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The identification and restoration of damaged ecosystems are key to achieving
ecological conservation and sustainable. Hainan Island is experiencing a serious
crisis of biodiversity and habitat degradation. Therefore, its ecological
conservation has become a priority and challenge for China. This study aimed
to construct a multi-level ecological security pattern (ESP) based on the synergy
of multiple ecosystem service functions and identify important ecological
elements and ecological restoration areas. Based on the InVEST model, the
circuit theory model, and a series of GIS spatial analysis methods, the
importance of ecosystem functions (biodiversity maintenance, water
conservation, carbon sequestration, and soil conservation) was evaluated, and
ecological sources, ecological corridors, ecological pinch points, and ecological
barrier points were identified. The results are as follows: 1) The best habitats in
Hainan Island were distributed in the central mountainous area with diverse
ecosystems, with an area of 10982.5 km?, accounting for 34.25% of the total
suitable habitats. Low-level habitats are mainly distributed on tableland and
coastal zones. Human disturbance is the direct cause of landscape patch
fragmentation in low-level habitat areas. 2) A total of 65 large ecological
sources with a total area of 8238.23km? were identified, which were
concentrated in the biodiversity and water conservation areas in the central
part of the island. 3) Crucial areas in Hainan Island mainly comprised forests and
water bodies. Ecological corridors radiated across the entire area in the form of a
spider web and connected all important ecological patches, including
138 ecological corridors (73 primary ecological corridors and 65 secondary
ecological corridors), 222 ecological pinch points, and 198 ecological barrier
points. In addition, the identified areas for restoration are primary areas in urgent
need of protection and restoration. In general, the ecological pinch points are
natural conservation areas supplemented by anthropogenic restoration, and the
ecological barrier points demand equal attention for anthropogenic restoration
and nature conservation. The ecosystem protection plan developed in this study
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will enrich the theoretical achievements of territorial spatial ecological planning in
Hainan Island, and provides clear guidance for alleviating the contradiction
between land use and economic development in Hainan Island.

KEYWORDS

Hainan Island, ecological crisis, ecosystem services, ecological red line, ecological

security, circuit theory

1 Introduction

Rapid urbanization has undoubtedly promoted economic and
social development (Wu et al., 2020). However, extensive
economic development and outdated concepts of ecological
environmental protection have introduced various ecological
problems (Bai et al., 2022). Various countries around the
world are attempting to improve the quality and function of
ecosystems by developing ecological and environmental
protection technologies and planning schemes (Zha et al,
2021; Luo and Fu, 2023). However, the problems of landscape
fragmentation, biodiversity loss, and ecosystem service
degradation have not been effectively contained (De Ledn
et al, 2019; Dai, 2022). According to the fifth National
Desertification and Desertification Monitoring, the total area
of desertified land in China has reached 2,611,600 km?* (Xu
et al., 2022), and it is still growing at a rate of 2,460 km* per
year. Ecological restoration, which focuses on the restoration of
degraded and damaged ecosystems, is considered a global
priority for improving the ecological environment and
reaching a reconciliation between ecological protection and
urbanization (Almenar et al., 2019). Therefore, accurately
identifying key areas for ecological restoration to enhance
landscape connectivity and ecosystem functions is an
important goal for many countries, including China (Peng
et al., 2018a; Simmonds et al., 2020).

Ecological security patterns (ESPs) are an important
the sustainable

foundation supporting

natural living systems (Li et al, 2019). They refer to the

development of

landscape elements, spatial locations and connections that
are critical to maintaining the health and safety of ecological
processes, including continuous and complete landscape
patterns, wetland systems, natural forms of river systems,
2023).
landscape ESP should include landscape components such as

