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Abstract

:

With the continued social and economic development of northern China, landscape fragmentation has placed increasing pressure on the ecological system of the Beijing-Tianjin-Hebei (BTH) region. To maintain the integrity of ecological processes under the influence of human activities, we must maintain effective connections between habitats and limit the impact of ecological isolation. In this paper, landscape elements were identified based on a kernel density estimation, including forests, grasslands, orchards and wetlands. The spatial configuration of ecological networks was analysed by the integrated density index, and a natural breaks classification was performed for the landscape type data and the results of the landscape spatial distribution analysis. The results showed that forest and grassland are the primary constituents of the core areas and act as buffer zones for the region’s ecological network. Rivers, as linear patches, and orchards, as stepping stones, form the main body of the ecological corridors, and isolated elements are distributed mainly in the plain area. Orchards have transition effects. Wetlands act as connections between different landscapes in the region. Based on these results, we make suggestions for the protection and planning of ecological networks. This study can also provide guidance for the coordinated development of the BTH region.
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1. Introduction


Ecological networks are frequently discussed with regard to nature conservation and land use planning [1,2,3,4] and represent an important element for resolving issues related to species and habitat protection [5,6]. Ecological networks are key factors for biodiversity protection and enhancement because of their ability to counteract fragmentation and create and strengthen relationships and exchanges among isolated elements [7]. The construction of ecological networks can effectively connect broken habitat patches and form spatially integrated landscapes and habitat networks that improve the quality of natural ecosystems [8,9,10,11]. Ecological network tools play a central role in landscape planning [4,12] and can serve as an approach to promoting ecological and functional integration [13]. Ecological networks can protect biological and landscape diversity and promote the sustainable development of land use patterns.



Over the past 40 years, China has experienced rapid urbanization and immense population growth [14,15], and rapid economic development and urban expansion have resulted in a series of environmental problems [16,17]. The fragmentation of natural habitats and landscapes is aggravated by urbanization, associated land development and transport network construction [18,19]. Irrational urban planning and land use patterns, excessive resource consumption and unexpected socio-economic development are the main factors underlying damage to regional ecosystems, including the island effect of urban areas on ecosystems [20,21].



The Beijing-Tianjin-Hebei (BTH) region has become the third growth pole of the Chinese economy because of the natural geographical advantages and great economic foundation of the region [22]. However, the rapid development of the region’s economy has caused traffic jams, serious pollution and continued environmental degradation [23]. Maintaining a balance between population growth, development, resources and the ecological environment is crucial for developing the BTH region [22,24]. The coordinated development of BTH is a national strategy that requires breakthroughs in key fields such as ecological and environmental protection. Between 2016 and 2020, China must resolve certain key issues, including eco-environmental protection, optimal land use planning, biological diversity protection, ecological security and ecological spatial continuity [25].



Numerous studies and investigations have been performed to develop methods of analysing and assessing ecological networks [26,27,28,29,30,31,32]. These methods mainly include empirical approaches based on field surveys, full mechanical approaches based on population viability analysis models, and statistical approaches based on landscape indexes [33]. However, these methods are non-standardized and difficult to validate, and these uncertainties reduce the suitability of these methods for the analysis of landscapes with serious fragmentation. Therefore, Verboom et al. proposed a hybrid method employing spatial standards representing a combination of landscape indexes based on ecological scale extrapolation, landscape aggregation, and key plaques [34]. This method combined a Geographic Information System (GIS) method with population activity simulation results and empirical analysis survey data for the Netherlands [5].



Recently, least-cost modelling has been applied to estimate the connectivity of landscape matrices [35,36,37,38] to provide support for ecological network planning and decision-making. Ferretti and Pomarico identified potential ecological networks and supported spatial planning by integrating GIS with multi-criteria analyses [28]. McHugh and Thompson proposed an ecological network assessment methodology that was used to locate habitat extension areas and changing landscapes [31]. Furthermore, complex landscapes have been simplified and systematized, connectivity has been improved, and guided urban planning for biodiversity conservation has been implemented using an ecological network based on graph theory and the gravity model [39,40]. However, because of the large area of the BTH region, the fragile spatial continuity in ecological land, serious habitat fragmentation, obvious landscape homogenization and strong interference from human activities, considering timeliness, operability, verifiability and economic factors, these methods cannot possibly enable easy analysis of the landscape elements and ecological networks in this region.



