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Abstract: The evaluation of ecological risk and the construction of ecological security patterns are
significant for the conservation of World Natural Heritage sites with high outstanding universal value.
This paper constructed a landscape ecological risk evaluation framework for Bayinbuluke using the
three aspects of the “nature-society-landscape pattern” and a cumulative resistance surface from the
risk evaluation results. The ecological sources were identified based on Morphological Spatial Pattern
Analysis (MSPA) and the landscape index. Finally, the Minimum Cumulative Resistance model
(MCR) and gravity model were used to obtain both key ecological corridors and general ecological
corridors. The results showed that: (1) the influencing factors of landscape ecological risk were, in
order of strongest to weakest, landscape pattern factors, natural factors, and social factors; (2) the
spatial differences in terms of landscape ecological risk within the study area could be identified.
Low-risk areas were mainly concentrated in the core area, high-risk areas were mainly in the outer
buffer zone, and the overall ecological risk level at Bayinbuluke was high; and (3) a total of four
key corridors and ten general corridors could be constructed. This study provides a reference for
decision-making on the ecological security and protection of heritage sites.

Keywords: landscape ecological risk assessment; ecological security pattern; world natural heritage;
MSPA; MCR

1. Introduction

Today, both human activities and changes in the natural environment frequently im-
pact regional ecology, as landscape fragmentation and shrinking habitat areas threaten
biological survival [1,2]. Increasing landscape connectivity is essential to reducing habitat
fragmentation and promoting species migration. In addition, the construction of landscape
ecological security patterns improves landscape connectivity by identifying relevant crit-
ical functional connections, ultimately achieving species conservation. Natural heritage
sites are essential areas with high bio-ecological value. As protected areas with unique
representation, the ecological conservation of heritage sites is of great significance.

Ecological risk reflects the negative impacts of human activities and natural environ-
mental changes on ecosystems [3]. Ecological risk assessment is a tool that can effectively
support ecosystem management [4]. As an approach that combines geography and ecologi-
cal processes, ecological risk assessment focuses on the spatial and temporal heterogeneity
of ecological risk in a particular region [5]. A landscape is a territorial complex with eco-
nomic, ecological, and aesthetic values. Landscape ecological risk refers to the negative
impact of natural factors or anthropogenic disturbances on ecosystems and landscape pat-
terns. Related evaluation results are important for understanding the overall characteristics
of regional ecological risk, determining and predicting impacts, and managing ecological
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risk. Moreover, the concept of ecological security emphasizes the ability of ecosystems to
safeguard human health, economic development, and social stability from threats [6]. The
significance of constructing ecological security patterns is to identify and restore ecological
networks consisting of key landscape elements, improve the landscape connectivity of each
element, and promote the regional circulation of materials and energy [7]. The ecological
security pattern has become one way to alleviate conflict between environmental protection
and economic development.

World Natural Heritage (WNH) sites are natural areas of outstanding universal value,
representing the best of nature in geology, bioecology, and aesthetics. WNH sites are
essential for biodiversity conservation and the maintenance of ecological health. However,
the conservation of WNH sites is under threat due to climate change, natural disasters,
and human activities [8]. These issues seriously threaten the security and sustainability of
ecosystems at WNH sites. Therefore, landscape ecological risk assessment of heritage sites
and the construction of ecological security patterns can effectively safeguard outstanding
universal values and ecosystem services.

This paper is organized as follows. Following the introduction, the second part
introduces the literature review. The third part introduces the study area and data source.
The fourth part presents a rigorous description of the methods employed. The fifth part
introduces the empirical results of the study, evaluating ecological risk in the landscape, the
selection of ecological sources, and the construction of ecological corridors. The following
part discusses the theoretical and practical implications. Finally, the conclusion provides a
brief summary, summarizes any limitations, and recommends avenues for future research.