and greenway systems (Yang et al, A typical
sources, buffer zones, inter-source connections, and strategic
points, forming a multi-level, continuous and complete network
(Ferrari et al., 2018). Early research on ESPs mainly involved
nature reserves and scenic spots, with a relatively simple goal
primarily targeted at biodiversity conservation (Ye et al., 2018).
Recent years have seen an increase in the number of studies on
urban agglomeration (Wang et al., 2022), water conservation
areas (Fu et al., 2020), and ecologically fragile areas (Li et al,,
2021), and their research aims have changed from single-species
protection to a regional integrated ESPs covering biodiversity
conservation, climate regulation and cultural heritage (Kukkala
and Moilanen, 2017). A lot of research results have also been
achieved based on the research paradigm of ecological source-
resistance surface-corridor. For example, Zhou provided a
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priority protection scheme consisting of 534 source areas and
656 corridors for ecological conservation activities in the
Tibetan Plateau region (Zhou et al., 2023). Qin has identified
27 sub-regions urgently in need of restoration in the southern
part of Kunming, China (Qin et al., 2023). The land use types
mainly included woodland, grassland, and cultivated land, with
a total area of 197.68 km?. As shown, the construction of ESPs
can enable the determination of the spatial distribution of
ecological security, identification of potential ecological risk
areas, and ultimately improvement of the level of ecological
protection and guiding urban ecological construction.

An ecological source refers to the starting point of species
survival and diffusion, which is the basis and key to the
construction of ESPs (Xiao et al., 2020). Some studies directly
regard important ecological lands, such as water bodies,
wetlands, forest lands and nature reserves as ecological
sources. However, such direct considerations cannot guarantee
the full play of ecosystem services and functions (Zhou et al.,
2023). The InVEST model integrates multiple levels of ecosystem
services such as water conservation, biodiversity, soil
conservation, and carbon sequestration (Ci et al., 2023), which
is more accurate for quantifying ecosystem connectivity and
integrity than identifying ecological sources with a single
factor (Peng et al,, 2019). Landscape resistance surface refers
to the resistance that ecological flow needs to overcome when
crossing a land use type (Dong et al., 2021). The main method of
constructing a resistance surface is to assign values based on the
landscape type. Ecological corridors connect multiple ecological
patches and provide channels for species migration and
ecological flow (Li et al, 2019). Commonly used models for
the extraction of ecological corridors include the minimum
cumulative resistance (MCR) model and circuit theory (CT)
model (Chen et al., 2023b). The CT model simulates species
migration by means of the random walk characteristic of the
current in the resistance plane, and intuitively provides feedback
on the importance of the corridor and node according to the
strength of the current. This model has the advantages of
exploring the width of the corridor and accurately identifying
the location of the node, and overcomes the shortcoming of other
models that have difficulty reflecting the information exchange
(Huang et al., 2022). In the connectivity model of CT, ecological
pinch points refer to areas in the ecological corridor with high
current density, indicating a relatively high possibility of species
passing through this location during migration; they are also key
locations for priority maintenance and management in ecological
protection (Wang et al., 2020). Ecological barrier areas refer to
areas where the migration of species between ecological sources is
hindered. The identification of ecological barrier areas and their
improvement or removal can greatly reduce the resistance to
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FIGURE 1

Geographical location and land use types in 2020 (Global30 data based on 30 m spatial resolution) of Hainan Island, China.

ecological processes and improve landscape connectivity (Peng
et al,, 2018b). In general, ESPs aim to improve the integrity and
connectivity of ecosystems by identifying and regulating
ecological sources and corridors, and seek effective ways to
solve ecosystem fragmentation.

Hainan Island is one of the most biodiverse areas in China
(Zhai et al., 2018). As an important ecological protection barrier
in the southern coastal zone, the ecological security of this region
plays a pivotal role in the ecological balance and homeland
security of the whole country (Zhang et al., 2021). However,
in recent years, global climate change and the overexploitation of
natural resources have disturbed the ecological balance of the
island, and the region is facing severe environmental issues, such
as tropical rainforest degradation, loss of wildlife habitats, and
agricultural non-point source pollution (Sui et al., 2012; Wang
and Meng, 2018; Liu et al., 2020). The irrational use of water
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resources also hinders the implementation of ecological
conservation measures, especially during the dry season.
Although the Chinese government has launched a number of
ecosystem protection and restoration projects on Hainan Island
with decent results, the contradiction between the ecological
environment and production and construction land remains
very prominent (Fang et al., 2021). Therefore, research on
land ecological restoration and the construction of an ESP for
Hainan Island according to local conditions are urgently
required. Such efforts are of great significance for the stable
improvement of ecosystem services and high-quality economic
development on the island. Previous studies on the ecological
security of Hainan Island involved only some regions (Han et al.,
2022) and certain ecosystem types (Luo and Fu, 2023), or only
considered ecological planning from the perspective of
biodiversity (Lei et al, 2022). In particular, systematic
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TABLE 1 Landscape resistance factors and resistance coefficients.

