    S R   58.5    



(3)







In the formula, SR is the monthly average total solar radiation of each month,   c a l /   cm  2   , and DT is the monthly average temperature of each month, °C.



Surface runoff is calculated by multiplying precipitation by the runoff coefficient, in which different land use types and slopes respond differently to precipitation.


  F = P × α  



(4)







In the formula, P is the amount of precipitation, mm; and α is the surface runoff coefficient of different land use types (Table 2).




2.3.2. Soil Conservation


Soil conservation refers to the difference between potential soil erosion and actual erosion; that is, the service of soil and water conservation provided by the ecosystem through the interaction of its own structure and process. For the calculation of soil conservation in the ecological barrier area of the Loess Plateau using a modified soil loss equation (USLE) [35], the calculation formula is as follows:


   A c  =  A p  −  A r  = R · K · L · S ·  (  1 − C · P  )   



(5)




where    A c    is soil conservation,   t /   hm  2  · a  ;    A p    and    A r    are potential soil erosion and actual soil erosion, respectively,   t / (  m 2  · a )  ; R is the rainfall erosivity factor,   MJ · mm /  (    hm  2  · h · a  )   ; K is the soil erodibility factor,   t ·   hm  2  · h · MJ /  (    hm  2  · mm  )   ; L is the slope length factor; S is the slope factor; and C and P are the terrain factor and vegetation coverage factor, respectively.




2.3.3. Windbreak and Sand Fixation


The windbreak and sand fixation ecosystem service of the ecosystem is characterized by the amount of sand fixation of vegetation, which is equal to the difference between the potential wind erosion amount and the actual wind erosion amount. Potential wind erosion refers to the amount of wind erosion generated under the assumption that there is no vegetation, and the actual amount of wind erosion refers to the amount of wind erosion generated when vegetation actually exists [36]. In this study, the modified wind erosion equation model (RWEQ) was used to estimate the windbreak and sand fixation ecosystem services in the northern sand control belt [37]. The calculation formula is as follows:


  G =  S  L 1   −  S  L 2    



(6)






   Q  max 1   = 109.8  [  W F × E F × S C F ×  K ′   ]   



(7)






   S 1  = 150.71    (  W F × E F × S C F ×  K ′   )    − 0.3711    



(8)






   S  L 1   =   2 · x    S 1    2     Q  max 1   ·  e  −    (   x   S 1     )   2     



(9)






   Q  max 2   = 109.8  [  W F × E F × S C F ×  K ′  × C O G  ]   



(10)






   S 2  = 150.71    (  W F × E F × S C F ×  K ′  × C O G  )    − 0.3711    



(11)






   S  L 2   =   2 · x    S 2     Q  max 2   ·  e  −    (   x   S 2     )   2     



(12)







In the formula, G is the amount of sand fixation, kg/m2;    S  L 1     and    S  L 2     are the potential and actual wind erosion amount, respectively, kg/m2;    Q  max 1     and      Q  max 2     are the maximum transport capacity of potential soil erosion and actual soil erosion, respectively, kg/m;    S 1    and    S  2       are the critical field lengths of potential soil erosion and actual soil erosion, respectively, m; x is the maximum wind erosion distance in the downwind direction, m; WF is the meteorological factor; EF is the oil erodibility factor; SCF is the soil crust factor; K’ is the surface roughness factor; and COG is the vegetation cover factor.





2.4. The Construction of Ecological Space Network


2.4.1. Ecological Sources and Nodes


Ecological sources are key ecological areas with important ecosystem service functions, which can provide good habitats for organisms and play a decisive role in ecological processes and functions. Forest ecosystems play a vital role in maintaining climate stability and ecological balance. Grassland ecosystems have important ecological significance in areas with severe natural conditions such as arid and alpine regions in China. The ecological process between forest and grassland ecosystems can not only provide the environment and conditions for the survival of organisms but also maintain the pattern, process, and function of the country’s natural ecosystem. The Landsat remote sensing monitoring images were selected to extract the national forest land, shrub forest, and high−coverage grassland as the ecological source land in the construction of the national biological network. First, fine patches with an area of less than 200,000 km2 were removed. Secondly, the patch area, patch shape index, vegetation coverage, and soil organic matter were used as indicators to construct ecological importance, and the weights were calculated based on the entropy weight method as 0.347, 0.1332, 0.308, 0.2118, and the ecological importance score was obtained by weighting, The top 60% of the sources of ecological importance were selected. Finally, the ecological sources were abstracted as ecological nodes in the ecological space network.




2.4.2. Ecological Cumulative Resistance Surface and Ecological Corridors


The ecological resistance surface refers to the obstacle surface that may be overcome when the ecological flow spreads from the source to the sink. Ecological resistance is small in areas with low altitudes, gentle slopes, lush vegetation, developed water systems, and fertile soil. In areas with serious human interference factors such as artificial construction land and road traffic, it is not conducive to the occurrence of ecological flow. Selecting land cover type, elevation, slope, vegetation coverage, soil texture, building density, road density, water system density, etc., the weights of the resistance factors obtained by the entropy weight method are 0.36, 0.05, 0.04, 0.28, 0.09, 0.06, 0.08, and 0.04 respectively, and the comprehensive resistance surface is obtained by weighted superposition.



The ecological corridor is the optimal path among many paths (the least resistance needs to be overcome when the landscape ecological flow runs along the potential ecological corridor). The ecological corridor is the minimum resistance and the shortest distance between the two areas through the basic ecological resistance surface when the landscape ecological flow flows from the “source” to the “sink”. In ecology, an ecological network is a network of interconnected corridors or sources that are spatially linked through corridors. The MCR model can calculate the shortest path from the origin to the target source for species under different land−use types, reflecting the cost distance that the material needs to overcome the least resistance to flow between ecological sources, thereby constructing ecological corridors. Based on the ecological source and resistance surface, the MCR model was used to simulate the location of the corridor to explore the two−way influence between the landscape pattern and the ecological process. The MCR model method generalizes the distance between sources as a function of positive correlation.