2. Literature Review
2.1. Landscape Ecological Risk

In recent years, relevant scholars have effectively explored ecological risk assessment.
Mann et al. [9] constructed a landscape ecological risk index using landscape metrics to
assess changes in landscape structure and risk influenced by the road network and to-
pography in the Central Himalaya. An ecological risk-based Bayesian model was used
to explore the potential effects of multiple factors on habitat and resources in a forested
landscape in northeastern Oregon [10]. The main research areas are watersheds [11], urban
areas [12], coastal areas heavily influenced by human activities [13-15], and ecologically
sensitive areas such as wetlands [16] and nature reserves [17]. As described, landscape
ecological risk assessment can comprehensively reflect the spatial distribution of regional
risks and provide a reference for decision-making in the contexts of regional development,
construction, and ecological restoration. It is important for the study of protected areas
with high conservation value such as heritage sites. Moreover, there is a close relationship
between land use and ecological risk, and landscape pattern can quantitatively reflect
changes in land use. The landscape index method is a common method used in landscape
ecological risk assessment [13], and is usually calculated as the product of landscape dis-
turbance and landscape vulnerability [18]. Landscape pattern-based assessment methods
can evaluate ecological risk at a regional scale. However, regional ecosystems are often
affected by a combination of natural and human activities. The landscape pattern index can
hardly provide a practical overview of the compound risk in the study area [17,19]. Thus,
researchers have begun to integrate multiple factors into landscape patterns. Li et al. [20]
used the Potential-Connectedness—Resilience three-dimensional (PCR 3D) framework
to analyze the spatial heterogeneity of landscape ecological risk. Yan et al. [21] devel-
oped a landscape ecological risk indicator system for urban agglomerations based on the
“nature-neighborhood-landscape” concept. Studying the spatial and temporal distribution
characteristics of ecological risk in WNH sites and the classification of different levels are
significant when proposing management measures. In this study, multiple factors were
considered when analyzing the landscape ecological risk of WNH sites.
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2.2. Ecological Security Pattern

The ecological security pattern is an important method of ensuring ecological security
and sustainable development. Various scholars have studied ecological security patterns
from different perspectives, leading to the formation of a mainstream research paradigm
based on ecological sources and ecological corridor identification. Nina Klar et al. [22]
used least-cost path models to find the best potential corridors for wildcats in Lower
Saxony, Germany. Corridors are the carriers of energy and material flows in a region, and
are important for ensuring the integrity of ecosystem functions within the region. Zhou
et al. [23] integrated evaluations of ecosystem services value and ecological sensitivity
in order to construct an ecological security pattern for the urban agglomeration around
Hangzhou Bay. Commonly used methods for identifying ecological sources include the
direct selection of woodlands, water bodies, and other important ecological lands; however,
qualitative identification ignores internal differences. The morphological spatial pattern
analysis (MSPA) approach, which focuses on measuring structural connectivity [24,25], has
been introduced to identify ecological sources. The MSPA method identifies important
habitat patches in the study area at the image element level and identifies landscape types
important for maintaining connectivity by selecting foregrounds and backgrounds based on
land use data, then using a series of image processing methods to classify foregrounds into
seven categories according to morphology [26]. While identifying the ecological corridors,
the minimum cumulative resistance (MCR) model can better reflect the interaction between
landscape pattern change and ecological process evolution [23,27]. The key to the MCR
model is the setting of the resistance surface. The construction of resistance surface is
generally based on land cover type in order to set resistance values, which reflect the
interaction between landscape patterns and ecological processes [28,29]. Many of the
current studies are based on the direct assignment of values by experts based on land cover
types, and there is no uniform paradigm for the resistance values of different types. Proper
setting of the resistance value has a considerable impact on ecological network construction.
Previous studies have strong subjectivity in the determination of the landscape resistance
value. Therefore, they have been unable to reveal the intrinsic complexity of ecological
processes and human activities. In this study, landscape ecological risk evaluation results
were used to construct resistance surfaces.

2.3. World Natural Heritage

The study of ecological security patterns mainly focuses on regions where the impact
of anthropogenic activities is more intense [30,31], and there are fewer studies on natural
territories that are sensitive to the impact of human activities and natural disturbances.
Natural heritage sites” ecological environments are fragile. There are various threats
to heritage sites, and scholars have conducted numerous studies on threat factors and
ecological security conservation. Allan et al. [8] analyzed human footprint data from
94 heritage sites and global forest monitoring data from 134 heritage sites and found
that anthropogenic stresses dominate the impact on natural heritage sites. The Galapagos
Islands WNHS was listed as endangered between 2007 and 2010 due to invasive species and
overexploitation. Almost 300 different invasive alien species are considered a threat to just
over half of all world heritage sites [32]. Mairota et al. [33] used landscape pattern analysis
to provide scientific guidance and management options for conservation management
practitioners and local governments.

