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Abstract: Exploring the influence of settlement patterns on the landscape fragmentation in woodlands
and biological reserves is key to achieving ecologically sustainable development. In this research,
we chose the Nanshan National Park in Hunan Province, China, as a case study, to explore the
influence mechanisms. First, we identified the biological reserves through the landscape security
patterns of biological conservation. Second, we constructed a coupling coordination model to
analyze the coupling relationship between the settlement patterns and landscape fragmentation in
the woodlands and biological reserves. The analysis showed that, overall, the effect of the settlement
area on the landscape fragmentation in the biological reserves was more pronounced, while the
effect of the settlement spread and shape on the landscape fragmentation in the woodlands was
more obvious. From a type-specific perspective, we analyzed the coupling relationship between
the settlement patterns and (1) the landscape fragmentation in different woodlands and (2) the
landscape fragmentation in the biological reserves, namely concerning Leiothrix lutea and Emberiza
aureola. We found that the effect of the settlement patterns on the landscape fragmentation of the
Leiothrix lutea biological reserve was more significant than that of the landscape fragmentation of its
main habitat, the evergreen broad-leaved forest. The effect of settlement patterns on the landscape
fragmentation of the Emberiza aureola biological reserve was more significant than that of the landscape
fragmentation of its other habitats. In addition, the results demonstrated that the habitat protection
of the woodlands was not a substitute for the systematic protection of biosecurity patterns. This
research could assist in developing more efficient conservation measures for ecologically protected
sites with rural settlements.

Keywords: settlement pattern; woodland ecosystem; landscape security pattern; landscape
fragmentation; coupling coordination degree

1. Introduction

Biodiversity is declining at an unprecedented rate in human history [1]. The average
abundance of native species in most major terrestrial habitats has declined by at least
20% [2]. China is one of the most biodiverse countries in the world, but at the same time, it
is also one of the most threatened countries in terms of biodiversity [3]. Chinese scholars
have focused their research on biodiversity in three main areas. One has been to explore
the mechanisms of biome maintenance and the relationship between biodiversity and
ecosystem functionality [4,5]. The second has been to explore the practical methods of
ecological reserve planning, investigation, and monitoring [6,7]. The third has been to
explore the development of legal regulations for biodiversity conservation [8,9]. After
recent decades of research and exploration, China has made significant achievements in
biodiversity conservation, but biodiversity is still declining due to climate change and
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human activities [3], so exploring the driving factors of biodiversity decline is an important
aspect of biodiversity conservation in China.

Landscape fragmentation is one of the main causes of the sharp decline in biodiver-
sity [1,10–12]. Landscape fragmentation is the process of dividing large and continuous
landscape areas into smaller units and isolated patches [13,14]. It has many adverse effects
on ecosystems, including increased ecosystem vulnerability, species mortality, and changes
in species composition [15]. Landscape fragmentation is characterized by patch size, dis-
tance, shape, and boundary effects, and these factors can directly affect the composition,
structure, and function of forest ecosystems [16–18]. For example, patches with a smaller
proportion of the habitat within a buffer zone had lower connectivity, and patches with
higher shape complexity and that were closer to the outside of the boundary had higher
connectivity [19].

Many researchers suspect that although both natural and anthropogenic factors con-
tribute to woodland landscape fragmentation, anthropogenic factors may contribute more
significantly [20,21]. Frequent changes in land-use cover; the expansions of cash-crop
cultivation [22]; the evolution of basic agricultural and construction lands [23]; increasing
total population and irrigated area [24]; and policies to shrink ecological reserves [25] have
led to the increased landscape fragmentation of woodlands. Cross-sectional studies of
forest reserves in Romania [26], India [27], etc., have also confirmed this.

In addition, many studies have shown that the impact of settlement construction on
landscape fragmentation in biological reserves has been more significant [28–30], and the
interactions between settlement landscape patterns and natural ecosystems have been more
complex [31], and the area, number, density, connectivity, shape similarity, and spatial
organization patterns of settlements have had a significant impact on the size of biological
communities and the species richness in biological reserves [32–35]. Ledda et al. used
the Rural Building Fragmentation Index (RBFI) and effective grid density and applied the
mean-nearest-neighbor method to investigate the interactions between the spatial patterns
of rural settlement construction and the landscape fragmentation [36]. Charlotte et al. used
northern Wisconsin in the United States as an example and proposed that agricultural and
grassland landscape fragmentation was associated with higher building densities and more
dispersed building patterns in rural regions [37]. Li et al. used rural settlements in the
Central Plains of China as a case study and suggested that rural settlements with small
average patch sizes, poor homogeneity, and regular shapes could be conducive to reducing
the fragmentation of biological reserves [38].

More specifically, woodland landscapes in mountainous areas have been characterized
by high biodiversity and contain rich populations of plant and animal species [39], so the
influence of woodland landscape fragmentation would be more complex, as compared
to other types of landscapes [40]. Yet, there have been few studies on the association
between rural settlements and woodland landscape fragmentation in mountainous areas.
Moreover, most studies have analyzed woodland or habitat landscape fragmentation sepa-
rately, overlooking the woodland landscape itself as the main habitat for many biological
species [41,42] and the mutual influence between the two systems. However, whether there
have been differences in the effects of rural settlement patterns on woodland landscapes
versus habitat landscape fragmentation and the ways in which these specific differences
manifest is not yet fully understood.

To repair fragmented landscape patches and protect internal ecosystem connections,
a landscape-security-pattern approach has been widely adopted by most planners [43–46].
Landscape security patterns are certain spatial patterns that are composed of certain critical
localities, locations, and spatial connections in the landscape. Landscape security patterns are
important for maintaining and controlling certain ecological processes [47]. The landscape
security patterns for biological conservation have achieved high spatially efficient biodiversity
conservation goals, and they must be implemented for biological reserves with priority
controls [48,49]. Existing studies on landscape security patterns have focused on two aspects:
pattern identification [50–52] and ecosystem service–function analysis [53]. Among them,
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studies related to landscape security patterns for biological conservation have focused on core
biological habitat identification [54], biological migration-corridor construction [42], biological
reserve management [55], and ecological risk assessment [56]. However, research on the
influence of settlement patterns on landscape security patterns for biological conservation has
not received sufficient attention.