The kernel density estimation (KDE) method is based on research of the overall distribution of sample data [41]. The KDE method has been widely used in the analysis and detection of natural disasters and public health and industrial layout hotspots [42,43,44]. Recently, KDE has been used in landscape ecological network analyses based on the spatial distribution of landscape elements and was found to be suitable for analyses at the landscape and regional scales [45,46]. Biondi et al. used the KDE method to train pan-European ecological networks [47].



The major contributions of the present paper pertain to methodological development for analysing ecological networks, and the results are relevant for formulating suggestions for the protection and planning of ecological networks at the regional level. The objectives of this study were to (a) propose a feasible and rapid method for identifying landscape ecological network elements; (b) analyse the spatial configuration of ecological networks using an integrated density index of landscapes; and (c) propose significant suggestions for the protection and planning of ecological networks in the BTH region.




2. Study Area and Data


2.1. Study Area


The BTH region includes Beijing City, Tianjin City and Hebei Province and is located in the northern North China Plain between latitudes 36°05′ N and 42°37′ N and longitudes 113°11′ E and 119°45′ E. Figure 1 shows the location and nearby areas of the BTH region. The total area of the region is approximately 0.22 million km2. The terrain declines semi-circularly from the northwest to the southeast. Plateaus, mountains and plains are the main landforms of the region. The total area of northwest plateaus and of mountains and hills accounts for 54% of the entire region. The central and southeast plains account for 46% of the region. The water system in this region contains exterior drainage, including the Haihe River, Luanhe River and Liaohe River, and interior drainage in the Bashang Plateau.



Cultivated land constitutes the main landscape type of the BTH, particularly in the central and southeast plain area. The area of cultivated land is 89,719.48 km2 and accounts for 41% of the region. This landscape type serves as a site of intensive agriculture rather than ecological function. Thus, the ecological function of cultivated land is relatively weak [48,49], and cultivated land is not an object of analysis in this paper. Forests and grasslands are representative natural ecological landscapes in the region and account for 38% of the study area, and they are mainly distributed in the Yanshan Mountains, the Taihang Mountains and the southeast edge of the Inner Mongolia Plateau. Orchards account for 10,512.80 km2 and are mainly distributed in the northern and western foothill areas and inlays in the plains. Wetlands include areas near lakes, reservoirs, marshes and tidal flats and account for only 3% of the total area. Orchards and wetlands are representative of semi-natural landscapes [20,21]. Other landscapes account for 6882.15 km2 and primarily include saline-alkali land, sandy land and bare land. The area of artificial surfaces accounts for 9% of the region. There are significant regional differences in the ecological environments and natural resources of the BTH (Figure 2). In the south-eastern plain area, habitats are rarely continuous and are relatively isolated. High habitat isolation and landscape fragmentation are significant characteristics of the region.




2.2. Data and Pre-Processing


The basic data sets included land cover data, land use data and a digital elevation model (DEM). The 2010 land cover data (resolution 30 m) were obtained from the National Geomatics Centre of China. The provincial land use data for 2011 and 2013 at a 1:500,000 scale were obtained from the Key Laboratory for Agricultural Land Quality Monitoring and Control. The DEM dataset (resolution 30 m) was provided by Geospatial Data Cloud site, Computer Network Information Centre, Chinese Academy of Sciences. The road data and the population density data for 2010 were obtained from the National Science & Technology Infrastructure of China, National Earth System Science Data Sharing Infrastructure.