This paper took Bayinbuluke, a famous WNHS in China, as the study area and em-
ployed a suite of analytical approaches in order to analyze landscape ecological risk and
establish an ecological security pattern. Research on Bayinbuluke’s conservation involves
ecosystem health assessment [34] and ecological environment assessment [35]. However,
vegetation degradation and grazing [36] threaten the conservation and ecological security
of the outstanding universal values of the natural heritage site. From the perspective
of landscape security pattern, the analysis of important patches and corridors that are
important to natural heritage sites can provide necessary decision support for the sustain-
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able management of biodiversity conservation in the study area. This paper constructed
a landscape ecological risk assessment system based on the “nature-society-landscape
pattern” in order to evaluate the risk to Bayinbuluke’s landscape and obtained the spatial
distribution of different levels of risk. This assessment system can better reveal the intrinsic
complexity of human activities and ecological processes. Then, by combining the MSPA
and MCR methods to construct an ecological network, we provided scientific references to
protect the ecological value and promote the sustainable development of Bayinbuluke.

3. Study Area and Data Source
3.1. Study Area

The Xinjiang Tianshan was listed on the World Natural Heritage List in 2013. The
heritage sites here have the most typical integrated landscape of arid desert areas globally,
with the most representative natural landscapes of forests, mountain grasslands, and alpine
meadows. The nominated site is a comprehensive reflection of the most representative
landscape features and ecosystems of the mountains, an area of natural essence with
outstanding scientific and aesthetic value [37]. The Tianshan World Heritage Site conforms
to criteria (vii) and (ix) of the World Heritage Criteria [38], (vii) to contain superlative natural
phenomena or areas of exceptional natural beauty and aesthetic importance and (ix) to be
outstanding examples representing significant on-going ecological and biological processes
in the evolution and development of terrestrial, fresh water, coastal and marine ecosystems,
and communities of plants and animals [39]. Bayinbuluke is a component of the Tianshan
Heritage Site (Figure 1), a prominent representative of the high inter-mountain basin of
the Tianshan Mountains, with typical alpine meadows and alpine wetland ecosystems [40].
Bayinbuluke management history and world heritage values are shown in Figure 2.
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Figure 1. Location of Bayinbuluke (source: GS(2019)1686).



ISPRS Int. ]. Geo-Inf. 2022, 11, 328 50f17

Bayinbuluke Bayinbuluke Overall Nominated as a
Autonomous Region-  National Nature  Planning of = World Heritage
’ level Nature Reserve Reserve Bayinbuluke Site

¢

management 1980

()

2001

* A typical representative of the large

intermountain basin of Tianshan mountain.
* A typical r.epresentative of a.n alpine wetland World Heritage
ecosystem in the temperate arid area. Standards
value * A typical representative of the landscape beauty Criterion (vii)
of the meander swamp in Tianshan mountain. 2
* The southernmost limit of wild swan breeding in Criterion (ix)
the world.

Figure 2. Bayinbuluke Management History and World Heritage Values.

Bayinbuluke is located in the central part of the Tianshan Mountains in Xinjiang, with
a total area of 1094.48 km? and a buffer zone of 800.9 km?. Surrounded by mountains, it has
a temperate continental arid climate with cool, short summers and long, cold winters. The
average annual temperature is —4.6 °C, and the average annual precipitation is 276 mm,
with rainfall concentrated in June to August. Bayinbuluke is part of the Kaidu River
basin, fed mainly by snow and ice melt and rainfall, with local groundwater recharge. The
numerous rivers of various sizes formed by the snow-capped mountains flow into the
Kaidu River, creating about 1000 km? of swampy grassland and lakes along its nine curves.
Bayinbuluke is the largest swan habitat in China and the world’s largest breeding colony
of wild swans. In addition, there are 104 animal species listed on the IUCN Red List of
Species [37]. Bayinbuluke’s buffer zone is home to 2602 seasonal herders who engage in
seasonal grazing activities from June to September.

3.2. Data Sources and Processing
3.2.1. Data Sources

A database was established to evaluate the landscape ecological risk of Bayinbuluke
(Table 1).

Table 1. List of data resources.

Data Data Sources
The WNH restricted and buffer boundaries of Bayinbuluke the material declaration for Xinjiang Tianshan NWH
The spatial information on the roads and communities A field survey (from 26 .] uly 2021, to 31 July 2021) in
Bayinbuluke
Geospatial Data Cloud

Remote sensing data of Landsat-8 OLI (resolution 30 m) (http:/ /www.gscloud.cn, accessed on 8 July 2021)

Geospatial Data Cloud

Digital Elevation Model (DEM) (resolution 30 m) (http:/ /www.gscloud.cn, accessed on 10 July 2021)