National parks are established to conserve biodiversity and are large, nationally repre-
sentative natural ecosystems [57]. China established the first 10 pilot areas of the national
park system in 2016 and 5 national parks in 2021, which covered nearly 30% of the terres-
trial nationally prioritized wildlife species, in order to protect the important biogeographic
systems and ecological resources that have evolved naturally and are minimally affected
by human activities [58]. Because of the lack of scientific and rational urban and rural
construction and land-use policies, national parks and other biological reserves have ex-
perienced significant challenges, such as unclear boundaries, landscape fragmentation,
and declining species abundance [59]. To achieve better ecosystem conservation, case
studies have proposed improvement measures in terms of holistic conservation and the
management of national parks, the optimization of ecological patch connectivity, ecological
risk assessment, and vulnerability analysis [45,60,61]. However, few studies have analyzed
biodiversity conservation in national parks from the perspective of settlement patterns.
More specifically, the influence of rural settlement patterns on the landscape fragmentation
in national parks needs to be further explored.

In summary, the impact of rural settlement patterns on woodlands and biological
reserves in mountainous areas, especially in national parks, should be assessed by empirical
studies. Therefore, this research chose Nanshan National Park in Hunan, China, as an
empirical case study and analyzed the correlations between rural settlement patterns and
landscape security patterns of the woodlands and biological reserves. This was achieved
by identifying biologically conserved landscape security patterns, calculating the degree of
the coupling coordination, and then comparing the similarities and differences between
the woodlands and biological reserve landscape fragmentation under the influence of rural
settlement patterns. By studying the relationship between rural settlement patterns and
landscape fragmentation in China, we gained insight into the correlation between them
and potential directions that could minimize the negative impact of rural construction on
the environment and biodiversity for the protection rural ecological spaces. In addition,
our findings could also facilitate the integration of rural landscape resources, realize the
effective allocation of resources, and promote sustainable rural development.

2. Materials
2.1. Study Area

The study area was the Hunan Nanshan National Park, located in the southern part
of Chengbu Miao Autonomous County, Hunan Province, between 25◦58′ and 26◦42′ N
latitude and 109◦58′ and 110◦37′ E longitude, with a total area of about 632.94 km2 (Figure 1).
The topography of the study area slopes to the north from the east, west, and south, and is
dominated by mountainous woodlands, accounting for 83.5% of the total area, with forest
ecosystems represented by evergreen broad-leaved forests, inland wetland ecosystems,
and southern alpine meadows. This region is also one of the main migratory routes for
migrating birds in China and is an important conservation site and breeding ground for
rare plants and animals. The region contains 6 townships and 43 administrative villages,
with the number of rural settlements reaching 402 and a total population of 24,000. There
are rich natural ecological resources in the region, but the landscape is highly fragmented,
that is, there are more rural settlements and residents, and the ecological protection and the
settlement construction and development has created significant conflicts.
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2.2. Data Sources

Nanshan Park was identified as a national park pilot area in 2016, and to more clearly
analyze the impact of settlement patterns on the landscape fragmentation of the biological
reserve before the construction of the national park system, the Landsat 8 OLI_TIRS remote
sensing imagery and digital elevation model (DEM) database from 2016 was used in this
study. They were obtained from the Geospatial Data Cloud website of the Computer Net-
work Information Center of the Chinese Academy of Sciences (http://www.gscloud.cn/,
accessed on 21 January 2019). After preliminary correction of remote sensing images and
unsupervised classification interpretation, a raster map with a resolution of 30 m × 30 m
was obtained for 7 land-use types: water system, village land, forest land, pastureland,
agricultural land, dry land, and wetlands (Figure 2). The DEM elevation data were
obtained by the natural intermittent-point-classification method. The spatial distribu-
tion data of forest resources were extracted from China Forestry Science Data Center
(http://www.cfsdc.org/web/zhuye/yhsysm.jsp, accessed on 15 February 2019). The spa-
tial distribution data of woodland-patch types, such as mixed forests, shrub forests, fir
forests, and non-forest lands, in the study area were extracted (Figure 3).
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3. Methods
3.1. Sample Area and Data Pre-Processing
3.1.1. Sample Area Division

Grid analysis was applied for the landscape evaluation, environmental monitoring, and
social analysis. The landscape units divided by the grid reflected the heterogeneity and
spatial characteristics of the landscape, and at the same time, they were conducive to the
integration and analysis of multi-sourced data. Therefore, concerning related studies [62–64],
a 1 km ∗ 1 km grid system was constructed for the study area through the fishnet creation
tool of ArcGIS10.6 (Figure 4).
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3.1.2. Indicator System Construction

To accurately measure and evaluate the coupling relationship between landscape frag-
mentation and settlement patterns in woodlands and biological reserves, this research relied
upon a large amount of literature and the current situation of the study area, and we chose
suitable landscape-pattern indexes that could characterize the spatial configuration and
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structural composition of the landscape. Then, we constructed the landscape-fragmentation
index system and settlement-pattern index system. Landscape pattern indicators were
screened from two theoretical aspects. One was the landscape patch attributes, including
patch area, perimeter, density, shape, type, etc. [51,65,66]. These attributes could character-
ize the interaction between regional landscape patches and the surrounding environment,
which could then better reflect the condition of the regional ecological environment. The
second was the relationship between landscape patches, including patch separation, aggre-
gation, connectivity, etc. [65–68]. This type of index could reflect the material flow, spatial
structure, and change trends in the landscape systems, and it was an important indicator
for determining whether the regional landscape system could continue to exist and develop
in a coordinated and stable manner. The calculation formula and ecological definition of
the specific indexes are shown in Table 1.

Table 1. Landscape Fragmentation and Settlement Pattern Indicator System.

Indicator Type Indicator Name Ecological Meaning Unit

Landscape-pattern index

Patch density (PD) PD Indicates the number of patches per square
kilometer of a landscape type [51,65]. %

Landscape division index
(DIVISION)

Division refers to the degree of separation of the
individual distribution of different landscape
patches in the same landscape type [66,67].

%

Edge density (ED)
ED refers to the ratio between the total perimeter
of all patch boundaries in the landscape and the

total area of the landscape [51].
m/ha

Aggregation index (AI)

AI is one of the indicators of the degree of
fragmentation of plaques, with higher values

indicating more significant aggregation and less
fragmentation [51,65].