10.3389/fenvs.2024.1323673

RF w IN RC RF w IN RC
Land use 0.3 Forest 1 Residential distance (m) 0.15 >4000 1
Shrubland 10 3000-4000 100
Grass land 30 2000-3000 300
Water body 50 1000-2000 500
Wetland 50 0-1000 1000
Cultivated 100 Road distance (m) 0.1 >2000 1
Bare land 500 1500-2000 100
Artificial surfaces 1000 1000-1500 300
Vegetation coverage 0.15 0.8-1 1 500-1000 500
0.6-0.8 100 0-500 1000
0.4-0.6 300 Elevation (m) 0.1 0-300 1
0.2-0.4 500 300-600 100
0-0.2 1000 600-900 300
Water distance (m) 0.1 0-500 1 900-1200 500
500-1500 100 >1200 1000
1500-2500 300 Slope (°) 0.1 0-5 1
2500-3500 500 5-15 100
>3500 1000 15-25 300
25-35 500
>35 1000

RF, stands for resistance factor; W stands for weight; IN, stands for index; RC, stands for resistance coefficient.

research on the whole island is lacking, especially on ESPs
coupling multiple ecosystem service functions.

Temporal and spatial changes of land use pattern and the rapid
development of economic construction will lead to changes in the
original structure and function of ecosystems (Long et al, 2014).
Moreover, ecosystems in different regions have widely differing
background conditions. Consequently, it is difficult to develop a
standard ESP paradigm. Some key questions need to be answered in
order to build suitable ESPs. How can ecologically fragile areas be
restored and reconstructed in accordance with ecological and
environmental problems faced by the study area? How can
individual ecological elements constituting ecosystems at different
scales control the overall ecological security? Considering these
questions, the following primary objectives were set in this study: 1)
identify ecological sources based on the theory of ecosystem
service-landscape connectivity, 2) construct landscape resistance
surfaces by comprehensively considering topography, vegetation
cover, human activity impact, land cover and other factors, 3)
extract ecological corridors using circuit theory models, and 4)
identify key ecological pinch points and ecological barrier points.
Finally, based on the spatial heterogeneity of ecological resource
distribution, economic development and production activities in this
region, an optimization strategy is proposed for the ecosystem
protection framework of Hainan Island. The findings will help
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enrich theoretical methods of constructing regional ESPs, and can
provide a reference research paradigm for territorial spatial planning.

2 Materials and methods

2.1 Study area

Hainan Island is located in the northwestern part of the South
China Sea (18°10'-20°10'N, 108°37'-111°03’E). Hainan Island has a
tropical monsoon marine climate, with an average annual
temperature of 22.5°C-25.6°C and an average annual rainfall of
923-2459 mm (Liu et al,, 2021a). With its unique hydrothermal
resources, it is one of the most biodiverse regions in China and even
in the world. Biologists have named it a natural species gene bank
and natural museum. Vegetation on the island belongs to tropical
and tropical island vegetation types, and the natural vegetation
includes tropical monsoon rain forest, tropical rain forest,
evergreen broad-leaved forest, mangrove forest, coniferous forest,
scrubland, and grassland. Since the 1960s, 10 national nature
reserves have been established on this island. In 2021, Hainan
Tropical Rainforest National Park was officially established as
one of China’s first national parks at the 15th Conference of the
Parties to the Convention on Biological Diversity. The geographic
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location and current land use types of the study area are shown
in Figure 1.