3.2.2. Data Processing

The remote sensing images were pre-processed with ENVI 5.3 (http:/ /www.enviidl.
com/ (accessed on 8 July 2021)), including radiometric calibration, atmospheric corrections,
and clipping. We used the supervised classification tool in ENVI 5.3 to obtain land cover
types. The study area was divided into the swamp, wetland meadow, water, cropland, high-
coverage grassland, medium-coverage grassland, low-coverage grassland, sand, and bare
rock. The landscape pattern index was calculated using Fragstats 4.2 (https:/ /www.fs.usda.
gov/pnw /publications/fragstats-spatial-pattern-analysis-program-quantifying-landscape-
structure (accessed on 1 May 2021)). ArcGIS 10.5 (https://www.esri.com/software/arcgis/
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arcgis-for-desktop (accessed on 1 May 2021)) was used for spatial analysis and spatial dis-
play of indicators. Altitude and slope were retrieved from DEM data. All layers maintained
the same coordinate system and cell size (WGS_1984_UTM_45N, 30 x 30 m).

4. Methods

The framework of this study was divided into three parts (Figure 3). First, the index
system of “nature-society—landscape pattern” was used to assess the ecological risk to
Bayinbuluke’s landscape. Second, the ecological sources were obtained based on the MSPA
and landscape index. Finally, the ecological corridors were constructed according to the
MCR model, and a scientific basis was proposed for the outstanding universal value and
ecological conservation.

step 1

Natural factors

Landscape
ecological risk
assessment

Landscape ecological

Hest Resistance surface
risk index system

Social factors

Landscape :
pattern factors Ecological |
security
pattern 1
construction !
1

1

______________________________________

1
step 3 [
1

Outstanding universal
value of world natural
heritage

Land cover type

Ecological
corridors
identification

Connectivity analysis Ecological sources

Figure 3. The framework of the research.

4.1. Selection of Landscape Ecological Risk Assessment Factors

This study constructed the landscape ecological risk index system of a “nature-society—
landscape pattern”. The ecological risk of different landscapes was divided into four levels,
with levels 1-4 representing low, medium, high, and extremely high risk, respectively
(Table 2). The quantitative spatial expression of each indicator was processed through the
reclassification tool in ArcGIS 10.5.

Table 2. The evaluation factors used to determine landscape ecological risk.

Evaluation Aspects Indicators Indicator Grade Grading Standard
1 0-8
o 2 8-15
Slope () 3 15-25
4 >25
1 2270-2428
nature . 2 2429-2500
Elevation (m) 3 2501-2613
4 2614-2894
1 0-1000
. . 2 10002000
distance to the water bodies (m) 3 2000-3000
4 >3000
1 >1500
. 2 1000-1500
distance to the roads (m) 3 500-1000
. 4 0-500
society
1 >1500
. . . 2 1000-1500
distance to the grazing sites (m) 3 500-1000
4 0-500
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Table 2. Cont.

Evaluation Aspects Indicators Indicator Grade Grading Standard

1 0.75-1

. 2 0.5-0.75

Shannon evenness index 3 0.25-0.5

4 0-0.25

1 75-100
Lo o 2 50-75
contagion index (%) 3 2550
landscape pattern 4 0-25

Swamp, wetland meadow, water,

! high-coverage grassland
land cover type 2 medium—coverage grassland
3 Cropland, low—coverage grassland
4 bare land, sand
1 0.75-1
fractional vegetation cover 2 0.53-0.74
3 0.26-0.52
4 0-0.25

Slope, elevation, and distance to water bodies were selected as the natural factors.
Slope and elevation reflect the potential impact of topographic factors on hazards such
as soil erosion, with a higher value meaning more significant ecological risk to the land-
scape [41]. Slopes of 8°, 15°, and 25° corresponded to the cut-offs for mild, moderate, and
intense soil erosion, respectively [42]. Water bodies provide ecosystem services for habitat
maintenance, and a nearby water body, lowers the ecological risk to the landscape [43].

Social factors include distance to roads and distance to grazing sites. Grazing often
leads to significant changes in landscape pattern. Grazing, an ordinary human activity in
Bayinbuluke during the summer, has an impact on the ecology of the heritage site. The
roads serve both the daily passage of herders and as a route for tourist buses. The distance
reflects the extent of human activity on ecosystem disturbance, with proximity to roads
and grazing sites comes higher ecological risk.

The Shannon Evenness Index (SHEI), Contagion Index (CONTAG), land cover type,
and fractional vegetation cover were selected as the landscape pattern factors. The SHEI
indicates the maximum possible diversity of the landscape for a particular landscape
richness, with higher values indicating more stable ecosystems in the area. The value range
is between 0 and 1. A value of 1 indicates that the patch types are evenly distributed with
maximum diversity. The CONTAG indicates the connectivity of the dominant patches
of the landscape pattern, with higher values indicating higher integrity of the landscape
pattern [21,43,44]. Diverse landscape patterns can show a stronger ability to cope with
external disturbances. The complex relationship between landscape patterns and ecological
risk can be reflected an extent using CONTAG and SHEI indicators. The SHEI and CONTAG
were visualized using a moving window in Fragstats 4.2 software, which was set at 500 m.
The classification of land cover types was as referred to in previous studies [43]. Fractional
vegetation cover was calculated in ENVI 5.3 based on remote sensing images [45].