%

Patch cohesion index
(COHESION)

COHESION value is used to describe the
connectivity between patch types, and the lower

the proportion of a patch type, the closer the
value is to zero [65,68].

_

Largest patch area index (LPI)
LPI indicates the proportion of the largest patch

in a given patch type that occupies the entire
landscape area [51,68].

%

Rural Settlement-pattern
index

landscape shape index (LSI)
LSI is one of the indicators of aggregation, and

the more discrete the plaque type, the larger the
LSI value [51]

_

Contagion index (CONTAG)

CONTAG indicates the proportion of the
landscape area occupied by each patch linkage
type multiplied by the number of adjacent grid
cells between these types as a proportion of the

total number of adjacent grid cells [51,68]

%

Mean patch size (Area_MN)

AREA_MN indicates the ratio of the total area of
a patch type to the number of patches of that

type, indicating the overall area size of the
landscape patches [69,70].

ha

3.1.3. Data Standardization and Weights Determination

After passing through the grid mask, the raster data were imported into Fragstats 4.2
software, and the calculation was carried out in a square window of 100 m ∗ 100 m by the
“moving windows” command, and the calculated raster layers were imported into ArcGIS
software to calculate the average value of each landscape pattern indicator for all raster
points within each grid, separately.
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As different indicators were calculated, the results were prone to errors in quantitative
units and orders of magnitude. To reduce the errors, the data needed to be standardized.
In this research, the polar difference method was chosen for data standardization, and the
processing method was as follows.

Positive index : Xij =

Vij − min
1≤i≤m

(Vij)

max
1≤i≤m

(Vij)−min(Vij)
(1)

Negative index : Xij =

max
1≤i≤m

(Vij)−Vij

max
1≤i≤m

(Vij)−min(Vij)
(2)

where Xij is the jth standardized value of the ith indicator, Vij is the jth standardized value
of the ith indicator, and m is the number of samples under study.

The entropy method uses information entropy to calculate the entropy value based on
the degree of change in each indicator. The entropy value was used to correct the weights
of each indicator and determine more objective weights [71–73]. Therefore, this study used
the entropy method to calculate the weights of each indicator with the following formula.

pij = rij/
m

∑
i=1

rij (3)

ej = −k
m

∑
i=1

pij Inpij k = 1/Inm (4)

wj = (1− ej)/
n

∑
j=1

(1− ej) (5)

where rij is the value of the ith item of the jth index, pij denotes the index weight of the ith
item of the jth index, ej denotes the entropy of the jth index, wj denotes the entropy weight
of the jth index, and m is the number of sample areas.

3.2. Constructing Landscape Security Patterns for the Biological Reserves

To more comprehensively characterize the biological habitat of the study area, this
paper selected the indicator species, Leiothrix lutea and Emberiza aureola, simulated their
movement processes, constructed the landscape security patterns, and extracted the most
ecologically valuable low-level security patterns in the biological reserve, which were used
as the basic data for the subsequent analysis of the coupling and coordination between
landscape fragmentation and settlement patterns. The principles used to select the indicator
species included the following three considerations: first, representativeness, as the two
types of indicator species were typical representatives of the biological taxa of migratory
birds and resident birds, respectively; had a higher relative density in their biological taxa;
were more sensitive to changes in the surrounding ecological environment; and have been
significantly affected by environmental changes [74,75]; second, effectiveness, as the two
types of species had an important ecological status and could represent the ecological
value of their protected areas [76]; third, the contrast, as the distribution of the protected
areas of the two bird species had little overlap, so they could more intuitively analyze the
differences in the landscape pattern indicators on the influence of different species in the
protected areas [77]. The specific construction steps were as follows.

3.2.1. Selection of Ecological Source Sites

The native habitats of the Leiothrix lutea were extracted from the forest resource distri-
bution map (mixed forest, shrub forest, and bamboo forest patches), and the main habitats of
the Emberiza aureola were extracted from the land-use type and forest resource-distribution
raster map (pasture, cultivated land, wetlands, and shrub forest patches).
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3.2.2. Determination of Resistance Factors

Based on relevant studies of the resistance factors [78–82], we used the Delphi method,
combined with a hierarchical analysis, to build the evaluation system of landscape-resistance
value and weights for each index, as shown in Tables 2 and 3. By means of a questionnaire,
20 experts in the relevant fields were asked for their understanding of the evaluation
factors. We standardized the above data through YAAHP hierarchical analysis software. To
ensure the accuracy of the calculation results, a consistency test was performed, and the
consistency index CI = 0.0000 was obtained, indicating that the decisions of the matrices
were wholly consistent.

Table 2. The relative resistance-evaluation system.

Guideline Layer The First Level
Indicator Layer

Secondary Indicator
Layer

Resistance Value

Leiothrix lutea Emberiza aureola

Environmental Factors

Elevation

407–776 m 80 1
776–1037 m 60 20

1037–1288 m 40 40
1288–1545 m 20 60
1545–1985 m 10 80

Land-use Type

Waters 80 40
Woodland 1 1

Pasture 40 20
Village land 100 100
Farmland 20 1

Dryland, bare land 80 60
Wetland 60 20

Interference factors

Distance from the
settlement

0–500 m 100 100
500–1000 m 80 80

1000–1500 m 40 40
>1500 m 1 1

Distance from the
water body

<500 m 80 -
500–1000 m 60 -

1000–1500 m 40 -
>1500 m 20 -

Distance from
cultivated land

<500 m - 1
500–1000 m - 40

1000–1500 m - 80
>1500 m - 100

Table 3. Resistance factor weights for indicative species.

Guideline Layer The First Level
Indicator Layer

Weighting Value

Leiothrix lutea Emberiza aureola

Indicator Weights Guideline
Weights Indicator Weights Guideline

Weights

Environmental
Factors

Elevation 0.125
0.8333

0.125
0.75Land-use Type 0.875 0.875

Interference factors

Distance from the
settlement 0.6667

0.1667

0.1667

0.25Distance from the
water body 0.3333 -

Distance from
cultivated land - 0.8333
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3.2.3. Resistance Surface Construction

This step was performed using the raster calculator tool in ArcGIS10.6 software. The
spatial distribution of the integrated resistance surface was obtained by entering a formula
consisting of the resistance value data of each indicator layer and its weight value, as well
as the weight of the criterion layer.

