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Abstract: Anthropogenic land use has led to the loss and fragmentation of native habitats and
disruption to ecosystem processes, resulting in a decline in landscape connectivity and biodiversity.
Here, in order to find the potentials of improvements in ecological connectivity, we provide a spatial
analysis to present differences in ecological connectivity based on land cover maps and urban habitat
maps in Suwon city, Republic of Korea. We generated two permeability maps for use in a network
analysis, one being land cover and the other urban habitat, including a 5-km buffer area from
the city boundary. We then determined the current-flow betweenness centrality (CFBC) for each
map. Our results indicate that forests are typically the most highly connected areas in both maps.
However, in the land cover map results, nearly all high-priority areas were in the mountainous
region (CFBC value: 0.0100 ± 0.0028), but the urban habitat indicated that grasslands and rivers
within the city also significantly contribute to connectivity (CFBC value: 0.0071 ± 0.0022). The CFBC
maps developed here could be used as a reference when introducing green infrastructure in cities.
Before establishing ecological networks for urban areas, future work should integrate the land use
and ecological data of different administrative districts with continuous ecological connection.

Keywords: ecological connectivity; landcover map; urban habitat map (UH); current-flow
betweenness centrality (CFBC)

1. Introduction

Expanding and intensifying anthropogenic land use has led to the loss and fragmentation of natural
ecosystems, dramatic alterations in ecological functions and processes, and resultantly, a considerable
decline in biodiversity [1–3]. In human-modified landscapes, many species inhabit more or less isolated
habitat patches surrounded by a hostile or poor-quality matrix. Gene flow between populations may
be disturbed by local extinction events and colonization dynamics. Changes in land use causing the
disconnection have been intensively occurring in cities [4,5]. Given that 55% of the world’s population
lives in cities, changes in natural dynamics due to urban land use are widespread and will likely
increase, as this percentage is projected to reach 68% by 2050 [6].

Habitat fragmentations are often found in the center of cities, although the large area of green
space, such as forests, tends to remain connected outside of city boundaries [7]. An uneven distribution
of parks and green areas within cities not only causes inequality in accessibility for humans, but also
reduces biodiversity [8,9]. In growing urban areas, green spaces are crucial for accommodating species
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by preserving their network or habitats [9]. Subsequently, green spaces act as a tool to prevent the loss
of biodiversity by keeping gene flow among populations [9].

Landscape connectivity is defined as “the degree to which the landscape facilitates or impedes
movement among resource patches” by Taylor et al. (1993) [10]. Similarly, With et al. (1997) defined
the term as “the functional relationship among habitat patches, owing to the spatial contagion of
habitat and the movement responses of organisms to landscape structure” [10]. Since the early
1970s, a spatial structure that affects population dynamics, an ancestor of landscape connectivity,
was discussed [10]. In 1984, Merriam introduced “landscape connectivity” as a concept that emphasizes
the effect of landscape structure on determining movement of organisms among habitat patches [10].
The necessity of corridors for movement through patches was questioned [11–17] by recognizing
organism movements through non-habitat or matrix elements [11,18]. Then, the influence of the entire
landscape was included in the conception of connectivity, and the term, landscape connectivity was
defined in 1993 [9,11]. Generally, landscape connectivity promotes biodiversity of species, population,
and gene flow among resource patches, at both ecological and evolutionary timescales [10]. Increasingly,
conservationists suggest that maintaining or restoring landscape connectivity is crucial not only to
conserve ecological integrity within cities, but also to arrest global climate change [19–21].

With respect to animal movement, functional connectivity is dependent on how an organism
perceives and responds to the landscape at various spatial scales [3,22]. Structural connectivity can
be defined based on the inter-patch distance, density, complexity, the width and quality of corridor
networks, and the permeability of the landscape matrix [23,24]. Land managers and regional, national,
and local governments have sought guidance from the scientific community to identify areas that
should be prioritized in terms of maintaining or restoring landscape connectivity.