4.2. Spatial Principal Component Analysis (SPCA)

SPCA transforms input multi-band data into a new space by rotating the original axes
to form a new multivariate attribute space [46—48]. The spatial loadings, contribution of
each component, and cumulative contribution are calculated, and the components with
a cumulative contribution of more than 90% can be identified as statistically significant
principal components in order to obtain the weights of each factor. In this paper, the SPCA
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was introduced into the ecological risk assessment of WNH sites; the specific formula is
expressed as follows [49]:

E-)

i=1j

al] ] 1

u M:

where E represents the comprehensive result of landscape ecological risk assessment, a;; is
the j-th principal component corresponding to the i-th grid, and F; represents the eigenvalue
contribution rate of the j-th principal component.

The spatial principal component analysis was processed using the principal com-
ponents tool of ArcGIS. The cumulative contribution of each principal component was
weighted and superimposed, and the final results of the landscape ecological risk evaluation
were obtained by grading through the natural breaks method.

4.3. Construction of Ecological Security Pattern
4.3.1. Identification of Ecological Sources

Ecological sources are essential to the regional ecology and provide vital ecological
services [23,50,51]. Bayinbuluke’s heritage value is reflected in the fact that it is the largest
habitat for swans in China. Furthermore, it is home to 104 animal species listed on the IUCN
Red List of At-Risk Species (2010). Therefore, we chose the areas most critical for the life of
Bayinbuluke’s wildlife. Water, swamp, and high cover grasslands were extracted as the
foreground for the MSPA analysis; then, other landscape types were used as background.
The data were converted to a 30 x 30 m binary raster in the “tiff” format. The eight-
neighborhood analysis method was used to analyze the data in Guidos 2.6, and seven
landscape types (branch, edge, perforation, islet, core, bridge, and loop) were obtained.

The level of landscape connectivity reflects whether a particular landscape is conducive
to species migration within source patches. The core areas were extracted as landscape ele-
ments for the connectivity analysis. The integral index of connectivity (IIC) and probability
of connectivity (PC) are important landscape pattern indicators [52,53]:

n a;-a;
12 1 l
T1IC — ]—ZH” @)
AL
YUY giaipk
PC — ll]lzl]pl] (3)
AL
dI = H% x 100% (4)

where 7 denotes the total number of patches, a; and 4; denote the area of patch i and patch
j, respectively, nl;; denotes the connectivity between patch i and patch j, Ay is the total area
of the landscape, and p;‘j is the maximum probability of direct dispersal of species in i and
j. I refers to IIC and PC, and Iemove is the connectivity index value of the landscape after
removing patch i from that landscape.

This study used Conefor 2.6 to calculate the landscape connectivity index of the core
area [54]. Conefor 2.6 is a landscape connectivity recognition software that calculates
patch connectivity and identifies core patches vital to ecological connectivity [55,56]. The
threshold value of the patch connectivity distance was set to 2000 and the probability of
connectivity was set to 0.5. Based on the IIC and PC, eleven patches (dPC > 2) were selected
as ecological sources.

4.3.2. Construction of Ecological Corridors

Corridors are linear landscape elements that function as channels or barriers and are
important bridges for energy flow [21]. Connecting ecological sources by constructing
ecological corridors is essential to protect biodiversity and maintain the regional ecolog-
ical environment. The resistance surface is the resistance to ecological processes such as
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material exchange, energy transfer and species migration between ecological sources [43].
The construction of the resistance surface is important for the corridor [57]. The MCR
model extracted potential ecological corridors in this study, which calculated the minimum
cumulative resistance distance between the source and the target in order to determine the
path [23,43,58]. The formula is as follows:

MCR = fyuin Y Y (DiiW;) ©)

i=1j=1

where MCR denotes the cumulative value of the minimum resistance between ecological
source j and any point i, D;; represents the distance spanned between the i-th grid and
the j-th ecological source, and W; is the resistance value of the i-th grid on the landscape
resistance surface that prevents the ecological flow from operating.