3.2.4. Biological Reserve Security Pattern Construction

Using the cost distance tool in ArcGIS, the minimum cost distance of species expansion
was obtained, and finally, the cumulative resistance value of each raster was classified into
three categories: low, medium, and high, using the natural interruption-point-classification
method. The category with the lowest cost resistance was selected as the core area of
the biological reserve. Strategic nodes were identified to form a “strategic point-corridor-
protected area” [83].

3.3. Calculation of the Landscape-Fragmentation Index

After deriving the weights of each index through the entropy weighting method, the
landscape-fragmentation index of each sample area was calculated based on the standard-
ized data with the following formula.

Fi =
n

∑
j=1

wjXij (6)

where Fi is the landscape-fragmentation index of the ith sample area, wj is the weight of
the jth indicator, and Xij is the jth standardized value of the ith indicator.

The spatial distribution data of forest resources and the overall protected area data,
superimposed by two types of core protected areas of indicator species, were used as the
basic data for the study of forest fragmentation and protected area fragmentation, respectively
(shown in Figure 5). The grid with both landscape patches and settlement patches was selected
as the sample area. Fragstats software was used to calculate each landscape-pattern index,
and the weights of each landscape-pattern index were derived according to Equations (3)–(5)
(Table 4). According to Equation (6), we calculated each landscape-fragmentation index of
this area, and through ArcGIS software, we assigned the calculation results to the sample
area, and through the natural interruption-point-classification method, we classified all the
values into three categories: high, medium and low. As a result, we finally acquired the spatial
distribution of the landscape-fragmentation index.
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Table 4. List of landscape-pattern-index weights.

Landscape Type
Landscape-Pattern Index Weights

AI COHESION DI ED LPI PD

Woodland 0.2328 0.1514 0.1135 0.1710 0.1196 0.2118

Woodland type

Shrubland 0.1631 0.1634 0.1791 0.1586 0.1879 0.1479
Fir Forest 0.1668 0.1524 0.1872 0.1592 0.2080 0.1263
Evergreen

broad-leaved forest 0.1861 0.1423 0.1755 0.1566 0.1991 0.1404

Other forest lands 0.1636 0.1581 0.1780 0.1560 0.1974 0.1469
Non-forested land 0.2057 0.1479 0.1565 0.1688 0.1670 0.1542

General Biological Reserve 0.2206 0.1332 0.1401 0.1749 0.1572 0.1740

Habitat type

Leiothrix lutea
Biological Reserve 0.2412 0.1489 0.1448 0.1614 0.1456 0.1582

Emberiza aureola
Biological Reserve 0.1928 0.1605 0.1588 0.1651 0.1595 0.1633

3.4. Evaluation of the Coupling Coordination Degree

Coupling is a physical concept that indicates the degree of mutual influence and
correlation between different systems through their interactions [84–86]. In this study, a
coupling coordination model was used to explore the degree of interconnectedness between
landscape fragmentation and settlement patterns, which was calculated as follows.

Ci =

√
Fi × Gi

(Fi + Gi)
2 (7)

Since the degree of the landscape fragmentation and settlement patterns in different
regions were differentiated and unbalanced, it would be easy to have a situation where
one system was extremely high or extremely low, so relying on the degree of the coupling
alone was prone to significant errors [87,88]. For this reason, the degree of the coupling
could not represent the overall synergy between the two systems, and it was necessary
to construct a coordination measurement model between landscape fragmentation and
settlement-pattern indexes and then combine it with the degree of the coupling model to
form a coupling coordination model, using the following formulas [89,90].

Ti = αFi × βGi (8)

Di =
√

Ci × Ti (9)

where Ci is the degree of the coupling of the landscape-fragmentation index and settlement-
pattern index in the ith sample area; Fi is the index value of the landscape-pattern index in
the ith sample area; Gi is the index value of the settlement-pattern index in the ith sample
area; Ti is the integrated coefficient of coordination between landscape fragmentation and
settlement pattern in the ith sample area; Di denotes the coupling coordination between
landscape fragmentation and settlement-pattern index in the ith sample area; and α and β
denote the weights of the landscape-fragmentation and settlement-pattern indexes, which
were both taken as 0.5.

To distinguish the degree of the coupling between different types of the landscape
fragmentation and settlement patterns, the coordination relationships between the sys-
tems were classified as five hierarchical types, according to the degree of the coupling
coordination by using the uniform-distribution-function method, according to the relevant
studies [85,86,91] (Table 5)
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Table 5. Classification of coupled coordination assessment.

Degree of the Coupling Coordination Value (D) Range Coordination States

0–0.2 Serious disorder
0.2–0.4 Mild coupling coordination
0.4–0.6 Primary coupling coordination
0.6–0.8 Favorable coupling coordination
0.8–1.0 Quality coupling coordination

The operational steps to determine the overall degree of coupling coordination be-
tween the fragmentation and settlement patterns were as follows: according to Equations
(7)–(9), the degree of the coupling, the coordination index, and the degree of the coupling
coordination were calculated for each sample area, and the percentage of the number of
sample points in different value intervals was calculated according to the 5 types of the
coupling coordination, as classified in Table 5.

The operational steps to determine the overall degree of coordination of different
woodlands and biological reserves between the fragmentation and settlement patterns
were as follows: by using the overlay tool of ArcGIS, the sample areas of each type of
landscape and settlement patch were screened separately, and the coupling coordination
between the fragmentation index and settlement-pattern index of each type of screened
sample areas was calculated according to Equations (7)–(9), and the proportion of sample
areas in different levels of each type was counted according to the criteria for each of the
5 types of the coupling coordination. The spatial distribution of each type of the coupling
coordination was obtained by correlating the values of the coupling coordination to the
corresponding sample areas.

4. Result
4.1. Biological Reserve Security Pattern

The landscape security patterns of Leiothrix lutea and Emberiza aureola were obtained
by the ecological site selection, the resistance surface construction, and the minimum
cumulative cost distance calculation, as illustrated in Section 3.2, and the results are shown
in Figure 6.