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



(13)







In the formula, MCR is the minimum cumulative resistance value, i is a landscape unit, j is a source, f is the positive correlation function of the distance from the minimum resistance of i to the source j, min is the minimum cumulative resistance of ecological flow from i to j, and     R i    is the drag coefficient when i moves in a certain direction.





2.5. Topological Characteristics of Complex Ecological Spatial Networks


An ecological network is a complex network system that simulates the interaction between organisms and describes the structure of different material and energy flows in an ecosystem. Indexes such as degree, degree distribution, average path length, clustering coefficient, and connectivity are selected to reflect the basic attribute characteristics of complex ecological networks such as network synchronization ability, heterozygosity, information transfer rate, and connectivity.



2.5.1. Basic Static Indicators of Ecological Space Network


Degree: In a complex network, the degree    v i      of a node    k i      is defined as the number of edges connected to this node, and the average of the degrees of all nodes in the complex network is defined as the network average degree   〈 k 〉  .


  〈 k 〉 =  1 N    ∑   i = 1  N   k i   



(14)







In the ecological space network, a node is analogous to an ecological source, and the degree of the corresponding node represents the number of ecological sources connected to the ecological source. Therefore, the greater the degree of ecological source, the higher its importance in the ecological space network. The average degree can be used to analyze the importance of ecological sources in a specific area.



Degree–degree correlation: In the actual network, there is a correlation between the degrees of two nodes connected by an edge, and it is not completely unrelated. Such features in complex networks can be evaluated by degree–degree correlations. If a node with a large degree value tends to connect with a node with a large degree value, the network is a degree–degree positive correlation; that is, an associative network. Conversely, the network is a heterogeneous network. The calculation formula of the degree–degree correlation of the complex network based on the Person correlation coefficient is as follows:


  r =    M  − 1     ∑    e  i j   ∈ E    k i   k j  −    [   M  − 1     ∑    e  i j   ∈ E    1 2   (   k i  +  k j   )   ]   2     M  − 1     ∑    e  i j   ∈ E    1 2   (   k i 2  +  k j 2   )  −    [   M  − 1     ∑    e  i j   ∈ E    1 2   (   k i  +  k j   )   ]   2     



(15)







Among them,    k i     and    k j    are the degrees of two nodes connected by edge    e  i j    , respectively; M is the total number of edges in the network; and E is the set of edges in the network. When r < 0, the network is a degree–degree negative correlation, that is, a heterogeneous network. When r > 0, the network is a degree−degree positive correlation, that is, an assortment network, When r = 0, the network is irrelevant.



Average path length: The distance between two nodes in the network is defined as the number of edges of the shortest path connecting these two nodes    v i    and    v j   . The average path length of an eco−spatial network refers to the average number of other sources that pass through the shortest path from a specific source to a source. When the path length is too large, the efficiency of transferring information between nodes is lower. The average path length of the eco−spatial network represents the smoothness of energy flow in the entire eco−spatial network.


  L =  1   C N 2      ∑   1 ≤ i < j ≤ N    d  i j    



(16)







 N  is the number of nodes and    d  i j     is the distance between ecological nodes.



Clustering Coefficient: This reflects the degree of connection between the node and each adjacent point. The larger the clustering coefficient, the more frequent the connection between the adjacent points of the node. The value range of the clustering coefficient of the ecological space network is between 0 and 1. When C = 0, all ecological sources are isolated, that is, there is no corridor connection.


  C =  1 N    ∑   i = 1  N     E i     C   k i   2       



(17)







   C i     is the clustering coefficient;    E i    is the actual number of edges between the node and its neighbors;    C   k i   2     is the total number of possible edges; C is the average clustering coefficient; N is the number of nodes;    C i     is the clustering coefficient.




2.5.2. Connectivity of Network Nodes


Connectivity expresses the degree of connectivity in a complex network. The higher the connectivity of ecological sources, the smoother the flow of ecological energy in the ecological space network. The definition of the point connectivity of ecological sources in the eco−spatial network G is:


  κ  ( G )  =   min   S ⊂ V    {   | S |  , ω  (  G − S  )  ≥ 2   o r   G − S   i s   a   t r i v i a l   g r a p h  }   



(18)







Among them, V is the ecological corridor set of the ecological space network G, S is the proper subset of V, and ω(G − S) is the number of connected branches of the subgraph G − S obtained after deleting the ecological source set S from the ecological space network G. Here, G − S refers to deleting each source in the ecological source set S and all ecological corridors associated with it in the ecological space network G. The degree of connectivity is the minimum number of ecological sources that must be removed to make the ecological space network G disconnected. For the disconnected eco−spatial network, K(G) = 0 is defined. If G is a complete eco−spatial network of N ecological sources, then K(G) = N − 1.





2.6. Optimization of Ecological Space Network


The ecological space network constructed in this paper is a potential ecological network. The national ecological network composed of “two screens and three belts”, ecological barrier areas, and river systems divided by China is of great significance for establishing China’s ecological security pattern. This paper compares the similarities and differences between the extracted potential ecological security network and the real ecological network and optimizes it based on the real ecological network structure. Focusing on typical ecological problems and natural geographical features in China, important patches with good ecosystem service value in the ecological barrier area were screened out as supplementary habitats. The important water system in China is used as a supplement to the ecological corridors in the network.



Adding the new ecological source in the adjacency table, and marking the connection between the two sources as 1, the optimized ecological space will have a mismatch between functions and structures. It is also necessary to optimize the network structure based on the degree of synergy between functions and structures. The specific process is as follows.



This paper comprehensively evaluates the importance of ecosystem services to the ecological importance of the corresponding source area. The specific formula is:


   I i  = I m p o r  (  E S V  )   



(19)







In the formula,    I i    is the ecosystem service importance of ecological node i and ESV is the ecosystem service of node i.