We used the strength of interactions between ecological sources to characterize the
effectiveness of potential ecological corridors. In this paper, the gravity model is used
to identify the key ecological corridors extracted by the MCR model [59]. The formula
is as follows:

CNixN; (% xIn(s)] [# x In(5))]  In(S;) x In(S))
i Tpr T I; \2 - I2P;P;
i ( ) it

Imax

(6)

where G;; is the interaction between patch i and patch j, N; and N; are the weight coefficients
of the two patches, D;; denotes the normalised value of corridor resistance between patch
iand j, P; and P; are the resistance value of patch i and j, respectively, S; and S; are the
areas of patch i and patch j, respectively, I;; denotes the cumulative resistance value of the
corridor between patch i and patch j, and I,y is the maximum resistance of all corridors in
the study area.

5. Results
5.1. Landscape Ecological Risk Assessment

In the SPCA, the cumulative contribution of the first six spatial principal components
reached 90%, which means that these components can effectively summarise the ecological
risk information of Bayinbuluke’s landscape (Table 3). The weights of each indicator
factor were calculated based on the initial characteristic roots and cumulative contribution
rates of the first six principal components (Table 4). In terms of evaluation aspects, the
landscape ecological risk evaluation results were more influenced by the landscape pattern
and less affected by natural and social factors. In terms of individual factors, the four most
influential factors were distance to roads, fractional vegetation cover, the SHEI, and the
CONTAG. Thus, the construction of roads and the distribution of diversity in different
patches influence ecological security.

In our analysis of the spatial distribution map of landscape ecological risk evaluation
factors (Figure 4), the risk distribution trends of slope and elevation factors in the natural
index were similar, with high-risk areas relatively few in number and concentrated in the
northwestern and southeastern regions. Greater distance to water bodies meant higher
landscape ecological risk. In the social aspect, the landscape ecological risk of roads showed
a zonal distribution. The landscape ecological risk of grazing sites showed a point-like
distribution. In the landscape pattern aspect, the SHEI and CONTAG showed firm spatial
heterogeneity. The landscape ecological risk of the land-cover factor was mainly in the
north. The ecological risk of the fractional vegetation cover factor was mainly concentrated
in the west and the north.
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Table 3. Characteristic roots of principal components and their cumulative contribution rate.

Principal Component Characteristic Value Contribution Rate Cumulative Contribution Rate

1 1.03098 23.8151 23.8151
2 0.93458 21.5883 45.4034
3 0.68868 15.9082 61.3115
4 0.61502 14.2067 75.5183
5 0.46952 10.8457 86.364
6 0.25945 5.9932 92.3572
7 0.19224 4.4407 96.7979
8 0.07213 1.6662 98.4641
9 0.06649 1.5359 100

Table 4. Weight of index factors for landscape ecological risk assessment.

Evaluation Dimension Evaluation Index Weight
nature slope 0.0696
elevation 0.0251

distance to the water bodies 0.1168

society distance to the roads 0.1981
distance to the grazing sites 0.0076

landscape pattern Shannon evenness index 0.1444
contagion index 0.1335

land cover type 0.1263

fractional vegetation cover 0.1786

(a) Slope (b) Elevation (c) Distance to the water bodies

(i) Fractional vegetation cover

Landscape ecological risk degree
|} y

—§ W“fs

| E

-4 0 5 10Km

Figure 4. Degree of landscape ecological risk for each factor.

According to the spatial distribution characteristics of landscape ecological risk in
Bayinbuluke (Table 5, Figure 5), the low-risk areas were mainly located in the core area
of Bayinbuluke, accounting for 18.82% of the total area. The areas of medium and high
landscape ecological risk were similar in size, while the high-risk area was 625.99 km?,
accounting for the largest proportion of the study area. The distribution of high-risk areas
was relatively fragmented and mainly concentrated in the southern part of the study area.
The extremely high-risk area was 307.65 km? and was mainly located in the buffer zone
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around the edge of the heritage site, and occupied the smallest area of the region. These
areas were at risk due to higher slopes, higher elevations, landscape fragmentation, and
grazing. Overall, the ecological risk in the study area was high.

Table 5. Areas of different landscape ecological risk levels.

Ecological Risk Area (km?) Percentage of the Area (%)
low 356.65 18.82
medium 605.09 31.92
high 625.99 33.03
extremely high 307.65 16.23

Landscape Ecological Risk
B Low
7 Medium

[ High

I Extremely high

Figure 5. Spatial distribution of landscape ecological risk.