Based on the above, various “least-cost connectivity-related methodologies” have been developed;
the least-cost path (LCP) seeks to balance habitat suitability, the minimum Euclidean distance, and the
degree of connectivity between two endpoints [3,25]; the least-cost corridor (LCC) aims to optimize the
connection between habitat patches [26]; the least-cost distance (LCD) uses the full surface that contains
grid cell values [27,28]. In addition, circuit theory (current-flow) approaches are being developed and
increasingly applied [29]. For spatial modeling, both least-cost analyses and circuit theory generate a
resistance map showing landscape permeability, which represents the cost (i.e., difficulty) to the target
species when moving through a given pixel [30]. Whereas the former identifies the route through which
an animal may move [31], the latter identifies locations what would be used by a random walker moving
between a source and target [32]. Although these approaches have proved useful in addressing specific
conservation questions, broader conservation management goals require a detailed understanding of
the movements of species through human-modified landscapes and how these movements are affected
by habitat fragmentation and changes in matrix permeability [33–35]. These objectives are commonly
met based on expert-derived species–habitat relationships, but these perform poorly compared to
empirical movement models [3,36]. Moreover, most efforts to model landscape connectivity have
focused on a limited number of focal species, which may not be representative of a region’s biota [37].
In this study, we do not consider landscape connectivity simply as the efficiency and possibility of
species movement from the standpoint of urban planning, but as major basis of green infrastructure
in city.

In the Republic of Korea, habitat destruction and degradation and biodiversity decline are serious
issues that have arisen due to high human population density; nearly 90% of the population lives in
cities [38]. Therefore, the biodiversity and ecological network of Korean cities where large populations
live and, even more so, the connectivity of green patches in Korean cities are important. Generally,
the green patches, especially gardens, have an environmental function, such as redeveloping empty or
abandoned areas in the city [39]. Research has sought to improve various aspects of urban ecological
connectivity. For example, one study focused on connectivity in urban parks as a product of the
distance to forest areas and water bodies, and suggested practical solutions to improve the “green
network” [40]. Urban green spaces provide a green network within cities; as an example, assessing bird
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movement paths within this network could lead to cost-effective methods to improve connectivity [41].
However, investigations of the practical aspects of connectivity are limited by a lack of ecological and
biological information [42]. Land cover maps, typically updated every 10 years in Korea, can be useful
for figuring out the state of land use in the country level to determine current land use types.

Ecological data can be added to these maps to create an urban habitat map, which can then be used
to evaluate green networks at the city level. These maps would then provide more accurate information
on urban connectivity and facilitate conservation and restoration planning [42]. In Korea, urban habitat
maps have been developed at a 1:5000 scale since 2001, in Seoul city [43]. The Korean Government has
made producing and utilizing urban habitat maps mandatory in 84 cities from 2017, and the final is
due in 2021 [43]. Landscapes are classified based on environmental criteria including the distribution
of floral and faunal species, land use type, and vegetation biotope. Thus, urban habitat maps provide
detailed ecological information on cities and are appropriate for analyzing urban ecological networks.

We aimed to quantify differences in the ecological connectivity results produced by land cover
and urban habitat maps, to identify areas that should be prioritized for conservation. Specifically,
we will: (1) Assess ecological connectivity from two maps that are currently used in urban ecological
planning and compare the results from two maps. (2) Then we will discuss what kind of spatial data
source is practical, and how it can be practical in our study area, and (3) especially, which map more
accurately reflects the values of ecological core areas such as urban streams or forests.