The degree reflects the importance of the topological structure of the ecological node. This paper selects it as the degree of structural importance. The specific algorithm is:


   Z i  =    B i  − M i n  ( B )    M a x  ( B )  − M i n  ( B )     



(20)







In the formula,    Z i    is the topological importance of ecological node i in the ecological space network and    B i      is the degree of node i.



In the formula,    H i    is the synergy between the function and structure of node i, when    H i    > 1, the ecological function of node i is more important than its topological structure; when    H i    < 1, the topological structure of node i is more important than its ecological function; if    H i    = 1, the function and structure of node i are synergistic.



When the time    H i    > 1 of node i, this paper adopts the strategy of giving priority to the one with the lowest degree to optimize the edge increase in the ecological space network and improve the coordination degree of its function and structure. The specific steps are as follows:




	(1)

	
The initialized network structure is G, i = 0.




	(2)

	
Count the degree values of all ecological nodes, sort them from small to large, and record the location index.




	(3)

	
Select the two nodes with the smallest degree value that are not connected to each other, and judge the synergy between the function and structure of the two nodes. If    H i    < 1, then add edges between the two nodes and denote the network structure as G*, i = i + 1, G = G*, otherwise select the next node.




	(4)

	
Cycle edge addition steps, until i reaches the specified number of edge additions    N a   , and both nodes    H i    > 1.




	(5)

	
Analyze the robustness of the network after adding edges.










2.7. Network Robustness


Robustness refers to the impact on the system caused by changes in internal properties or the external environment, the changing characteristics of the system against specific disturbances, and the ability to maintain various original functions. Robustness is the ability of complex networks to withstand failures and disturbances and is an important property of ecosystems.



The attacks on the ecological network can be roughly divided into random attacks and malicious attacks according to the way of removing nodes. Random attack refers to the random removal of ecological nodes from the network and refers to the continuous low−intensity disturbance to the landscape ecosystem caused by changes in the natural environment or human activities. A malicious attack is a selective deletion attack that removes important nodes in the network in a targeted manner, mostly referring to natural disasters or high−intensity man−made damages that cause serious damage to the network. According to different ways of resisting ecological risks, robustness is divided into connectivity robustness and recovery robustness from the perspectives of connectivity and resilience.



Connection robustness refers to the ability of the network formed by the remaining nodes to maintain connectivity after the nodes in the ecological space network are attacked. The calculation formula is:


  R =  C  N −  N r    j  



(21)







Among them, R is the connection robustness, C is the number of nodes in the maximum connected subgraph of the network after removing some ecological nodes, N is the total number of nodes, and Nr is the number of removed nodes.



Recovery robustness includes node recovery robustness and edge recovery robustness, which represents the ability of the network to recover the lost network structure through a certain strategy after some nodes are destroyed, corresponding to the restoration capacity of ecological nodes and the restoration capacity of ecological corridors in the eco−space network. The edge recovery robustness and node recovery robustness can be calculated by the following equations:


  D = 1 −    N r  −  N d   N   



(22)






  E = 1 −    M r  −  M d   M   



(23)







Among them, D is the node recovery robustness,    N d    is the number of recoverable nodes after the network removes    N r    nodes,  E  is the edge recovery robustness,    M r    is the number of edges removed in the network,    M d    is the number of restored edges,  N  is the total number of nodes in the network, and  M  is the total number of edges in the network.





3. Results


3.1. Spatial and Temporal Evolution of Ecosystem Services


3.1.1. Analysis of the Spatiotemporal Evolution of Water Conservation


The average value of water conservation in 2005 was the smallest at 165.47 mm/km2. The average value of water conservation in 2010, 2015, and 2020 was 183.18 mm/km2, 180.46 mm/km2, and 182.41 mm/km2, respectively, showing an overall increasing trend (Figure 3). From 2005 to 2020, the overall characteristics of water conservation were forest land > grassland > farmland. By 2020, the average water conservation in Fujian province was 748.17 mm/km2, followed by Zhejiang (726.66), Jiangxi (689.74), and Guangdong (657.75). The minimum water conservation in Ningxia was 2.41 mm/km2. The areas with decreasing water conservation are mainly distributed in Northwest China, such as Xinjiang, Qinghai, and Ningxia. In Guizhou, Hunan, Chongqing, and other regions, water conservation is increasing. The Qinling–Huaihe south, the northeast forests, and the Three Rivers source areas have high water conservation. The eastern monsoon region is significantly higher than the Qinghai–Tibet alpine region and the northwest arid region. The temporal and spatial evolution of water conservation in ecological space shows that the water conservation in southeastern Tibet and northeastern forest belt areas has increased, while that in southern Yunnan has declined.




3.1.2. Analysis of the Spatiotemporal Evolution of Soil Conservation


From 2005 to 2020, the average value of soil conservation function showed an increasing trend, followed by 12,570.4 t/km2, 12,580.25 t/km2, 12,585.56 t/km2, and 12,609.73 t/km2. The lower reaches of the Yarlung Zangbo River, the Yunnan–Guizhou Plateau, the Qinling–Daba Mountains area, the southern side of the Changbai Mountains, the hills of Zhejiang and Fujian, and the Nanling Mountains have relatively high soil conservation (Figure 4). From 2005 to 2010, soil conservation services in China’s Loess Plateau increased significantly, and soil conservation per unit area increased by more than 500 t. It is proved that policies and measures such as returning farmland to the forest have improved the ecological environment related to the Loess Plateau and significantly improved soil conservation services. From 2010 to 2020, the national soil conservation ecosystem services will be mainly improved, mainly in parts of the Loess Plateau, the Northeast Plain, and most of the Yunnan–Guizhou Plateau, and soil conservation services will be improved above 300 t/km2. However, there is also a decline in soil conservation capacity in some areas of the Loess Plateau, indicating that ecological environment governance is repeated in some areas, and it is necessary to carry out ecological civilization construction according to local conditions. The temporal and spatial evolution of water conservation in ecological space shows that the soil and water conservation function of the source area has not changed much, but it has increased in southeastern Tibet and Fujian.