5.2. The Construction of Ecological Security Pattern for Bayinbuluke
5.2.1. Establishment of Ecological Sources

Seven landscape categories were obtained based on Guidos analysis software (Figure 6).
Then, using Conefor software, the IIC and PC were chosen to evaluate the landscape con-
nectivity of the core area, with the threshold set to 2000 and the probability of connectivity
set to 0.5. The final eleven patches with an area greater than 1 km? and a dPC value greater
than 2 were identified as ecological sources (Table 6), covering an area of 509 km?. Large
areas of high-coverage grassland dominate, with a relatively small proportion of rivers
and swamp mainly in the south and northeast of Bayinbuluke, where the ecosystems are
relatively stable and the biodiversity is abundant, which is conducive to the spread and
maintenance of species.

B Core [ Branch
I Bridge I Edge

Loop B islet
Il rerforation Background

Figure 6. Pattern classes of the study area based on MSPA.
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Table 6. Ranking of the core area based on landscape connectivity.

Rank Number dPC dIIC
1 10 92.71865 89.23183
2 9 37.79061 25.60198
3 6 9.13551 1.18494
4 7 6.10896 0.86053
5 1 5.02875 0.00082
6 2 3.37000 0.06264
7 11 2.76966 0.07650
8 4 2.36398 1.61449
9 8 2.36099 1.78633
10 3 2.14178 0.01074
11 5 2.00178 0.02286

5.2.2. Ecological Corridors Construction

In this paper, the cumulative resistance surface was constructed based on the eval-
uation results of ecological sources and landscape ecological risk using the cost distance
tool in ArcGIS. Finally, the natural breaks method classified the resistance surface into four
grades (Table 7).

Table 7. Classification criteria of the landscape cumulative resistance.

Resistance Grade Cumulative Resistance Value
1 0-5378
2 5379-10,757
3 10,758-16,135
4 13,136-21,514

The potential ecological corridors were identified based on the gravity model, and the
interaction intensity between sources was classified into three classes (0, 10), [10, 100), and
[100, +00). Then, the corridor interaction intensity in [100, +o0) was identified as the key
corridor. The corridor interaction intensity in [10, 100) was identified as general corridor.
The interactions’ intensity in (0, 10) was weak, and thus was not considered.

Fourteen corridors (four key corridors and ten general corridors) were selected based
on the gravity model results in order to obtain the ecological network map of the study
area (Figure 7). Ecological corridors among source sites 2 and 11, 4 and 10, 6 and 7, and
8 and 10 were important. It was easier for species to overcome migration resistance and
achieve material transfer between these corridors. Source 10 was the most frequent source
of material exchange and energy flow in the network. Source sites 4 and 5 had good
connectivity with several source sites via general corridors. The northern part of the study
area had better connectivity with the eastern part, and the ecological corridors were more
dense and favorable for species migration. The southern part of the study area was less
connected to other parts, and the network was not well developed.
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10 Km

— Key corridor
General corridor
Source
l:l Study area

Figure 7. Distribution of ecological corridors in the study area.

6. Discussion

Taking Bayinbuluke World Natural Heritage Site as the study area, this paper estab-
lished an index evaluation system from the three aspects of a “nature-society-landscape
pattern” and evaluated the landscape ecological risk using spatial principal component
analysis. The ecological sources were selected according to the outstanding universal values
of the heritage sites and the MSPA method. Then, the ecological network of Bayinbuluke
was constructed using MCR according to the evaluation results on the landscape ecological
risk. The main conclusions are as follows.

(1) The evaluation system of the “nature—society—landscape pattern” of the World
Natural Heritage site was constructed by selecting nine factors to evaluate the landscape
ecological risk. As shown in Table 4, the evaluation factor of landscape pattern had the
strongest influence on the comprehensive risk, followed by the natural factors, while the
impact of social factors was weak. In terms of individual factors, distance to roads, fractional
vegetation cover, SHEI, and CONTAG had important effects on the ecological risk.

(2) As Figure 5 and Table 5 show, the overall ecological risk level in the study area was
high, with areas of low risk concentrated in the core area and high-risk areas mainly in the
outer buffer zone. This result is consistent with the findings of the ecological environment
assessment of Bayinbuluke conducted by Liu et al. [35]. The high-risk area was 625.99 km?
and the extremely high-risk area was 307.65 km?, with the combined area accounting for
49.26% of the overall area.

(3) Water bodies, swamps, and high-coverage grassland were selected as foregrounds
based on the MSPA, which simplified the process of judging landscape patterns [60].
Then, eleven core area patches larger than 1 km? and dPC greater than 2 were selected as
ecological sources based on landscape connectivity, avoiding the subjectivity of artificially
selecting ecological sources [52]. The distribution of ecological sources in the study area
was heterogeneous. The patches with larger areas were mainly located in the northeastern
and southern parts of the study area. The patches in the north were smaller and striped.