The core area of the biosecurity pattern of the Leiothrix lutea was about 406.376 km2,
accounting for 64.3% of the total study area, and was distributed in the eastern part of
the study area and around the small rural settlements in the central western part of the
study area, where there were a large number of woodland resources suitable for the habitat
of the Leiothrix lutea. The buffer and coordination zones were distributed in the form of
points near the rural settlements in the western and northern regions. The buffer and
the coordination zones were primarily distributed in the form of points near the rural
settlements in the west and the north, where the construction intensity was high and the
woodland resources were small, which interfered more with the survival of Leiothrix lutea.
The radiation paths were radially distributed from the low resistance convergence points
inside the large landscape patches; the closer to the interior of the landscape patches, the
more significant the density of the radiation paths. The ecological corridors connected
the ecologically weak and rich areas along the edges of the landscape patches and the
boundaries of the different types of the protected areas.

The core area of the Emberiza aureola’s biosecurity pattern was about 249.703 km2,
accounting for 39.51% of the total study area, which was concentrated in the western
shrublands and southern wetlands of the study area. The buffer and coordination zones
were primarily distributed in the central, eastern, and northern regions, which comprised
concentrated construction areas and tall forest areas that were not suitable for Emberiza
aureola’s migration. The distribution of the radiation paths in the core area was denser, and
the landscape patches were more strongly connected. The landscape ecological corridor
crossed the core protected area to connect the ecological nodes.
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4.2. Result of the Landscape-Fragmentation Index

By using ArcGIS software, the landscape-fragmentation index of the overall wood-
lands and biological reserves was obtained, as shown in Figure 7.
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biological reserve landscape-fragmentation index.

The samples in the high-value area that represented the two types of landscape frag-
mentation were similar in number, whereas the medium fragmentation of the woodlands
was relatively high, and the area of low fragmentation accounted for a relatively small
proportion, indicating that the overall fragmentation of the woodland landscape was more
significant than that of the protected areas.

In terms of spatial distribution, both types of the landscape-fragmentation indexes
were high in the east and low in the west, as well as low on all four sides, except for
the central region. The landscape-fragmentation indexes of different types of biological
reserves showed the characteristics of a multi-point distribution and were more scattered,
while the landscape-fragmentation indexes of different types of woodlands had obvious
homogeneous clustering. The high values were concentrated in the northeastern part of
the study area, the middle values were concentrated in the middle and western regions,
and the low values were primarily concentrated in the western and southern regions.

4.3. Results of the Coupling Coordination Evaluation
4.3.1. Overall Degree of the Coupling Coordination between the Fragmentation and
Settlement Patterns

The percentages of sample points in different value intervals of the five types of the
coupling coordination were calculated, and the results are shown in Table 6.

Table 6. The proportion of the number of D values of coupling coordination types.

Settlement-Pattern-Index Type Evaluation Level of the
Coupling Coordination

Woodland Fragmentation Index Habitat Fragmentation Index

Percentage of Different Levels
of D-Value (%)

Percentage of Different Levels
of D-Value (%)

AREA_MN

Serious disorder 1 0
Mild coupling 1 1

Primary coupling 11 11
Favorable coupling 82 36

Quality coupling 4 52

CONTAG

Serious disorder 1 1
Mild coupling 9 9

Primary coupling 29 27
Favorable coupling 50 41

Quality coupling 11 22

LSI

Serious disorder 2 5
Mild coupling 19 35

Primary coupling 46 38
Favorable coupling 31 20

Quality coupling 2 2
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The calculated coupling coordination values were associated with the correspond-
ing sample areas through the tabular-data-linking tool of ArcGIS, and the final spatial
distributions of each type of the coupling coordination were obtained (Figure 8).

Land 2023, 12, x FOR PEER REVIEW 14 of 27 
 

homogeneous clustering. The high values were concentrated in the northeastern part of 

the study area, the middle values were concentrated in the middle and western regions, 

and the low values were primarily concentrated in the western and southern regions. 

4.3. Results of the coupling Coordination Evaluation 

4.3.1. Overall Degree of the coupling Coordination between the Fragmentation and Set-

tlement Patterns 

The percentages of sample points in different value intervals of the five types of the 

coupling coordination were calculated, and the results are shown in Table 6. 

Table 6. The proportion of the number of D values of coupling coordination types. 

Settlement-Pat-

tern-Index Type 

Evaluation Level of the 

coupling Coordination 

Woodland Fragmentation Index Habitat Fragmentation Index 

Percentage of Different Levels of 

D-Value (%) 

Percentage of Different Lev-

els of D-Value (%) 

AREA_MN 

Serious disorder  1  0 

Mild coupling  1 1 

Primary coupling  11 11 

Favorable coupling  82 36 

Quality coupling  4 52  

CONTAG 

Serious disorder  1  1 

Mild coupling  9 9 

Primary coupling  29 27 

Favorable coupling  50 41 

Quality coupling  11 22 

LSI 

Serious disorder  2 5  

Mild coupling  19 35  

Primary coupling  46 38  

Favorable coupling  31  20  

Quality coupling  2  2  

The calculated coupling coordination values were associated with the corresponding 

sample areas through the tabular-data-linking tool of ArcGIS, and the final spatial distri-

butions of each type of the coupling coordination were obtained (Figure 8). 

       
(a) (b) 

Land 2023, 12, x FOR PEER REVIEW 15 of 27 
 

  
(c) (d) 

  
(e) (f) 

Figure 8. (a) Spatial distribution of the coupling coordination between (a) woodland landscape-
fragmentation index and AREA_MN, (b) biological reserve landscape-fragmentation index and 
AREA_MN, (c) woodland landscape-fragmentation index and CONTAG, (d) biological reserve 
landscape-fragmentation index and CONTAG, (e) woodland landscape-fragmentation index and 
LSI, and (f) biological reserve landscape-fragmentation index and LSI. 

As shown in Table 6, more than 85% of the woodland and biological reserve patches 
had coupling coordination values between 0.6 and 1.0 with AREA_MN and CONTAG, 
and less than 10% of the samples were in the low-value range, indicating that there was a 
strong degree of the coupling between the woodland fragmentation and the biological 
reserve patches and AREA_MN and CONTAG in the study area. The results of the cou-
pling coordination between the two types of fragmentation indexes and LSI showed that 
60% of the sample areas were within the interval of primary and favorable coupling coor-
dination, indicating that the external shape of the settlement development was influenced 
by the degrees of fragmentation in the woodland and biological reserve landscapes. 