2.2 Data sources

Several datasets were used in this study. These data are mainly
spatial data and basic data. The spatial data include: 1) Land use data
(GlobeLand30) of 30 m spatial resolution were obtained from the
National Basic Geographic Information Center (http://www.globa
lland cover.com/). 2) The digital elevation model (DEM) and remote
sensing image data were all obtained from the geospatial data cloud
website (http://www.gscloud.cn/). For DEM, ASTER GDEM
V3 data with a spatial resolution of 30 m were used for the
calculation of slope, topographic relief, topographic index,
watershed extraction, efc. Landsat-80LI images for August 2020,
with a spatial resolution of 30 m, were used as remote sensing data
and the vegetation coverage was calculated in ENVIL 3)
Meteorological data, including temperature and precipitation,
were obtained from the National Meteorological Data Center
(http://data.cma.cn/). Grid data were interpolated using the
Kriging interpolation method to calculate the average annual
precipitation, potential evapotranspiration, and precipitation
erosivity factors. 4) Soil datasets, covering soil organic matter
content, soil texture, soil depth, and depth of root system, were
obtained from the world of soil database, and they were used to
calculate the soil erosion force factor and other indicators
(HWSDv1.2, http://www.fao.org/soilsportal/soil-survey). The data
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of traffic (railway and highway), water system and residential areas
were derived from the National Geographic Information Resources
Directory Service System (http://www.webmap.cn). 6) The data of
ecological redlines and nature reserves with a scale of 1:250,000 are
derived from the delineation results of Hainan Provincial Land and
Spatial Planning (2020-2035) and the scope of Hainan Provincial
Nature Reserve, respectively. All raster pixels had a spatial resolution
of 30 m x 30 m, and the projection coordinates were uniformly set to
WGS 1984/UTM Zone 48N.

The basic data for analyzing the macro pattern of ecological protection
and economic development and the status of ecosystems in Hainan Island,
especially biodiversity and species distribution, were derived from the
National Statistical Yearbook, Hainan Provincial Statistical Yearbook,
National Ecological Function Zoning (2015 Revised Edition), and
Master Plan for Major Projects for the Protection and Restoration of
National Important Ecosystems (2021-2035). Using these data,
environmental competitiveness was comprehensively evaluated and
support was obtained for the subsequent construction of ESPs.

2.3 Research methods

2.3.1 Ecosystem services assessment

The rapid urbanization of Hainan Island has fragmented natural
habitats and is posing threats to biodiversity (Chen et al., 2023a).
The degradation of forest ecosystems in this region has reduced the
carbon storage and sequestration capacity, which in turn affects the
carbon cycle and climate regulation. At the same time, the shrinkage
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TABLE 2 Importance of ecosystem services in various districts and counties of Hainan Island.

Districts/ Unsuitable habitat Suitable habitat space (km?) Percentage of suitable habitat
counties space (km?) space (%)
Medium High Optimal

Baisha 17.69 2154 | 2658 91136 | 94021 655
Baoting 9.18 0.73 111.19 5248 | 979.07 357
Changjiang 60.40 52963 | 22.83 552.63 | 428.49 478
Chengmai 116.84 62094 | 3122 1123.84 15933 6.04
Danzhou 171.12 1294.04 | 13436 1489.83 | 166.64 9.62
Dingan 44.48 33868 | 113.61 556.38 | 142.62 359
Dongfang 87.34 959.70 | 7871 688.22 | 442.90 6.77
Haikou 371.26 689.06 | 41.76 1093.90 | 33.09 579
Ledong 88.50 48511 | 272.95 669.10  1245.20 833
Lingao 90.57 59231 | 273 609.84 | 243 3.77
Lingshui 68.60 1194 | 21584 29570 | 493.98 3.17
Qionghai 103.38 106.88 | 37827 688.98 | 408.45 494
Qiongzhong 17.96 8.97 25245 35825  2066.63 838
Sanya 132.97 44.75 201.54 403.26 1111.90 5.49
Tunchang 29.84 64.85 | 25224 53494 | 340.96 372
Wanning 168.45 2958 | 416.69 21451 1050.57 534
Wenchang 235.82 919.18 | 310.44 89379 | 1.18 6.63
Wuzhishan 10.59 5.07 36.72 12238 | 968.85 353