3.1.3. Analysis of the Spatiotemporal Evolution of Windbreak and Sand Fixation


From 2005 to 2020, the average value of windbreak and sand fixation service function showed a continuous growth trend, which was 2968.63 t/ha, 2994.92 t/ha, 3037.32 t/ha, and 3058.2 t/ha (Figure 5). Except for Jiangsu, Tianjin, and Henan Provinces, where the functions of windbreak and sand fixation have been reduced, services in other regions have increased. The three provinces of Inner Mongolia, Gansu, and Xinjiang have greater value−added functions of windbreak and sand fixation. By 2020, Inner Mongolia, Ningxia, and Tibet, the top three provinces in China, had an average value of windbreak and sand fixation of 7893.02 t/ha, 5563.24 t/ha, and 4515.67 t/ha, respectively. The windbreak and sand fixation service in the northwest region is significantly higher than that in the eastern region. The high−value windbreak areas are mainly distributed in Wengniute Banner, Naiman Banner, Kailu County, and other places within the barrier belt of Inner Mongolia, as well as the Nagqu City and Ngari areas in Tibet. The low value is widely distributed in the sand control belt of Tarim and the sand control barrier belt of Hexi Corridor. The temporal and spatial evolution of water conservation in ecological space shows that the functions of windbreak and sand fixation are weakened in northeastern Tibet, Xing’an League, and Xilingol League in Inner Mongolia due to the reduction of source areas.




3.1.4. Analysis of the Spatiotemporal Evolution of The Importance of Ecosystem Services


From 2005 to 2020, the areas of extremely important and relatively important ecosystem services accounted for a large proportion, and the area continued to increase (Figure 6). From 2005 to 2010, the area of the areas of importance for ecosystem services increased most rapidly. From the perspective of spatial layout, the ecological importance of Changbai Mountain, Yinshan Mountains, southeastern Tibet, and the middle and lower reaches of the Yangtze River is higher than that of other regions. The ecological importance of the North China Plain, the Tarim Basin, and the Qaidam Basin has always been at a low level.





3.2. Spatial and Temporal Evolution of Ecosystem Services


3.2.1. Spatial and Temporal Evolution Analysis of Eco−Spatial Network


In 2005, the ecological source area was 2,142,700 km2, and there were 14,493 ecological corridors. In 2010, the ecological source area was 1,980,300 km2, and there were 13,782 ecological corridors. The ecological resistance value has not changed much in 5 years, and the range is 9–63, but the resistance in the Qinghai−Tibet Plateau and the Alxa League has increased. In 2015, the ecological source area was 1,971,200 km2, and there were 13883 ecological corridors. In 2020, the ecological source area will be 1,962,200 km2, and there will be 13899 ecological corridors. The range of ecological resistance values increased from 9–63 to 11–63 in 2015 (Table 3).



Among the ecological sources, woodlands are mainly distributed in the northeastern forest belt, the Nanling Mountains, Wuyishan Mountains, and Luoxiao Mountains in the middle and lower reaches of the Yangtze River, and the Hengduan Mountains and the Yunnan–Guizhou Plateau in the southwest. The distribution of shrubs is relatively scattered, mainly in the Yunnan–Guizhou Plateau and the Qinling–Daba Mountains, as well as the Taihang Mountains and Qilian Mountains. The high−coverage grasslands are the most scattered and are mainly distributed in the Tianshan Mountains, the Altai Mountains, the east of the Inner Mongolia Plateau, and the southwest of the Qinghai–Tibet Plateau. In the past fifteen years, the ecological source area has decreased by 180,500 km2. Among them, woodland and shrubs increased slightly, and the main source of decrease was high−coverage grassland. The high−coverage grassland increased in the Tianshan Mountains, Altay, the west of the Greater Khingan Mountains, and the Hulun Buir grassland in Inner Mongolia, but decreased sharply in the Qinghai–Tibet Plateau and the west of the Hengduan Mountains (Figure 7).



Due to the higher altitude, some vegetation−covered areas on the Qinghai–Tibet Plateau have greater ecological resistance than other forests. Taklimakan Desert, Qaidam Basin, Gurbantunggut Desert, Kumtag Desert, Badain Jaran Desert, Hunshandake Desert, and other regions have the largest ecological resistance values due to the deserts and bare land. The resistance value of the ecological resistance surface did not change much from 2005 to 2020. The expansion of construction land has led to an increase in the ecological resistance value in North and East China.



Ecological corridors are relatively densely distributed in the Northeast Plain, Qinghai–Tibet Plateau, and Sichuan–Yunnan ecological barrier areas. Due to the poor ecological environment in Northwest China, there are few ecological corridors. The northeastern forest belt and the southern hilly belt are densely distributed in endogenous areas, and the distribution of solid ecological corridors is sporadic and short. From 2005 to 2020, the number of ecological corridors decreased by 594. The ecological corridors of the Kunlun Mountains and Hengduan Mountains have become dense and compact. At the same time, many sporadic corridors have been added in the northeast forest belt, and some ecological corridors have been added to the east of the Inner Mongolia Plateau, but the corridors have decreased in the Taklimakan Desert in Xinjiang and the west of the Greater Khingan Mountains. The ecological corridors in the southern hilly belt have hardly changed and are relatively stable.