2. Materials and Methods

2.1. Study Area and Datasets

Our study area was located in Suwon city, Gyeonggi Province, Republic of Korea (Figure 1).
Suwon is in the south-central part of Gyeonggi and covers an area of 121 km2. The city is located in
a basin, with Mt. Gwangyo and Mt. Yeogi located to the north and west, respectively, and a plain
located to the southeast. Forested areas are relatively well-connected on the northwest outskirts of the
city. Highly fragmented urban forests and parks are located in the city center.
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error can arise when cities are considered as isolated units—i.e., when the area adjacent to the 
administrative boundary is ignored. Connectivity would be underestimated with this approach. To 
address this, in our analysis of the ecological network of Suwon we generated a 5-km buffer from the 
city boundary to include the forests which are considered as targets as well as the city area to analyze 
the entire ecological network of Suwon. 
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Figure 1. Map of Suwon, Republic of Korea (37◦13′–37◦21′ N, 126◦56′–127◦05′ E): (a) land cover
classification map, with seven categories; (b) urban habitat map with five categories.

The land cover map used in this study was developed in 2018 and obtained from the Environmental
Geographic Information Service (http://egis.me.go.kr) [44]. In connectivity analyses, it is important to
consider the potential impacts of adjacent cities. Previous work has suggested that error can arise when
cities are considered as isolated units—i.e., when the area adjacent to the administrative boundary is
ignored. Connectivity would be underestimated with this approach. To address this, in our analysis of
the ecological network of Suwon we generated a 5-km buffer from the city boundary to include the
forests which are considered as targets as well as the city area to analyze the entire ecological network
of Suwon.

http://egis.me.go.kr
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2.2. Connectivity Analysis

We used current-flow betweenness centrality (CFBC) for the connectivity analysis. CFBC is a
current-flow-based model used to identify several important pathways, including both the shortest
path and alternative pathways, so it collects a network that has a more diffuse shape allowing the
prioritization of unnecessary linkages [44,45]. Furthermore, it has no nodes of zero level because of
random-walk performance. The current-flow method evaluates options for linking endpoints that have
been determined already. A single pair of nodes was extended to all pairs in a map, and to some extent
the node affects to paths or flows between all other nodes. Therefore, the map is a substitute for a set of
nodes (grids) and each grid receives a weight that represents how easy it is to go through the area of
the grid [45]. CFBC uses a hexagonal grid, which increases connections between cells and minimizes
the distances between cell centers [46,47]. High CFBC values within a hexagon or lattice of hexagons
indicate strong connectivity. We considered the degree of permeability of patches as weight values of
each cell in order to develop a landscape connectivity map. Therefore, in this study, the CFBC models
were computed from the permeability maps and only CFBC values within the study boundary were
included in the final map product [44,45]. All statistical analyses and visualizations were completed
using ArcGIS Pro software (version 2.2.0; ESRI Inc., Redlands, CA, USA). The Connectivity Analysis
Toolkit was used for the CFBC analysis [45].

2.3. Generating Permeability Maps

It is appropriate to assign the weight values of permeability as an input for conducting landscape
connectivity analysis (i.e., current-flow betweenness centrality analysis). Permeability normally reflects
the extent to which target species move across a landscape. Here, we considered levels of natural areas
(i.e., rivers, vegetation, ground permeability) as permeability rather than one of the target species.
We assigned weights to the land cover and urban habitat map categories, which are shown in Figure 1
and described in Tables 1 and 2. The former followed the method of Kang et al. (2018) [44], and the
weight of the latter was given by 20 equal interval values from 1 to 100, depending on 5 defined
categories of urban habitats to represent the preferred permeability each land cover type category has
in the landscape (Table 1). Urban habitat types indicate relative natural value levels in a single city,
so equal interval reclassification to 100 is useful. Both permeability maps had a 100 × 100 m cell size,
to match the land cover map.

Table 1. Area in ha and proportion of total area of each land cover and urban habitat class in Suwon,
Republic of Korea.