To improve the accuracy of the data, the data were pre-processed as follows. First, the 2010 land cover data (land cover types contain cultivated land, forest, shrub land, grassland, wetland, water bodies, artificial surface, and bare land) were mosaicked and clipped by the study region polygon. Second, the 2011 land use data (land use types including cultivated land, forest land, grassland, garden plot, water area, construction land, and other land) were intersected and merged with the 2010 land cover data using the Analysis Tools in ArcGIS 10.2 (ESRI, Redlands, CA, USA). Finally, the land use map was updated by the 2013 land use data (the type is the same as in 2011). The land use data were reclassified as cultivated land, orchard, forest, grassland, wetland, artificial surface, and others, and the landscape type database of the BTH was produced (Figure 2).





3. Methods


The density of landscape reflects the spatial aggregation degree of habitats. To identify the landscape elements and analyse the spatial configuration of the ecological networks, forests, grasslands, orchards and wetlands were selected from the landscape type database of the BTH region. The density of landscapes was calculated using the KDE method. The KDE results were divided into five levels by the natural break classification method. The landscapes with high density were regarded as core habitats, the landscapes with medium-high density were regarded as buffer habitats, the landscapes with medium density were regarded as ecological corridors, the landscapes with medium-low density were regarded as stepping stones, and the landscapes with low density were regarded as isolated elements. Then, the landscape elements of the ecological network were identified to analyse their spatial characteristics in the region.



The integrated density index (Landscape Density Index, LDI) was calculated by overlaying the above four landscape density maps and was applied to divide different ecological areas by the natural breaks method. The core area, buffer zone, corridor, and isolated area made up the spatial configuration of the ecological networks. Then, the characteristics of the spatial configuration were analysed by overlaying the current landscape, topography, road density and population density data. Finally, several suggestions for the protection and planning of ecological networks were made based on the results of the above analysis (Figure 3).



3.1. KDE Method


The density of forests, grasslands, orchards and wetlands was calculated using the KDE method. The KDE method was based on each sampling point i(x, y). The density contribution of each sampling point was calculated using kernel functions at each grid cell centre in the range of a specified radius (usually equal to the bandwidth h). Within the search radius range, sampling points that were closer to the grid cell centre had a higher density contribution value. The density at each point was calculated by adding the values of all kernel surfaces to obtain a cumulative density surface for all points. Thus, the densities were used in a continuous manner to create surfaces covering the entire study area [47]. The KDE function was applied to calculate the raster data of the landscapes in the study area [50]. The algorithm is presented in Formula (1).


    f ^   (  x , y  )  =  3  n  h 2  π       ∑  i = 1  n    {  1 −    [        ( x −  x i  )  2  +   ( y −  y i  )  2     h   ]   2   }     2    



(1)







In the formula,     f ^   (  x , y  )     represents the density contribution value of the estimated grid cell centre; h represents the bandwidth; n represents the number of sampling points within the range of bandwidth h; (xi, yi) represents the coordinates of the sampling point; i(x, y) represents the values of the estimated grid cell centre; and        ( x −  x i  )  2  +   ( y −  y i  )  2       represents the Euclidean distance between the sampling point i and the estimated grid cell centre. In the formula, the size of the raster data and the bandwidth of the kernel density function are the most important parameters.



3.1.1. Grid Size


In the KDE method, vector data must be converted to raster data. The results and the speed of the KDE calculation are affected by the raster size. The area difference between the vector data and raster data is the standard used to choose the grid size. The area differences obtained at 30 m × 30 m, 50 m × 50 m, 100 m × 100 m, 200 m × 200 m, 500 m × 500 m and 1000 m × 1000 m) were analysed, and 100 m × 100 m was chosen to perform KDE because it had the smallest area difference.




3.1.2. Bandwidth


In the KDE method, as the bandwidth h decreases, the density of each estimation point changes unevenly. As the bandwidth increases, the change in spatial point density becomes smoother, and the density structure is filtered [51]. To determine the influence of the search radius, SR = 2x was used to search the bandwidth h. Using different values of x (e.g., 0, 1, 2, 3, …), different experimental results were calculated using Formula (2) as follows:


   S R = 0.9 × min  (  S D ,    1  ln ( 2 )     ×  D m   )  ×  n  − 0.2     



(2)







SR is the search radius, which is also the bandwidth h; SD is the standard distance; Dm is the median distance; and n is the number of points.