3.2.2. Topological Structure Analysis of Ecological Space Network


In 2005, the average degree of ecological space network was 3.39, and the patch with the largest degree value was the Hengduan Mountains on the west side of the Qinghai–Tibet Plateau. The degree–degree correlation coefficient was −0.0754, the average path length was 23.85, the clustering coefficient was 0.535, and the connectivity was 8536. The average degree in 2010 was 3.41, the patch with the largest degree value was located in the Yunnan–Guizhou Plateau, the degree–degree correlation coefficient was −0.0636, the average path length was 26.02, the clustering coefficient was 0.533, and the connectivity was 8569. In 2015, the average degree of the eco−spatial network was 3.43, the degree–degree correlation coefficient was −0.0679, the average path length was 26.36, the clustering coefficient was 0.538, and the connectivity was 8575. The average degree in 2020 is 3.45, the degree–degree correlation coefficient is −0.0638, the average path length is 25.86, the clustering coefficient is 0.539, and the connectivity is 8692 (Table 4). Ecological sources with larger clustering coefficients are relatively stable, mainly distributed in the northeastern forest belt, southern hilly and mountainous areas, Yunnan–Guizhou Plateau, Qinling–Daba Mountains, Taihang Mountains, and other regions, and the ecological spatial network has strong heterogeneity. From 2015 to 2020, the ecological sources of the patches with the largest degree values were all in the Wuyi Mountains in the southeast of the country. In the past 15 years, the degree–degree correlation coefficients of this ecological space network were all less than 0, indicating that the network was a heterogeneous network, and sources with larger degree values tended to be connected to sources with smaller degree values.





3.3. Eco−Spatial Network Optimization Evaluation and Zoning Strategy


3.3.1. Optimization of Ecological Space Network Structure


The ecological safety network composed of the “two screens and three belts” ecological safety barrier area and water system is shown in Figure 8 below. The ecological barrier areas such as the forests in the northeast, the hills and mountains in the south, Loess Plateau–Sichuan–Yunnan, and so on, overlap with the ecological source areas extracted above, which proves that the method of extracting the ecological source areas in this paper is accurate and reliable. The vegetation in the northern sand control barrier area is mostly temperate grassland, and the vegetation coverage in the ecological barrier area of the Qinghai–Tibet Plateau is mostly alpine shrubs, alpine meadows, and alpine grasslands. The low−coverage grasslands in these areas also have ecological significance. However, it was not extracted as an ecological source due to scale effects and patch fragmentation. For example, some desert oases in Inner Mongolia and Xinjiang have important ecological values of windbreak and sand fixation, and the Qinghai–Tibet Plateau is the source area of many major rivers and an important ecological security barrier in China. The ecological sources and ecological corridors extracted in this study have a coincidence rate of 26.58% with the national three districts and four belts. Therefore, the patches with high importance of ecosystem services in the barrier area of “two screens and three belts” are used as supplements for ecological sources. The number of new sources is 18, and the area is 170,600 km2. China’s large rivers play a role in regulating the climate and enhancing biodiversity in the national ecological pattern. It also provides exchange energy flow and material flow for organisms between different green spaces, compensating for broken habitats, and is also of great significance in maintaining national ecological security and stability. The coincidence rate of the ecological corridor extracted in this study with the real water system is 36.23%. The important water system in China is firmly used as a supplement to the ecological corridor, and 3135 new water system corridors are added. The complexity of the ecological corridor structure restricts the ecological connection function of the network. Judging from the distribution of the existing corridors, the ecological network structure after the newly added source and water system corridors is unbalanced, and there may be no corridor connection between the newly added sources. The entire corridor coverage cannot meet the needs of energy circulation and ecological environmental protection. In this paper, Matlab programming is used to implement a degree−first edge increase strategy to balance the number of edge additions and the optimization effect. After many attempts, it was determined that 0.2% of the total number of sides, that is, an additional 45 sides, is the most suitable.




3.3.2. Robustness Evaluation before and after Optimization


In order to evaluate the improvement effect of the optimization strategy on the ecological space network, the optimized network is simulated by random attack and malicious attack. The connection characteristics of the ecological space network are more destructive by malicious attacks. On the basis of specifically attacking important nodes in the network, the ecological space network is more prone to collapse. However, under the destruction of random attacks, the connection characteristics of the country’s ecological space network are relatively stable. Figure 9 shows the change trend of the optimized ecological network connection robustness under different attack scenarios. The initial connection robustness of the network before optimization is only 0.987. Under random attack, the connection robustness of the network before optimization begins to decrease slowly. After removing 3650 nodes, the value of connection robustness drops sharply to 0.1; at this time the network structure has been completely destroyed, and the connection function of the network is almost completely lost. Under malicious attacks, the robustness of the network also drops sharply, and the rate of decline is faster than random attacks. After removing 868 nodes, the robustness of the network is lower than 0.1, the network structure is completely destroyed, and the connectivity is basically lost.



After optimization, the connection robustness increases to 0.995, and the decline rate is significantly lower than that before optimization. The connection robustness of the network is lower than 0.1. After 3950 nodes need to be removed in random attacks, 890 nodes need to be removed in malicious attacks, and the connectivity of the network is almost completely destroyed.



The robustness of node recovery before optimization is analyzed. When the number of removed nodes is fewer than 643 and 765, the edges that disappear under malicious and random attacks can be completely recovered. With the increase in the number of removed nodes, the robustness of edge restoration under the two attacks continues to decrease. When the number of removed nodes reaches 7000, the robustness of edge restoration under the two attacks decreases to 0.21 and 0.36, respectively. After optimization, when the number of removed nodes is fewer than 1080 and 1209, the edges that disappear under random attacks and malicious attacks can be completely recovered. When the number of nodes reaches 7000, the edge recovery robustness under the two attacks decreases to 0.24 and 0.45, respectively.



The robustness of the restoration of the edge before the optimization is analyzed. When the number of removed nodes is fewer than 63 and 30, the edges that disappear under malicious attacks and random attacks can be completely restored. With the increase in the number of de−nodes, the robustness of edge recovery under the two attacks continues to decrease. When the number of nodes reaches 7000, the edge recovery robustness under the two attacks decreases to 0.08 and 0.06, respectively. After optimization, when the number of removed nodes is fewer than 85 and 48, the edges that disappear under malicious attacks and random attacks can be completely recovered. When the number of nodes reaches 7000, the edge recovery robustness under the two attacks decreases to 0.11 and 0.25, respectively. The robustness of the optimized ecological space network has been significantly improved, and the optimization strategy adopted in this paper has achieved good optimization results.