Study Site
Weight Value

Area (ha) Area (%)

Land Cover Type
Built-up 5218.15 43.10% 1
Forest 2506.51 20.70% 100

Agriculture 1717.87 14.19% 10
Bare land 1263.57 10.44% 20
Grassland 1098.29 9.07% 30

Water 233.70 1.93% 20
Wetland 68.24 0.56% 100

Total 12,106.32 100.00%

Urban Habitat Type
Natural area 2096.19 17.27% 100

Semi-natural area 1181.36 9.73% 80
Semi-artificial area 1932.90 15.93% 60

Low-density artificial area 1888.52 15.56% 40
High-density grey area 5036.76 41.50% 20

Total 12,135.73 100.00%
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Table 2. Individual urban habitat types, classified by 5 levels

Level 2 Definition

Natural area Forest Biotope type that absolutely needs
conservation for the entire site

Semi-natural area
River

Lake and wetland
Grassland (natural grass area)

Biotope type that prioritizes conservation
for the entire site

Semi-artificial area Cropland

Biotope type that requires conservation
priority in some target areas and the

remaining areas need to be divided from
area that land use restriction is conducted

Low-density artificial area

Processing facility
Manufacturing area
Special purpose area

Grassland (artificial grass area)
Landscape (green) area

Bare/ruined area

Biotope type that requires land use
restrictions on some of the target land

High-density grey area

Residential area
Mixed residential area

Commercial area
Public area

Transportation facility

Biotope type requiring partial improvement

3. Results

3.1. Current-Flow Betweenness Centrality Results Derived from Land Cover and Urban Habitat Maps

CFBC results are presented in Table 3 and Figure 2. The mean land cover-based CFBC value
was 0.0052 ± 0.0037, and the mean urban habitat-based CFBC value was 0.0049 ± 0.0030 (Table 3).
Areas of high connectivity in the northern and westerns parts of Suwon, which are mountainous,
were observed in both maps, with minimal contributions from the central and southeast regions
(Figure 2). Relatively high CFBC values (>0.0066) in the land cover-derived map were concentrated in
the northern mountainous region. We found that fragmented forest patches and urban parks could act
as corridors connecting major areas, based on their high CFBC values (Figures 2 and A1), and that
built-up areas rarely contributed to connectivity (CFBC < 0.0027).

Table 3. Mean current-flow betweenness centrality (CFBC) values derived from land cover and urban
habitat maps.

Category Current-Flow betweenness Centrality (mean ± SD)

Land Cover

Forest 0.0100 ± 0.0028
Wetland 0.0074 ± 0.0027

Grassland 0.0060 ± 0.0031
Bare land 0.0057 ± 0.0023

Water 0.0056 ± 0.0020
Agriculture 0.0051 ± 0.0022

Built-up 0.0026 ± 0.0020
Mean 0.0052 ± 0.0037

Urban Habitat

Natural area 0.0082 ± 0.0016
Semi-natural area 0.0071 ± 0.0022
Semi-artificial area 0.0062 ± 0.0019

Low-density Artificial area 0.0048±0.0017
High-density grey area 0.0026 ± 0.0022

Mean 0.0049 ± 0.0030
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Figure 2. CFBC results derived from (a) land cover and (b) urban habitat maps. CFBC values in both
maps are classified into five categories. L1–L3 in land cover and U1–U4 in urban habitat showed areas
with high CFBC values.

Regarding the urban habitat results, mountainous and agricultural areas had high centrality values
(>0.0066) (Figures 1a and 2b). Specifically, agricultural areas in the west made considerable contributions
to connectivity, as did mountainous areas in the northwest and northeast (Figures 1a and 2b). Urban
parks contributed to connectivity, linking these mountainous areas (Figures 2b and A1)
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3.2. Differences between the Current-Flow Betweenness Centrality Maps

The CFBC results derived from land cover and urban habitat maps differed. First, the land
cover map results indicated very high connectivity in forested areas, with other land cover types
having a generally low connectivity. By contrast, the urban habitat-derived map showed a more
uniform distribution of connectivity across land cover types. For example, areas with CFBC values of
0.0047–0.0066 were more widespread in the urban habitat results, but the majority of areas in the land
cover map had CFBC values > 0.0336 and <0.0047 (Figure 2). Second, the spatial gradient of CFBC
values was steeper in the urban habitat map relative to the land cover map, while the gradient was
neither steep nor shallow within forested areas in the urban habitat map (Figure 2).