In terms of the spatial distribution, the high degrees of the coupling coordination 
between the two types of the landscape-fragmentation indexes and AREA_MN were pri-
marily distributed along the edges of the different types of land patches, while the high 
degrees of the coupling coordination with CONTAG and LSI were primarily distributed 
inside each patch group, showing a high trend in the east and a low trend in the west. 
There was an obvious concentration of high coupling coordination at Baiyun Lake Wet-
land Park in the north. 

In terms of the characteristics of the distribution areas, the high values of the coupling 
coordination between the two types of the landscape-fragmentation indexes and 

Figure 8. Spatial distribution of the coupling coordination between (a) woodland landscape-
fragmentation index and AREA_MN, (b) biological reserve landscape-fragmentation index and
AREA_MN, (c) woodland landscape-fragmentation index and CONTAG, (d) biological reserve
landscape-fragmentation index and CONTAG, (e) woodland landscape-fragmentation index and LSI,
and (f) biological reserve landscape-fragmentation index and LSI.
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As shown in Table 6, more than 85% of the woodland and biological reserve patches
had coupling coordination values between 0.6 and 1.0 with AREA_MN and CONTAG,
and less than 10% of the samples were in the low-value range, indicating that there was
a strong degree of the coupling between the woodland fragmentation and the biological
reserve patches and AREA_MN and CONTAG in the study area. The results of the coupling
coordination between the two types of fragmentation indexes and LSI showed that 60% of
the sample areas were within the interval of primary and favorable coupling coordination,
indicating that the external shape of the settlement development was influenced by the
degrees of fragmentation in the woodland and biological reserve landscapes.

In terms of the spatial distribution, the high degrees of the coupling coordination
between the two types of the landscape-fragmentation indexes and AREA_MN were
primarily distributed along the edges of the different types of land patches, while the high
degrees of the coupling coordination with CONTAG and LSI were primarily distributed
inside each patch group, showing a high trend in the east and a low trend in the west.
There was an obvious concentration of high coupling coordination at Baiyun Lake Wetland
Park in the north.

In terms of the characteristics of the distribution areas, the high values of the cou-
pling coordination between the two types of the landscape-fragmentation indexes and
AREA_MN were distributed in areas with concentrated species habitats, such as the con-
centrated evergreen broad-leaved forests in the central west, the alpine pastures in the west,
and the alpine wetlands in the south, while the high values of the coupling coordination
with CONTAG and LSI were primarily distributed in areas with dense settlements and
highly intense construction development in the northern region.

The main distribution intervals of the coupling coordination values between the
settlement-pattern index and woodland/biological reserve fragmentation indexes were
consistent. As compared to the forest land, the coupling coordination of the biological re-
serve fragmentation index with AREA_MN and CONTAG was much higher in the quality
coupling coordination interval, but the coupling coordination with LSI was lower in the
primary and favorable coupling coordination interval. Based on the spatial distribution,
the high coupling coordination values of the BPA fragmentation index with AREA_MN
were distributed in the central and western parts of the study area, while the high coupling
coordination values of the forest land in this area showed a scattered multi-point distribu-
tion; the high coupling coordination values of the BPA fragmentation index with CONTAG
and LSI were primarily distributed in the north.

4.3.2. Evaluation of the Coupling Coordination between the Fragmentation Index and
Settlement-Pattern Index for Each Type of Woodland and Biological Reserve

Because of the variability in the relationship between the degree of fragmentation of
different landscape types and settlement patterns, this study further divided the woodlands
into five categories: shrublands, fir forest, evergreen broad-leaved forest, other woodlands,
and non-woodlands. Other woodlands were defined by a superimposed synthesis of
smaller woodlands, such as pine forests and dry fruit forests, and non-woodlands were
primarily the synthesis of land types other than woodlands, such as croplands and wetlands.
The biological reserves were the core reserves of the indicator species Leiothrix lutea and
Emberiza aureola, which were used to study the coupling and coordination relationships
between the fragmentation of different landscape types and their settlement-pattern index.

According to the steps in Section 3.4, the proportions and spatial distributions of
sample areas at different levels for different types of woodlands (shown in Table 7) and
biological reserves were obtained (shown in Figure 9).
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Table 7. Percentage of the number of different levels of D-values in the coupled coordination of
specific types of woodlands and biological reserves.

Settlement-
Pattern

Index Type

Evaluation
Level of the

Coupling
Coordination

Percentage of Forest Land Type D Value (%)
Percentage of D-Value of
Biological Reserve Types

(%)

Shrubland Fir Forest

Evergreen
Broad-
Leaved
Forest

Other Forest
Lands

Non-
Forested

Land

Leiothrix
lutea

Reserve

Emberiza
aureola
Reserve

AREA_MN

Serious Disorder 3 0 1 2 1 1 1
Mild 31 1 4 16 1 1 3

Primary 24 12 19 50 22 10 20
Favorable 33 36 63 29 74 82 71

Quality 9 51 12 2 3 7 5

CONTAG

Serious Disorder 6 1 2 4 2 1 2
Mild 35 9 8 26 11 7 13

Primary 36 27 30 42 32 27 29
Favorable 21 40 51 25 43 52 41

Quality 1 23 9 3 12 13 16

LSI

Serious
Disorder 7 5 3 10 3 1 5

Mild 53 24 18 37 24 20 21
Primary 30 38 44 39 44 42 43

Favorable 9 29 35 13 26 34 28
Quality 1 3 0 1 3 3 4

The results of the analysis of the settlement-pattern index showed that AREA_MN
had the highest coupling coordination with all landscape types of fragmentation, CONTAG
the second, and LSI the lowest, which were consistent with the relationships between the
coupling coordination of the fragmentation index and settlement-pattern index for the
overall woodlands and biological reserves.

By comparing the coupling coordination models of the two types of biological reserves,
the following conclusions were obtained. In terms of the percentages of the coupling coordi-
nation indexes, the degrees of coupling coordination between the landscape-fragmentation
index and the settlement-pattern index were higher in the Leiothrix lutea reserve than in the
Emberiza aureola reserve, and the differences between the two were the largest, in terms of
the coupling coordination relationship, with AREA_MN.