3.3.3. Eco−Space Network Protection Zoning and Strategy


From a macro perspective, this paper makes an overall plan and layout of ecological elements based on the heterogeneity of China’s ecological space network and the layout structure of “two screens and three belts”. A national ecological network management and control plan is proposed to divide the Northeast Forest Network, the Northern Sand Control Belt Network, the Qinghai–Tibet Plateau Network, the Sichuan–Yunnan–Southern Hills Network, and the East China Plain Water System Network (Figure 10).



Northeast Forest Network: The surrounding vegetation is dense, and the middle corridor network is dense. The Changbai Mountains and the Daxinganling Mountains in the northeast have strong water conservation services, and the intercommunication between the sources can be realized through the central corridor network. Connect the central towns and woodlands to realize the coordinated development of the natural economy.



Northern Sand Control Belt Network: Ecological sources are scarce, and the ecological corridor spans a great deal. In order to consolidate the achievements of windbreak and sand fixation and control the expansion of desertification, efforts should be made to protect the ecological source, and attention should be paid to the ecological function of desert oases and oasis agricultural land. The area of sandy land and the Gobi in the region is large, resulting in large resistance and the insufficient connectivity of existing ecological corridors. The corridors added by the edge−adding strategy can improve the connectivity of the local network. To increase desertification control, laying grass squares can intercept water, increase the water content of the sand layer, improve the survival rate of sand−fixing plants, inhibit desertification, reduce the resistance of corridors, and increase the service function of wind and sand−fixing in the area.



Qinghai–Tibet Plateau Network: The vegetation is sporadic and sparse, and the corridors are dense. Focusing on the high−value areas of ecosystem services in the central Qinghai–Tibet Plateau, strengthen source protection, build corridors, improve the supply and circulation of ecosystem services, and maintain the ecological security of the plateau. Strictly implement the grass−stock balance policy, guide the herdsmen to adjust the stocking structure, and try to prevent grassland degradation, desertification, and salinization as much as possible.



Sichuan–Yunnan–Southern Hills Network: The vegetation is dense and the corridors are short and sparse. The karst landform is complex, with abundant natural forests and ecological protection forests, high vegetation coverage, and rich biological resources. Formulate policies such as closing mountains for afforestation to protect regional biodiversity.



East China Plain Water System Network: The urban area is large and the vegetation is less. Numerous river systems can expand the area of green space and bank protection forest on both sides of the river, create a riverside landscape, and increase the function of soil conservation and water conservation in this area.






4. Discussion


First, windbreak and sand fixation, soil conservation, and water conservation are three ecosystem services that are particularly important to China. The high−value areas of ecosystem service functions are consistent with the distribution of source areas. This is because the forest and grassland can store water and keep water and soil, and the northwest shrub forest can block the wind and fix the sand [38,39]. The assessment results show that China’s ecosystem services increased rapidly from 2005 to 2010, which may be related to China’s beginning to place ecological protection in a strategic position as important as economic development.



Second, spatial processes exhibit complex and abstract evolution characteristics in different time periods, and complex network theory provides a new perspective for the quantitative analysis of such characteristics [40,41]. Shi Qiu explored the correlation between the topological structure of the ecological space network in Xuzhou and carbon storage and proposed a landscape space optimization scheme for the purpose of carbon sink enhancement [42]. In this paper, the Chinese ecological space network is abstracted as a complex network to analyze the temporal and spatial evolution, which is conducive to revealing the influence of ecological processes on the network topology and function. The degree, average path length, clustering coefficient, and connectivity of the network showed an overall increase, proving that the ecological network in China is evolving in a direction that is conducive to promoting ecological processes, and the overall landscape pattern is improving [43].



Finally, consider multiple strategies to optimize the landscape ecological network [41,44]. The construction of an ecological network depends on the scale effect, and at the national scale, it is easy to ignore some important sources. By supplementing the source areas with important patches of ecosystem services, the practicability of the network scale can be improved. Sánchez−Montoya believes that water systems, mainly as corridors and sources of biological food, should be considered target ecosystems for wildlife conservation [45]. Therefore, this paper combines the water system as a corridor supplement. Tao Wang proposed that the key to pattern optimization is to find the areas that need to be repaired according to the evaluation of ecological functions. Xinxin Huang proposed adjusting and optimizing the area, shape, and connection of ecological space elements, and then restoring the landscape connectivity. Junjie Liu proposed that the ecological process can improve the topological structure of the damaged ecological function network [46,47,48]. Longyang Huang constructs a “structure−quality−function” evaluation framework to quantify the ecological network resilience of urban agglomerations [49]. However, this approach fails to maximize the benefits of ecological connectivity and ecosystem multifunctionality. Therefore, this paper optimizes the network based on function–structure synergy. Finally, a five−step method for ecological spatial pattern optimization is proposed: ecological function evaluation, ecological spatial network topology structure analysis, function–structure synergistic relationship analysis, and spatial pattern optimization.



Last but not least, whether the network identification and optimization method at the Chinese scale can be extrapolated to other scales remains to be further studied. It is worth noting that the ecological spatial network structure determines ecological functions, functions are realized through ecological processes, and dynamic processes also affect the evolution of the network structure. However, this paper focuses on the current ecological background conditions when analyzing and optimizing the pattern and function, and does not make a deep exploration of the evolutionary law of the ecological process. Clarifying the coupling relationship between landscape pattern–process–function and optimizing the ecological space network is the direction of future research.