To visualize these differences, the land cover-derived CFBC values were subtracted from the
urban habitat-derived values, converted into a Z-distribution, and displayed on a map (Figure 3).
The mean difference in CFBC was 0.0003 ± 0.0021, indicating that the average land cover-derived
values were higher than the urban habitat-derived ones (Table 3). Significant Z values were found in
water, agriculture, forest, and bare land areas (Z values < |1.5|) (Figures 1 and 3)—there is a similar
tendency shown in Figure 4. In order to compare the contribution of urban habitat and landcover maps
to ecological connectivity, the mean CFBC differences between two maps were classified depending on
seven land cover types (Figure 4). Water and agricultural areas showed relatively higher connectivity
in the urban habitat map, while forest and bare land showed higher connectivity in the land cover
map. The mean CFBC difference values for water and agriculture in the urban habitat map were 0.0013
and 0.0011, respectively. In the land cover map, the average CFBC difference values in forest and bare
land were 0.0020 and 0.0011, respectively. Generally, built-up and grassland area values were not
significantly different between the two maps. The mean CFBC value of built-up was higher by 0.0002
in the urban habitat map and that for grassland was higher by 0.0003 in the land cover map.
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4. Discussion

4.1. Land Cover Map and Urban Habitat Map for the Connectivity Analysis

In the Republic of Korea, land cover maps are produced to understand land use patterns
at the national level, with the general aim of distinguishing developed from natural areas.
Thus, urban ecological status maps compensate for this by providing more detailed ecological
information. Closely, forests are classified into three types based on land cover maps, but 13 types
based on urban habitat maps, with the latter providing information at a finer resolution that more
accurately reflects ecological parameters and processes. Furthermore, the biotopes of urban habitat
maps reflect factors such as the height of buildings, types of waterfront areas, ground impermeability,
vegetation status, and river level. The five categories of the urban habitat map are thus appropriate
for assessing ecological networks in cities, because they include definitions of urban spaces from an
ecological perspective.

4.2. Contribution to Connectivity

The CFBC results compared with the land cover map indicated that forests, their fragmented
patches, and small green patches highly contribute to ecological connectivity in Suwon. Meanwhile,
the water bodies and agriculture areas also construct a connectivity of city, and have potentiality
due to their extent and location. Our results indicated that forests were typically the most highly
connected areas in both maps. Fragmented forest patches contributed significantly to urban connectivity
in the land cover maps, as did water bodies in the urban habitat maps (Figures 1–3). Furthermore,
small green patches, including parks, contributed to connectivity within Suwon City (Figures 2 and A1).
The etymology of “Suwon”, the name of the site, is derived from water fountains and resources.
Reservoirs and lakes in Suwon appear to be relatively evenly distributed and function as key connectivity
corridors (Figure A2). When areas with natural resources are developed, conservation priority should
be given to reservoirs and lakes. Streams are line-shaped patches that affect the interconnectivity of the
matrix more than dot-shaped patches when they have the same area and make a disproportionately
large contribution to connectivity due to their shape and branching structure [48]. However, we should
be cautious when interpreting the results because water bodies and wetlands show spatial overlap.
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We also found that agricultural areas contributed to connectivity. Currently, 14% of Suwon is
agriculture land, which is concentrated in the west along the Hwanggujicheon Stream (Figure A2) that
acts as bridges between mountainous and built-up areas in the city (Figures 1 and 2). Within cities,
agricultural areas can function as core areas for promoting ecological and biological connectivity than
non-agricultural urban areas; Clucas et al. (2018) [49] showed that farmland in cities enhanced
connectivity by serving as a “stepping-stone” and temporary resting place for mammals and
birds. In Suwon, some agricultural areas are known habitats for endangered species, such as
Hyla suweonensis [50]. However, we note that Suwon has a high proportion of built-up areas (43% of
the total area) relative to cities that may be more agriculture-dominated; expansion of the built-up area
needs to be carefully considered for biodiversity conservation.