In terms of the spatial distribution, the coupling coordination between the fragmenta-
tion and AREA_MN in the Leiothrix lutea reserve had a scattered distribution, while the
coupling coordination between the landscape fragmentation and AREA_MN in the Ember-
iza aureola reserve was high in the western and eastern regions. The spatial distribution of
the coupling coordination between the fragmentation and CONTAG and LSI in the Leiothrix
lutea reserve was more evenly distributed, showing a core of aggregated high values and
gradually decreasing values along the periphery, while the coupling coordination of this
aspect in the Emberiza aureola reserve was more spatially distributed in different regions,
with a small clustering of high values in the north and more staggered values elsewhere.

By comparing the coupling coordination model of the landscape fragmentation of
all woodland types, we found that the coupling coordination of the fir fragmentation
index, with AREA_MN and CONTAG, was the highest in terms of index values, and the
sample areas with coupling coordination more significant than 0.6 accounted for more
than 60%. From the spatial distribution, the coupling coordination of the fir forest, the
evergreen broad-leaved forest, and other woodlands with AREA_MN showed a high trend
around the middle and low trend, while the coupling coordination with CONTAG and LSI
were high around the middle, while the coupling coordination between the shrublands
fragmentation and the three types of settlement-pattern indexes were high in the western
and the eastern regions.
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Figure 9. Spatial distribution maps of the coupling coordination of (a) Leiothrix lutea bio-reserve,
(b) Emberiza aureola bio-reserve, (c) fir forest, (d) other woodlands, (e) non-woodlands, (f) shrub-
lands, and (g) mixed evergreen broad-leaved forest with the settlement-pattern indexes AREA_MN,
CONTAG, and LSI, respectively (left to right).

Combining the results of all woodland types, we found that AREA_MN and CONTAG
had higher coupling coordination with the landscape-fragmentation indexes of the fir
forest, the evergreen broad-leaved forest, the non-woodlands, Leiothrix lutea, and Emberiz
aureola reserve, indicating a stronger correlation between the average settlement patch
areas and these systems. In terms of the numerical comparison, the overall coupling
coordination between the fragmentation index and the settlement-pattern index was higher
for the Leiothrix lutea reserves than for the evergreen broad-leaved forests, while the overall
coupling coordination between the fragmentation index and the settlement-pattern index
was slightly lower for the Emberiza aureola habitats than for the non-forested lands, but
higher than for the shrublands.

5. Discussion
5.1. Settlement Patterns and Fragmentation of Woodlands and Biological Reserves

The present study confirmed that the settlement area, the shape index, and the spread-
ing index had a more significant coupling relationship with the degree of the landscape
fragmentation in woodlands and biological reserves, which was consistent with the findings
of Zhu et al. [92] and Xu et al. [93]. However, the existing studies did not analyze the specific
manifestations of the differences in the effects of settlement indicators on woodlands and
biological reserves. In this study, by analyzing the model of the coupled and coordinated
relationships between the landscape-fragmentation index and the settlement patterns in the
woodlands and the biological reserves, we found that the influence of the settlement area on
the landscape fragmentation was more significant along the edges of landscape patches and
in the dense landscape patches. The degree of influence on the settlement aggregation and
the development shape on the landscape fragmentation were more significant inside large
landscape patches and in dense settlements. As stated in other studies, there was a stronger
effect along the edges of the landscape patches [94,95], which increased the prominence of
the landscape fragmentation caused by the encroachment of settlement construction on
woodlands and biological reserves. At the same time, the outward expansion of settlements
tended to create an inward squeeze on other landscape patches, causing more landscape
patches to change from continuous to fragmented [96], producing more patchy edges
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and changing the spatial properties of the landscape patches [97]. However, Zhang et al.
argued that the expansion of settlement areas had a more significant effect on the landscape
fragmentation in areas where construction activities were concentrated [98], probably be-
cause their study had not considered the differences in the influences on topography by
construction activities. Furthermore, in mountainous areas, settlement construction is more
obviously influenced by topography, and the compactness of settlement structures and
the establishment of inter-settlement connections are more damaging to the integrity of
the landscape patches directly. The development of transportation networks and complex
settlement shapes in mountainous areas has led to a stronger disorderly fragmentation of
the original landscape patches, seriously impacting the cycle of regional ecological func-
tions [92]. While rural settlement roads can extend to higher heights, steeper slopes, and
more sensitive habitats than urban roads [99], the length and spatial distribution of the
rural roads largely complicate the landscape and ecological impacts [29], resulting in the
landscape fragmentation of woodlands and biological reserves.

The comparison of the two types of models showed that the contribution of settle-
ment sizes to the landscape fragmentation in the biological reserves was stronger, while
settlement compactness and shape had a more pronounced impact on the landscape frag-
mentation of woodlands. This also reflected that the effects of settlement construction on
indicator species habitats and biosecurity patterns had been different. Some settlement
construction measures that were less associated with biotic habitat landscape fragmen-
tation could have a more significant impact on biosecurity patterns. This was similar to
the conclusions of Ledda et al. [36] and Charlotte et al. [37], but differed from the find-
ings of Lockhart et al. [100]. The reason could be that the encroachment of settlements
on biological reserves tended to disperse biological communities, that would then form
numerous small groups [101,102], and the area differences between the small groups, the
complexity of their migration trajectories, the increase in the stopover nodes, and the more
dispersed community structure directly modified the overall biosecurity patterns, which
in turn increased the landscape fragmentation of the biological reserves. The extension
of the settlement shape and the changes in its compactness were more direct obstacles to
the interaction between woodland patches, limiting each patch to passively extend in a
direction with the least resistance and thereby producing many small woodland patches of
different shapes and affecting the degree of the landscape fragmentation.

Therefore, when carrying out the construction of a mountain settlement, the overall
construction area should be reasonably controlled, and the degree of aggregation of eco-
logical landscape patches should be increased by measures, such as concentrating and
merging rural greenways and parks, meadows, and forest patches, thereby reducing the
dominance of construction land patches [92]. At the same time, the expansion of a mountain
settlement area should be a considerable distance away from large centralized biological
reserves, and the cluster development model should allow disturbance areas generated by
adjacent settlements to overlap, thus minimizing the areas affected [103] and ensuring the
remaining landscape would be more suitable for forest and wildlife, especially species that
are sensitive to human disturbance [104].