3.2. Integrated Density Index


The LDI is an equally weighted index in which the contributions of each landscape type to the entire area are considered. The LDI was applied to perform spatial overlay analyses of the KDE results of landscape elements. The calculation formula is presented in Formula (3).


   L D I =   ∑  i = 1  N    D i      



(3)







LDI is the integrated density index; Di is the kernel density value of a certain landscape; and N is the number of landscape types.




3.3. Natural Breaks Classification


In the natural breaks classification method, the statistical characteristics of the data distribution are the principal parameters. The summary of the variances was calculated, and to identify certain groups of breakpoints that produced the minimum sum of squares of the deviations, different breakpoints in the data set were iterated [52]. The data set was classified by analysing the break points in the data and aggregating the values. By comparing the sum of variances, the rationality of different classifications was determined [53]. The calculation formula is presented in Formula (4).


   S S  D  i … j   =     ∑  k = i  j    (   A k  − M e a  n  i … j    )   2    



(4)







SSDi…j is the sum of squares of the deviations; A is an array; N is the number of values in the array; Ak is the value of number k in the array; and 1 ≤ i ≤ j ≤ N, Meani…j is the average of Ai to Aj.





4. Results


4.1. Identification of Ecological Network Elements in the BTH Region


The KDE results for forest, grassland, orchard, and wetland landscapes are presented in Table 1 and Figure 4.



As noted in Table 1 and Figure 4, the forest type supports the entire ecological network in the BTH region, especially in the core habitats and buffer patches, and provides connectivity among the ecological corridors. The KDE results for forest were 0–95.75 points/km2, which was divided into high-density (69.85–95.75 points/km2), medium high-density (49.95–69.84 points/km2), medium-density (29.30–49.94 points/km2), medium low-density (9.77–29.29 points/km2) and low-density (0–9.76 points/km2) values by the natural breaks classification. As shown in Figure 4a, higher forest kernel density values and better landscape spatial continuity can be found in the northern Yanshan Mountains. The ecological networks in the Taihang Mountains are not continuous. In the western and south-western areas, the small range of core habitats and buffer patches leads to an obvious break in ecological corridors. The smallest density values and isolated forest patches were scattered in the southern plain area.



Throughout the entire ecological network, grasslands act as a buffer zone to protect the ecological networks from potentially damaging external influences and thus can essentially be characterized as transitional areas. The grasslands are transition areas of core habitats of forests and grasslands. As ecological corridors, grasslands connect the different landscapes. The KDE values of grassland were 0–73.97 points/km2 and divided into high-density (42.65–73.97 points/km2), medium high-density (28.73–42.64 points/km2), medium-density (16.83–28.72 points/km2), medium-low density (5.81–16.82 points/km2) and low-density (0–5.80 points/km2) values. As shown in Figure 4b, the medium- to high-density areas are mostly distributed in the north-western plateau and mountain basin. The proportion of core habitats is relatively small and includes only 1/5 of the grassland landscape area. Obvious fragmentation occurred in the ecological corridors in the western mountains. In the northern mountains, the dispersed grassland functions are inlaid patches. Only 2.41% of the isolated grassland patches are scattered in the south-eastern area, which accounts for over half of the area.



Orchards provide buffer patches and stepping stones for the ecosystem and play an important role in the ecological networks in the BTH region. The KDE values of the orchard landscape were 0–77.72 points/km2 and were divided into high-density (39.94–77.72 points/km2), medium high-density (22.26–39.93 points/km2), medium-density (10.68–22.25 points/km2), medium low-density (3.06–10.67 points/km2) and low-density (0–3.05 points/km2) values. As shown in Figure 4c, lower concentrated continuity occurs from the medium- to high-density areas. A banded landscape forms from east to west in the southern edge of the northern foothills. Orchard landscapes are present as isolated islands in the southern area and are rarely connected to each other. Approximately 2/3 of the research area is a low-density zone with few orchard inlays.