5. Conclusions


This study takes China as the research area. First, based on remote sensing monitoring data, the temporal and spatial evolution of ecosystem services in China from 2005 to 2020 was analyzed. Secondly, the forest–grass ecological space with typical ecological functions was selected as the ecological source, and the minimum cumulative resistance model was used to construct the ecological space network from 2005 to 2020 and analyze the evolution law of its network and topological structure. Finally, combined with the high−value areas of national barrier belt ecosystem services and river systems, the network was optimized by adding points and edges and using robustness to analyze the anti−strike ability of the optimized ecological space network. The specific research conclusions are as follows:



(1) The national water conservation, soil conservation, and windbreak and sand fixation services from 2005 to 2020 were calculated using the water balance equation, the improved ULSE model, and the RWEQ model, respectively. Ecological sources with greater water conservation are mainly distributed in several large subregions: the Northeast Forest Belt; the Tianshan and Altai Mountains; the eastern side of the Qinghai–Tibet Plateau and the lower reaches of the Brahmaputra; the Yunnan–Guizhou Plateau; the hills of Zhejiang and Fujian; the Nanling area; the Qinling Mountains and Daba Mountains. From 2010 to 2020, the maximum value of soil conservation function decreased, and the ecological sources with large soil conservation services have been fragmented in the past two decades. In the past 15 years, the windbreak and sand fixation has been continuously strengthened. The Kunlun Mountains, Yinshan Mountains, Tianshan Mountains, and other places have strong windproof and sand−fixing capabilities.



(2) From 2005 to 2020, the number of ecological sources was relatively stable, at around 8200. From 2005 to 2020, there are about 14000 ecological corridors. The degree of the network ranges from 0 to 150, the average path length is around 25, and the value range of the weighted clustering coefficient is around 0.5. The network has small−world characteristics. The network exhibits a weak degree–degree negative correlation, which has the characteristics of a heterogeneous network. The network connectivity is greater than 7200, and the structure is stable. Nearly 90% of the ecological sources must be removed, and the ecological function of the ecological space network will be completely lost.



(3) A total of 18 new sources, 3135 water corridors, and 45 potential corridors have been added to the ecological space network. After optimization, the ecological space network’s resistance to malicious attacks and random attacks has been improved. The network connection robustness, node recovery robustness, and edge recovery robustness are all enhanced.



(4) By optimizing the spatial layout of ecological elements in China, this paper proposes zoning planning and layout according to the heterogeneity of the ecological spatial network. China is divided into five regions: the Northeast Forest Network, the Northern Sand Control Belt Network, the Qinghai–Tibet Plateau Network, the Sichuan–Yunnan–Southern Hills Network, and the East China Plain Water System Network. According to local conditions, formulate policy governance and control and coordinate development and ecological protection network optimization planning.
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Figure 1. Land cover and topographic features of the study area. (a) Land use in China; (b) China’s topography. 
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Figure 2. Technology roadmap. 
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Figure 3. Temporal and spatial evolution of water conservation function in China. (a) Water conservation in 2005; (b) Water conservation in 2020. 
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Figure 4. Temporal and spatial evolution of soil conservation function in China. (a) Soil and water conservation in 2005; (b) Soil and water conservation in 2020. 
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Figure 5. Temporal and spatial evolution of windbreak and sand fixation in China. (a) Windbreak and sand fixation in 2005; (b) Windbreak and sand fixation in 2020. 
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Figure 6. Temporal and spatial evolution of the importance of ecosystem services in China. (a) The importance of ecosystem services in 2005; (b) The importance of ecosystem services in 2020. 
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Figure 7. Temporal and spatial evolution of China’s eco−spatial network from 2005 to 2020. (a) Ecological source in 2005; (b) Ecological source in 2020; (c) Fundamental resistance surfaces in 2005; (d) Fundamental resistance surfaces in 2020; (e) Minimum cumulative resistance value in 2005; (f) Minimum cumulative resistance value in 2020; (g) Ecospatial network in 2005; (h) Ecospatial network in 2020. 
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Figure 8. Optimization of China’s ecological space network structure. 
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Figure 9. Robustness analysis of network before and after optimization. 
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Figure 10. Geographical divisions of China’s eco−spatial network. 
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Table 1. Data list.
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	Name
	Resolution
	Data Sources





	Vegetation coverage
	250 m
	https://ladsweb.modaps.eosdis.nasa.gov/search/order/1/MOD13Q1--6 (accessed on 9 December 2021)



	DEM
	30 m
	Geospatial Data Cloud



	Land use
	30 m
	https://www.resdc.cn/Datalist1.aspx?FieldTyepID=1,3 (accessed on 12 November 2021)



	Meteorological data
	
	National Earth System Science Data Center



	Traffic network, water network
	
	http://www.openstreetmap.org/ (accessed on 10 December 2021)



	Administrative division
	
	Chinese Academy of Sciences Resource and Environmental Science Data Center



	Soil organic matter data
	
	http://data.tpdc.ac.cn (accessed on 9 December 2021)



	Ecological barrier area vector data
	
	Eco−Environmental Research Center, Chinese Academy of Sciences
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Table 2. Surface runoff coefficient.






Table 2. Surface runoff coefficient.





	
Land Use Type

	
Percent Slope




	
Data < 10%

	
Data 10~30%

	
Data > 30%






	
Waters

	
0.90

	
0.90

	
0.90




	
Woodland

	
0.20

	
0.32

	
0.44




	
Grassland

	
0.35

	
0.54

	
0.62




	
Farmland

	
0.60

	
0.70

	
0.75




	
Building land

	
0.85

	
0.85

	
0.85




	
Unused land

	
0.80

	
0.90

	
0.95
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Table 3. Temporal and spatial evolution of ecological spatial network structure.
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	Year
	Nodes Number
	Sources Area (km2)
	Resistance Value
	Corridors Number
	Corridor Length (km)





	2005
	8542
	2,142,749
	1,232,230
	14,493
	529.66



	2010
	8085
	1,980,339
	1,245,870
	13,782
	588.85



	2015
	8073
	1,971,225
	1,240,445
	13,883
	603.89



	2020
	8163
	1,962,246
	1,241,213
	13,899
	589.80
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Table 4. Changes in ecological spatial network topology indicators from 2005 to 2020.
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	Year
	Average Degree
	Degree−Degree Correlation
	Average Path Length
	Clustering Coefficient
	Connectivity