5.2. Settlement Patterns and Fragmentation of Various Types of Woodlands and Two Types of
Biological Reserves

By analyzing the coupling relationship between the landscape fragmentation and the
settlement patterns in specific types of woodlands and biological reserves, we found that the
relationship between the landscape fragmentation and the settlement patterns in biological
reserves of indicator species differed significantly, regarding the type of woodlands they
had primarily inhabited. Specifically, the landscape fragmentation of the Leiothrix lutea
reserves was more significantly affected by the settlement patterns than the evergreen
broad-leaved forests. The values with more significant correlations were distributed at the
junction of the core, buffer, and coordination zones, and in areas with more radial paths in
the landscape. As Ramellini et al. [102] and Herrando et al. [105] had demonstrate, Leiothrix
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lutea populations showed exponential expansion: the closer they were to the population
concentrations, the more prominent the impact of the settlement construction had on their
survival and habitat. The fragmentation of the landscape of the Emberiza aureola reserve
was less affected by the settlement patterns than the non-woodland landscapes and more
affected than the shrubland landscapes, and the areas that were more strongly associated
with the settlement areas were primarily distributed within the core biological conservation
area. The areas that were more strongly associated with the settlement spread and shape
were distributed in a band across the middle, which largely coincided with the main
north–south longitudinal landscape corridor [80].

There were also significant differences in the effects of the fragmentation caused by the
settlement patterns on the biological reserves of the different bird species. Leiothrix luteas
are resident birds, and the landscape fragmentation along the edges of their protected areas
was more significantly affected by the settlement patterns because the differences in the
intensities of the settlement construction made the resistance values along the edges of their
protected areas more variable and less connected. Emberiza aureolas are migratory birds, and
the landscape fragmentation in the central part of their protected areas was more affected by
the settlement patterns. Because they gather in flocks during migration [106,107] and choose
continuous and safe migration paths in central areas of habitat patches with less human
activity [108,109], changes in the shape and the compactness of the human settlements and
the transportation facilities between settlements were more likely to affect the resistance at
the various nodes along the migration path, resulting in the habitat macro-patches being
more fragmented.

In terms of the spatial differentiation, the effect of the settlement area on the landscape
fragmentation in the biological reserves was more prominent within the core of the reserve,
while the effect of the settlement spread and shape on the landscape fragmentation in the
biological reserves was more prominent within the coordination zone. The reason may
have been due to biological core reserves being more likely to shape the characteristics of
regular landscape environments, resulting in settlement spreading having a more signif-
icant impact on the overall area. However, the buffer zone of the biological reserve had
to manage the material input from the core area and complete the material output with
the coordination area, so it was more influenced by the shape of the settlement and the
connection relationships. In addition, in areas rich in woodland types, the coupling rela-
tionship between each settlement index and landscape fragmentation was not significant.
It was possible that the over-mixing of woodland types created too much scattering in the
internal system, resulting in a more ambiguous interrelationship between the woodland
fragmentation and the settlement patterns.

Therefore, the construction of settlements in mountainous forested areas should not
only consider the integrity of the woodland landscape patches but also the landscape
security patterns of indicator species. Along the edges of the Leiothrix lutea reserve and the
core part of the Emberiza aureola reserve, the settlement area should be minimized and the
construction intensity reduced.

6. Conclusions

This study applied the landscape ecological security pattern and a coupled coordina-
tion model to analyze and evaluate the correlations between the landscape fragmentation
and the settlement patterns in mountainous woodlands and biological reserves in terms of
both pattern indicators and spatial differentiation. It also explored the relationship between
the fragmentation and the settlement patterns in different landscape types and indicator
species, with the following findings.

(1) The biosecurity patterns of two indicator species in the study area were constructed
by using the MCR model, in which the core protected areas of Leiothrix lutea were distributed
in the eastern part and around the rural settlements in the central west. The radial paths
were distributed from the low-resistance convergence points inside the large landscape
patches outwards, and the ecological corridors were shown to connect the ecologically



Land 2023, 12, 741 21 of 25

weak and rich areas along the edges of the landscape patches and the boundaries of the
core areas. The radiation paths in the core area were more densely distributed, and the
landscape patches were more strongly connected. The ecological corridor crossed the core
protected area and connects all ecological nodes.

(2) By constructing a coupled coordination model between the woodlands, the bio-
logical reserves, and the settlement patterns, we found that the degree of the landscape
fragmentation was more correlated with the average patch size of the settlement at the
edge of the junction of each land type or in the area where the landscape patches were
concentrated, while the degree of the landscape fragmentation was affected by the connec-
tivity, the dispersion, and the development shape of the settlements within each group or
within the area where the rural construction and development were concentrated. There
were obvious clustering cores with a high coupling coordination in areas where both the
natural landscape fragmentation and the artificial construction intensity were high. By
comparing the results of the two models, we found that the landscape fragmentation in the
biological reserves was more strongly correlated with the average patch area of the clusters
and the degree of cluster connectivity and agglomeration, while the correlation between
patch fragmentation in the woodlands and the shape of the clusters was more obvious.

(3) By constructing a model of the coupling coordination among each type of wood-
lands, biological reserves, and settlement patterns, we concluded that the coupling coor-
dination between the fir forest and the settlement pattern was the highest. The degree of
fragmentation was more correlated with the area; the degree of aggregation and dispersion;
and the development shape of the settlement in the Leiothrix lutea reserve than in the
Emberiza aureola reserve. The landscape fragmentation was more significantly influenced
by the settlement patterns in the Leiothrix lutea reserve than in the broad-leaved evergreen
forest, which was its main habitat. The landscape fragmentation was less influenced by the
settlement patterns in the Emberiza aureola reserve than in the non-woodland areas, and
more influenced by shrublands, which was its main habitat.

The study of the settlement patterns on the landscape fragmentation in woodland and
biological reserves demonstrated the differences in the conservation values for biodiversity
conservation. For species whose primary habitat is woodlands, protecting woodland land-
scape diversity was not necessarily effective in protecting their habitat environment, and
the changes in different settlement attributes could have different effects on the landscape.
However, this research only studied the landscape patterns from a single period, which
could not reveal the dynamic impact of settlement pattern development on landscape
fragmentation. Our next study will combine multi-temporal data to carry out an in-depth
analysis, provide suggestions for restoring fragmented landscape habitats and efficiently
protecting biodiversity in mountainous woodlands, and propose optimization strategies
for settlement planning, construction, and management.
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