Wetlands, including lakes, reservoirs, marshes and tidal flats, are important ecological resources for the BTH region, and rivers, canals and major drains are the most important ecological corridors. The wetland landscape connects the entire ecological network in the region. The KDE values of the wetland were 0–71.56 points/km2 and were divided into high-density (35.93–71.56 points/km2), medium high-density (24.42–35.92 points/km2), medium-density (15.16–24.41 points/km2), medium low-density (5.34–15.15 points/km2) and low-density (0–5.33 points/km2) values. As shown in Figure 4d, the medium- to high-density area is mainly distributed in the main stream, the main tributaries of the Haihe River, the Luanhe River Basin and the Taihang Mountains. The medium- to high-density areas of planar wetland landscapes are mainly distributed in the coastal beach area of Bohai Bay, Baiyangdian Lake, and Hengshui Lake and reservoirs such as Miyun, Guanting, Yuqiao, Nandagang, Erwangzhuang and Gangnan. The wetland density is lower in the central and southern plain area and north-western inflow area.




4.2. Spatial Configuration Analysis of the Ecological Networks in the BTH Region


The KDE results of the landscape elements were applied to perform the spatial overlay analysis and calculate the integrated density index (LDI). The LDI was applied to divide different landscape ecological networks using natural break classifications. The LDI values of the core areas, buffer zones, corridors, and isolated areas were 23.61–36.47, 16.89–23.60, 10.17–16.88, and 0–10.16, respectively. The spatial configurations of the landscape elements were compared with the current landscape type data (Figure 2) to obtain the final ecological networks (Figure 5). The spatial configurations of the ecological networks and the spatial distributions of the landscape types were combined to obtain the statistical data for the different landscapes (Table 2).



As shown in Figure 5a, the core area of ecological networks in the BTH region is 50,149.68 km2, and the area of buffer zones is 45,107.05 km2. The core areas and buffer zones mainly include forest and grassland and represent the most important ecological network nodes and ecological sources in this region. These areas also support the basic ecological functions of the ecological networks and should be the focus of protection schemes and ecological restoration. The continuous protection and restoration of core habitat patches is important for protecting the regional ecological environment and conserving biodiversity.



Ecological corridors provide the connections between different landscapes and represent the main banded landscape elements. Ecological corridors account for 59,566.07 km2 in the BTH region and connect isolated core habitat patches to function as passages between the landscape elements of the south-eastern, western and northern BTH regions, especially linear corridors (mainly rivers) and stepping stones patches (mainly orchards). However, more than half of the ecological corridors in this region are occupied by cultivated land and construction land, and human activities significantly interfere with these ecological elements.



Isolated elements are mostly distributed in the central and south-eastern plain areas and account for 62,149.71 km2. In addition, 75% of the isolated areas are cultivated land. Forest land and grassland are rare in the central and south-eastern plain areas and are isolated from each other, which produce serious island effects in the region. Rivers are the most important linear landscape element and orchards are the most important temporary habitat in this region. However, numerous canals have been built, and the groundwater has been mined in the south-eastern plain area because water resources are needed for major grain production activities. The rivers have been hardened because of human activities, which have weakened their ecological functions [54]. Artificial surfaces, such as roads, are constantly introduced into the ecosystem [55], which results in serious problems of ecological isolation and landscape fragmentation.



Data on road density, population density and topography were used to characterize the landscape elements of the region. Topography is an important factor for evaluating habitat quality on a regional scale. Terrain factors have a significant impact on the distribution of ecological value. As shown in Figure 5b, the spatial configuration of ecological networks presents obvious distribution characteristics according to the topography. The key topographical regions are distributed in the mountains and constitute the core habitats and buffer zones. Corridors connect not only broken mountain habitat but also landscape elements from the plateau and mountain to the plain area below 200 m.



Unfortunately, as one of fastest growing regions of China, the BTH region features a large number of corridors and landscape elements that have been greatly disturbed by human activities. As shown in the road density (Figure 5c) and population density (Figure 5d) maps, the ecological system is becoming more isolated. This isolation is attributed to road network dispersal, urban expansion and population growth, which have exacerbated habitat fragmentation and weakened the landscape connectivity. In particular, the urban infrastructure has expanded so rapidly that the ecological network has become more discontinuous. However, green space systems and linear infrastructure schemes that support ecological projects, such as roadside trees, farmland shelterbelts and canal protection zones, have been established in urban areas and represent important components of artificial ecological networks. Therefore, the protection of ecological networks is even more important in this region.