4.3. Conservation-Priority Areas

To contribute to conservation efforts in Suwon, priority areas were selected based on the CFBC
Z-distribution results obtained using both maps, which allowed us to visualize the top 5% of areas in
the city in terms of ecological connectivity. In Figure 5, green, orange and blue areas are those making
a large contribution to connectivity in both maps, only the urban habitat map, and only the land cover
map, respectively.
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connectivity in this area. In the land cover map results, nearly all high-priority areas were in the 
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Figure 5. Conservation priority areas (both maps: Z values of both land cover and urban habitat-derived
CFBC are above 1.64; urban habitat map: Z values of urban habitat-derived CFBC are above 1.64;
land cover map: Z values of land cover-derived CFBC are above 1.64).

Areas of high-conservation priority in both maps included mountainous areas and fragmented
mountain areas within the urban zone of Suwon. The large forest area in the north was not considered
significant, possibly due to the valley located in the center, which may have reduced the overall
connectivity in this area. In the land cover map results, nearly all high-priority areas were in the
mountainous region. By contrast, the urban habitat results indicated that grasslands and rivers within
the city were also important to connectivity, therefore they highlighted the important contribution of
small patches within the city to the urban ecological network; their contribution was often equivalent
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to that of forest patches. However, the centrally located forest patches and associated lakes did not
contribute significantly to connectivity in both map (Figures 5, A1 and A2). In spite of being located
somewhere with favorable conditions, small forest patches in the center of Suwon were not significant
as some of them were isolated from other patches. When it comes to landscape structural features,
landscape connectivity highly relies on the average degree of patch isolation over the landscape [10].
Therefore, not only should the spatial distribution in priority conservation areas be considered for
a green network plan but adjacent areas of small forest patches in the center may be critical to
improving connectivity.

In order to enhance the green network in Suwon, the areas under the lines that connect conservation
priorities (Figure 6, grey dot-lines) should be preferentially protected but should also be considered
as prioritized zones for newly launched green patches. Especially, the agricultural area discussed in
Figure 2 is surrounded by priority lines, so it has possibility to function as large mild core area relative
to near urban area.
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above 1.64).

5. Conclusions

We conducted an ecological network analysis based on both land cover and urban habitat maps
for Suwon, identified areas that should be prioritized for protection, and established an ecological
network in the city by synthesizing the results from both maps. The results differed between the two
maps, particularly for water, agricultural, bare land, and forest areas. The urban habitat map results
showed that water bodies and agriculture were areas of high connectivity, while forests, bare land,
and wetlands were highly connected in the land cover map.

We demonstrated that small urban green patches highly contribute to the whole ecological
connectivity of cities by quantitative measurements. Especially, we identified that the level of
contribution was different from types of green patches—mountainous areas and fragmented forest
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areas showed high-conservation priority; however, they often isolated from other patches. On the other
hand, streams, line-shaped patches, largely contribute to connectivity with their branching structure.
Additionally, agricultural areas in cities enhance connectivity by serving as a ”stepping-stone”.
An ecological network has been planned for Suwon City to promote biodiversity. Here, we developed
a CFBC map that indicates districts that primarily need to be protected for ecological connectivity
in Suwon, so it could be used as a reference material when introducing green infrastructure and
establishing a development plan. The method used in this study may serve as a foundation for
future analysis of ecological networks by local governments that are constructing urban habitat maps.
We suggest that various indicators should be weighted according to their permeability by utilizing
appropriate methods. Meanwhile, these ecological network functions as a backbone to provide a
variety of urban ecosystem services to citizens, in a more efficient way and at a closer distance to
them. In summary, an ecological network is considered as a green infrastructure that contributes to
the improvement of various ecological functions of city, even including activities such as ecosystem
management of urban parks and urban gardening [51,52]. Finally, future work integrates land use and
ecological data of different administrative districts with continuous ecological connections prior to
establishing ecological networks for urban areas.
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