(4) The minimum cumulative depletion paths between ecological sources were con-
structed based on the MCR model, and four key corridors and ten general corridors were
identified. Sources 4, 5, and 10 had good connectivity. From the overall view of the con-
structed ecological network, the northern part of the study area is well connected with
the eastern part. The ecological corridors are relatively dense and conducive to species
migration between patches. However, few corridors connect the south with the east.

6.1. Theoretical Implications

First, current studies have focused on the construction of security patterns in urban
clusters and watersheds [30,31], and fewer studies have been conducted on nature reserves.
Heritage sites are representative nature reserves, and thus research is necessary. Moreover,
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previous studies on ecological risk have mainly focused on analyzing natural and human
influences [17,19]. In this study, the “nature-society-landscape pattern” of landscape
ecological risk evaluation was constructed for a World Natural Heritage site and landscape
pattern factors were considered. The evaluation system was able to reveal the inherent
complexity of human activities and ecological processes. In addition, the SPCA method
was used to determine the weights of landscape ecological risk indicators, which reduced
the subjectivity of weights obtained by human empirical judgment. This method was able
to reflect more objectively the differences in the importance of different indicators. Overall,
this study provides a new research framework for determining the ecological security
pattern of nature reserves.

Second, the determination of the resistance surface is the basis for the construction of
the MCR model, which has a considerable impact on ecological network construction. Pre-
vious studies have had strong subjectivity in the determination of the landscape resistance
value [23,27]. In this study, the results of the landscape ecological risk evaluation were used
as the basis for landscape resistance assignment, and natural and social landscape pattern
factors were considered comprehensively.

Finally, the selection of ecological sources is crucial to the construction of ecological
security patterns. In previous studies, important ecological lands such as water and forest
were mostly selected directly as ecological sources based on area size [21]. In this study,
we extracted the ecological sources by analyzing the outstanding universal values of the
WNH sites in combination with the MSPA method. The importance of the core patches in
the study area was quantitatively evaluated based on PC and IIC, reducing subjectivity to a
certain extent.

6.2. Practical Implications

The landscape pattern had an important influence on the ecological risk to the land-
scape of Bayinbuluke. The management organization should therefore focus on protecting
those buffer zones with a high level of risk. Seasonal grazing from June to September
exists in the buffer zone [34], and land desertification is spreading in certain areas, leading
to the spread of ecological risks to the periphery. Therefore, local areas of land desertifi-
cation should be treated in a timely manner in order to prevent further expansion. The
local herders should be encouraged to carry out only moderate grazing, which is good
for maintaining the soil quality of alpine grasslands [36]. In terms of individual factors,
the distance to roads leads to the highest landscape risk. According to the results of the
multi-level ecological network constructed from the key corridors and general corridors, it
is clear that the southern part of the study area is weakly connected to other parts; thus,
the connections here should be increased. In summation, this study provides a practical
approach to preventing and managing ecological risk in Bayinbuluke’s landscape as well
as a reference for landscape pattern optimization elsewhere.

7. Conclusions

An analytical framework is proposed for assessing landscape ecological risk and the
construction of ecological security patterns, taking the Bayinbuluke World Heritage Site
as an example. Our results show that landscape pattern factors and natural factors have
the most decisive influence on the ecological risk to Bayinbuluke. In terms of spatial
distribution, high-risk areas were mainly located within the peripheral buffer zone. Based
on the MSPA combined with connectivity index analysis, eleven patches were identified
as ecological sources, mainly distributed in the northeastern and southern regions of the
study area. Four critical corridors and ten general corridors were identified according to
MCR. The results of our study provide a theoretical reference for national nature reserves
with similar ecological issues.

Several limitations of this study need to be acknowledged. In this paper, due to the
lack of biologically detailed information on the Bayinbuluke heritage site, the resistance
surface for ecological network construction was obtained solely through the results of
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the landscape ecological risk assessment, without landscape resistance assignment for
species’ living characteristics. In selecting ecological sources, there may be small patches
missing, which could have impacted the results of ecological corridor identification [21]. In
addition, dPC > 2 was used as the screening threshold in the identification of ecological
sources; however, the scientific validity of the threshold selection needs to be further
verified [61]. Therefore, future studies can be compared by setting different thresholds
during the identification stage. Moreover, the evaluation of landscape ecological risk was
analyzed using geospatial information data from 2020. Future studies might focus on
changes in the distribution of ecological risk in the landscape over a longer time series.
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