4.3. Suggestions for the Protection of Ecological Networks


Suggestions for the protection of core areas, buffer zones, ecological corridors and isolated elements are made according to the spatial characteristics of the landscapes by analysing the spatial configuration of the ecological networks in the BTH region. The specific suggestions are presented in Table 3.



Areas with weak connections are distinguished as key zones and fault areas as key nodes according to the spatial characteristics of the core areas, buffer zones and ecological corridors. Figure 2, Figure 4 and Figure 5 can be compared to identify temporary habitats (stepping stones) and potential corridors in the isolated areas. The key zones, stepping stones, key nodes and corridors were marked on the planning map. The spatial configurations of the ecological networks were overlaid on the landscape type data to confirm the actualities and existing infrastructure in these areas. The map was then modified based on the suggestions for ecological network planning and improved through field surveys (Figure 6).



As shown in Figure 6, a greenbelt between Beijing and Tianjin will be built by implementing the Key zone I plan, which will connect the urban green systems and provide a corridor between the Beijing Western Mountain ecosystem and Tianjin Binghai New District ecosystem. The Key zone II and Key zone III plans will enhance the urban green systems of Baoding City by constructing ecological farmland that will connect the northern Taihang Mountain ecosystem with the downstream ecosystem of Haihe River through the Baiyangdian Lake ecosystem. The ecosystem of the upper basin of the Dasha River and Qingzhang River will be restored by implementing the Key zone IV and Key zone V plans, which will guarantee the integrity and continuity of the Taihang Mountain ecosystem.



Implementing Key node 1 and Key node 2 will include the construction of green nodes between the northern mountains and the plain area and between the Tianjin Binhai New District ecosystem and Bohai Bay. A green node will be built between the Fuyang River and Hengshui Lake ecosystems by implementing Key node 3. Implementing Key node 4 and Key node 5 will provide for the construction of new green nodes between the southern Taihang Mountain and Fuyang River ecosystems.



A new green corridor consisting of the Baigou River and Dasha River will be constructed as part of Stepping stone I, Stepping stone II and Potential corridor 2. This corridor will connect the north-western mountains and central plain areas via the Baiyangdian Lake ecosystem. Implementing Stepping stone III and Potential corridor 3 will provide for the construction of ecological corridors along the Hutuo River and Ziya River, which will effectively connect the western Taihang Mountains with the eastern plain through the central plain. The Stepping stone III, Stepping stone V and Potential corridor 4 plans provide for the construction of green corridors along the Jiao River and Fuyang River and effectively connect the southern Taihang Mountains with the south-eastern plain. The Stepping stone IV, Stepping stone V and Potential corridor 5 plans will effectively connect the Qingliang River, Zhang River, Wei River and the South Canal south-eastern plain areas with the wetland ecosystem of the Tianjin Binhai New District. Furthermore, implementing the Potential corridor 1 plan will provide for the construction of the South-North Water Transfer Project, which will form a parallel ecological corridor with the Taihang Mountains and support local landscapes.





5. Discussion


KDE analyses of ecological networks reflect the degree of spatial aggregation of the ecosystem and can rapidly identify the main elements of the network on a regional scale. The advantages of applying this method include the effective and rapid identification of landscape elements and an intuitive visual representation of the spatial distribution of these elements. The KDE results provide a statistical representation of an ecosystem and summarize the basic conditions required to increase the feasibility and viability of ecological network protection programmes.



Before using KDE to identify landscape elements, the polygon vector feature should be converted to a point raster feature. Additional points will increase the accuracy of the results but reduce the computational efficiency, whereas reducing the points could result in a loss of information while improving the operational speed. Therefore, a balance is required between data accuracy and computational efficiency. In this paper, the method used to determine the granularity of the data involves a comparison of the area differences for different grid sizes using raster data. This method is simple and effective, although the number and spatial pattern of the types of landscape are not consistent. The method of determining the grid size should be further studied.