	2005
	3.39
	−0.0754
	23.85
	0.535
	8536



	2010
	3.41
	−0.0636
	26.02
	0.533
	8569



	2015
	3.43
	−0.0679
	26.36
	0.538
	8575



	2020
	3.45
	−0.0638
	26.38
	0.539
	8692
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg





media/file4.png
Temporal and spatial evolution of

ecosystem services in China

Analysis of spatial and temporal evolution of

Chinese ecological spatial network topology

" R 4 p
Rainfall : : :
e NDVI : Ecological
erosivity Ecological resistance
source
. Monthiy surface
soil average
erodibility Water temperature
conservation B conservation TR i
| [ Monthly
Topographic : Windbreak precipitation
factor and sand distribution
fixation Ecological
CaaaEN Monthly solar cumulative
egetation radiation resistance
sl Function distribution surface
%, v ‘
r
Meteorological SON Soil crust FEOaL
erodibility corridor
remote : remote
AN Surface Vegetation it
roughness cover Structure

Degree and degree-
degree correlation
coefficient

Average path
length

Clustering
coefficient

Betweenness

PageRank

Connectivity

Optimization of ecological spatial

network pattern

Two screens and three : :
: River system corridor
belts barrier area

Importance of

Robustness analysis of

optimization results

Function-structure
synergistic edge
increase strategy

ecosystem services

robustness
robustness

Connection

robustness






media/file18.png
Connection robustness

Connection robustness

0
0

[=
o

—
4l

0
0

— Malicious attack
— R andom attack

— e

1000 2000 3000 4000 5000 6000 7000 S000 9000
Number of removed nodes
| licy attack
= Random attack | 1
1000 2000 3000 4000 5000 6000 7000 8000 9000

Number of removed nodes

Node recovery robustness

Node recovery robustness

-
00

S =
IS [N

=
()

s

o

wmmmm \alicious attack
mm R andom attack

2000 4000 6000 8000
Number of removed nodes

10000

mmms Malicious attack
= R andom attack

2000 4000 6000 8000
Number of removed nodes

10000

& S S
- (=)} o0 —_

Edge recovery robustness
-
o

s Malicious attack
mm R andom attack

0
0

—

ot
00

Edge recovery robustness
o
o

0
0

S
o\

e
B

2000 4000 6000 8000
Number of removed edges

10000

ms Malicious attack
= R andom attack

2000 4000 6000 8000
Number of removed edges

10000





media/file3.jpg





media/file19.jpg





media/file7.jpg
(ORI ®






media/file10.png
(a)

ADF(t/ha)

- High : 150,007

—— LOW

0

(b)

ADF(t/ha)

- High : 150, 007

— LOW

0

74
@ w
\ "






media/file14.png
Ecological source

@

- Forest
" Bush

- High coverage grass

0 500 1,000 2,000
I S KM

Minimum cumulative resistance surface

(e

MCR

Value

- High : 1,232,230
- Tow:0

(b)

- High : 1,241,213
- Tow:0

Ecological resistance surface

©

Basal resistance
Value

Eco-spatial network

(®

- Ecological source

Ecological corridor

(d)

(h)

- Ecological source

Ecological corridor






media/file11.jpg





media/file6.png
AWC(mm/km?)

. High : 4095.25

- Low : O

(b)

AWC(mm/km?)
High : 4895. 25

- Low : O






media/file15.jpg





nav.xhtml


  remotesensing-14-04593


  
    		
      remotesensing-14-04593
    


  




  





media/file16.png
60°E 70°E
1

80°E
1

90°E
1

100°E
1

110°E
1

120°E
1

130°E
1

140°E
1

30°N~

20°N-

\:’ China's ecological barrier area
- Importance of ecosystem services

- Ecological source

River system

Ecological corridor

0

640

1,280

1,920

2,560






media/file2.png
80°E 90°E 100°E 110°E 120°E 130°E

0°N

0°N-

| “Land Cover
'I T cutivated land

B Foresttand
I Grass tand
B voier area
B Acificial surface
[ Unused tand

/ 0

ot China 568 ).
A

i
\

'
; da
panhe i

2
]
3
w
3
>

e QU e qunds® |
Hua gyan D30
( Minzhuiao )
Penh {/
Nansha Qundac
4
gandar
da

may

sen §

(a)

40°N-

30°N+

70°E
!

80°E
1

90°E 100°E 110°E 120°E 130°E
! ! L L !

140°E 150°E
L

20°N+

Py,

sy

DEM

ey

P
gy,

High : 8806
Low : -277

0 625

1,250

Dhaka
Dongshe QA4S0

in chinaSes
1875 2.500 — /

Jientime

o
Ty,
- 4
~ angshaund®
g South ChinaSe’ |
ainfretord
he Qi undan | M1
Huangyan D30
( Minzhugiao )






media/file20.png
150°E
1

40°N=
. Qinghai Tibet
e Platcau network
\:’ China's ecological barrier area el
.~ Ecological source -’ e ,, o 3 » v ]
i 472 Southern H a4
20°N= River system - ) e Bk '.Akk £!!.
Ecological corridor % ;
——— New ecological corridor ‘ i{"
-t
0 640 1,280 1920 2,560 ( /f ! e
s 4






media/file5.jpg





media/file1.jpg
@ ®)





media/file12.png
Importance of ES
1
K
[Is
17
/e

(b)

Importance of ES
1
K
[ s
17
/¢






media/file9.jpg





media/file0.png





media/file8.png
(a) 0450 900 1,800 P (b) \\\ | W$E

ASC(t/ha)

- High : 20, 002.5

Low : 0.0161858

ASC(t/ha)

- High : 13, 838.9

Low : 0






media/file17.jpg