Bandwidth has a great influence on the estimation of     f ^   (  x , y  )    . If h is too small, then the probability density distribution will be limited to the observed data, which will result in a false peak in the estimated density function. If h is too large, then the density estimates will result in probability density contributions that are too far apart, and important characteristics of     f ^   (  x , y  )     will be smoothed. When using the kernel density to estimate an ecological network, the effect of bandwidth on the results is significant; thus, determining the optimal bandwidth was an important consideration in this paper. In the field of mathematics, the Mean Integrated Square Error (MISE) and the Integrated Error Square (ISE) are commonly used to measure deviations and determine optimal bandwidths [56,57]. The h value used in this paper is defined as the standard distance and the median distance. The results of the KDE were obtained by setting different bandwidths and then performing a comparison, and the results obtained from the improved search radius (Formula (2)) more clearly reflected the spatial characteristics of the landscape elements.



Setting correct threshold values has a significant impact on ecological network planning, and the KDE results and LDI classification of the forest, grassland, orchard and wetland areas were based on the natural breaks method. The results clearly showed the spatial characteristics of the different landscape elements, and the natural breaks method was superior to the LDI classification for the KDE of single landscape elements. As shown in Figure 4 and Figure 5, the spatial configuration of single elements was more clear and complete, and the landscape connectivity increased. A comprehensive ecological network was obtained after using the natural breaks method to divide the LDI in the plain area, where fragmentation is obvious. The differences in the spatial distribution and density of landscape elements are mainly responsible for the increased accuracy of the results. In the spatial overlay analysis, dominant landscapes were enhanced under the equally weighted LDI values. In the future, a method that adjusts the weights and includes expert advice and regional land use planning should be developed to optimize ecological networks.



The KDE results identified the landscape elements and spatial configurations of the ecological networks. The core area, buffer zone and ecological corridor were classified based on the density level. However, the habitat quality, patch size, corridor connectedness and landscape connectivity of the ecological networks were not analysed in depth. The road density and population density maps were used to characterize the spatial configurations of the ecological networks to facilitate the interpretation of the KDE results. Although the environmental gradients and pressures were obtained, the depth of the analyses was not sufficient. The strategies proposed in this paper are macro and strategic, whereas the planning of ecological networks is conceptual and prospective. Suggestions for the protection of ecological networks must be combined with local land use planning (county level) in future implementation. The results of the analyses demonstrated that cultivated land is the main landscape in the corridor and isolated areas. Although cultivated land was not an object of analysis in this paper, the construction of ecological networks in agricultural landscapes is particularly important.




6. Conclusions


Methods were proposed for analysing the spatial configurations of ecological networks at the regional level, which can be very effective for the protection and planning of ecological networks.



Based on the spatial distribution characteristics of the landscapes, the basic ecological habitats are formed by forest and grassland. Orchards have transition effects. Isolated orchard patches also function as stepping stones for biological networks. Wetland landscapes are the most important ecological corridors and nodes for this region because these areas provide connections between different landscapes.



Based on the identification of landscape elements, the spatial configurations of the ecological networks in the BTH region were also analysed. Forest and grassland account for the majority of core areas and buffer zones in the ecological network. Rivers, as linear patches, and orchards, as stepping stones, form the main body of the ecological corridors. Isolated elements are mainly scattered across plain areas. Biological isolation and landscape fragmentation are more serious because of artificial surfaces.



Based on the spatial configuration characteristics of the ecological network, landscape planning was proposed for the BTH region. Suggestions for the planning of ecological networks for this region were presented based on the regional landscape spatial distribution characteristics. Five key zones and five stepping stones were planned using the current forests or orchards as basic elements. Five key nodes and five potential corridors were planned using river ecosystems as the linear body. After the establishment of key zones, stepping stones, key nodes and corridors, connections between the northern mountains, western mountains and south-eastern plains were established. An entire ecological network was formed that includes core areas and buffer zones as the primary constituents of the eco-environment and greenbelts and stepping stones as the ecological corridor.
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Figure 1. Geographical position of the Beijing-Tianjin-Hebei (BTH) region. 
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Figure 2. Spatial distribution of the main landscapes. 
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Figure 3. Framework of the ecological network analysis and planning for the BTH region. 
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Figure 4. Results of representative landscapes based on kernel density estimations: (a) forests; (b) grasslands; (c) orchards; and (d) wetlands. 
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Figure 5. Spatial configuration of landscape elements in the BTH region was overlaid on data. These data include: (a) landscape type; (b) topography; (c) road density; and (d) population density. 
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Figure 6. Ecological network planning for the BTH region. 
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Table 1. Ecological network elements of representative landscapes.
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Landscape Types

	
Core Habitats (km2)

	
Buffer Patches (km2)

	
Ecological Corridors (km2)

	
Stepping Stones (km2)

	
Isolated Elements (km2)






	
Forest

	
17,470.96

	
17,891.62

	
12,362.14

	
6398.39

	
1929.55




	
Grassland

	
5799.77

	
10,218.11

	
7786.99

	
3725.76

	
681.30




	
Orchard

	
1733.27

	
3136.86

	
2790.82

	
2053.36

	
798.38




	
Wetland

	
2677.23

	
1788.16

	
1424.82

	
487.43

	
95.67
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Table 2. Landscape composition of ecological networks in the BTH region.
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Landscape Types

	
Core Area (km2)

	
Percent (%)

	
Buffer Zone (km2)

	
Percent (%)

	
Corridor (km2)

	
Percent (%)

	
Isolated Area (km2)

	
Percent (%)






	
Cultivated land

	
3900.64

	
8

	
8799.59

	
20

	
30,659.65

	
51

	
46,359.83

	
75




	
Orchard

	
3835.23

	
8

	
3085.2

	
7

	
2047.85

	
3

	
1544.42

	
2




	
Forest

	
29,013.19

	
58

	
18,130.43

	
40

	
7365.21

	
12

	
1543.83

	
2




	
Grassland

	
11,817.69

	
24

	
9843.19

	
22

	
5469.11

	
9

	
1081.95

	
2




	
Wetland

	
631.43

	
1

	
1511.54

	
3

	
2758.83

	
5

	
9022.68

	
15




	
Artificial surface

	
458.11

	
1

	
1503.64

	
3

	
8209.32

	
14

	
1579.94

	
3




	
Other

	
493.4

	
1

	
2233.46

	
5

	
3056.1

	
5

	
1017.06

	
2




	
Summary

	
50,149.68

	
100

	
45,107.05

	
100

	
59,566.07

	
100

	
62,149.71

	
100




	
LDI

	
23.61–36.47

	
16.89–23.60

	
10.17–16.88

	
0–10.16
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Table 3. Suggestions for the protection of ecological networks in the BTH region.
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Spatial Configuration

	
Characteristics

	
Strategies






	
Core areas

	
Mainly forest and grassland, rich biological diversity, most important ecological sources and core areas

	
Enhance the restoration of core habitats of the Taihang Mountains, Yanshan Mountains and Bashan Plateau




	
Buffer zones

	
Surrounds core areas, important habitats, obvious habitat isolation, insufficient protection and restoration

	
Return farmland to forest and grazing land to grassland in the mountains and conserve and restore wetlands




	
Corridors

	
Complex and diverse landscapes, artificial surfaces, poor spatial continuity, large regional differences

	
Restrain urban expansion, improve ecological connectivity, plan Beijing-Tianjin green corridors and forest parks around the capital, plan ecological corridors in Haihe River Basin, construct ecological farmland in plain areas




	
Isolated elements

	
Mainly cultivated land, rare natural habitats, serious fragmentation, wide distribution of river networks, high degree of human interference

	
Strengthen land consolidation, use current orchards to form stable artificial stepping stones, construct ecological farmland in plain areas, develop ecological agriculture










© 2016 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 (http://creativecommons.org/licenses/by/4.0/).
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