of water areas has severed the connection between water and natural ~ constant, 0.5 is taken with reference to previous studies, and z is the

elements such as vegetation, leading to a decrease in the ability to
conserve water (Lei et al., 2022). In addition, ecological issues such as
soil erosion, heavy rainfall, and degradation of the soil environment
have been aggravated, seriously threatening the safety of human
settlements (Zhao et al., 2015). Therefore, the assessment of
ecological functions, including biodiversity maintenance, soil
conservation, water conservation and climate regulation, is of
great significance for maintaining the ecological security of
Hainan Island. Accordingly, this study selected these four
indicators as evaluation factors for assessing the importance of
ecosystem services in Hainan Island. These indicators could be
given the same weight (Zhou et al, 2023) because the
characteristics of the ecosystems in the study area suggest that
they are equally important for fulfilling ecological functions (Lin
et al., 2023). The natural breakpoint method (ArcGIS 10.6, ESRI
Inc., Redlands, CA, United States) was used to divide the evaluation
results into five grades: unsuitable, low, medium, high, and optimal.

The Habitat Quality module of the InVEST model was
used to calculate biodiversity maintenance as follows (Zhang

normalization constant, which is usually set to 2.5.
Ecological carbon sequestration was calculated using the Carbon
Storage and Sequestration modules of the InVEST model (He et al., 2023)

2)

Ctotal = Cabove + Cbelaw + Csoil + Cdead

where Cyy is the total carbon storage of the basin (t/hm?); Copoye iS
the aboveground carbon storage (t/hm?); Cpjoy is the underground
carbon storage (t/hm?), and Cy is the soil carbon storage (t/hm?).
Cyeaq is the dead organic carbon stock (t/hm?).

Water conservation was estimated using the Annual Water Yield
module of the InVEST model. (Li et al., 2023).

Yield, = (1 - Allz‘T") x P,

X

3)

where AET is the actual annual evapotranspiration of grid x and Py
is the annual precipitation of grid x.

Soil conservation was calculated using the Sediment Delivery
Ratio module of the InVEST model (Shi et al., 2012).

et al., 2020b). RUSLE = RKLS — USLE (4)
Dz, RKLS=RxKxLx$ (5)

Qqj=Hj|1-( 5= )
Di;+k USLE=RxKxLxSxCxP (6)

In the formula, Q is the habitat quality, j is the land cover type, x
represents a grid, D is the stress level, k is the semi-saturation
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where RKLS is the amount of soil erosion in bare land; USLE is the
amount of soil erosion where management measures or vegetation
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FIGURE 3
Spatial distribution of ecological sources in Hainan Island.

Legend
I Ecological sources

cover have been implemented; R is the rainfall erosion factor; K is
the soil erodibility factor; LS is the terrain factor; C is the coverage
and management factor; P is the factor of soil and water
conservation measures. The P and C coefficients were assigned
with reference to the relevant research results (Jiang et al., 2016).
Rainfall erosivity is calculated based on monthly rainfall and annual
average rainfall (Lin et al., 2023). The formula for calculating the
K-factor is:

K = {0.2 + 0.3 exp[0.0256Sand (1 - Silt/100)]}
x [Silt/ (Clay + Silt)]** x {1 - 0.25C/[C + exp(3.72 - 2.95C)]}
x {1-0.7SN, /[SN; + exp(=5.51 +22.95N,)]} 7)

where Sand, Silt, Clay and C represent the content (%) of gravel, silt,
clay and organic carbon, respectively.

2.3.2 Ecological source identification

The basic step of constructing ESPss is to determine ecological
sources (Dai, 2022). Generally, as an important patch to maintain
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the stability of ecosystem and the integrity of landscape pattern,
ecological source plays a key role in maintaining regional ecological
security and biodiversity protection (Peng et al., 2018b). In this
study, the optimal patches of ecosystem service importance were
used as the preliminary identification results of ecological sources.
The ecological redline covers not only important areas of ecosystem
functions, but also sensitive and fragile areas of the ecological
environment, such as desertification, rocky desertification, and
salinization areas (Tang et al., 2020). In contrast, nature reserves
refer to areas with the most intact natural ecosystems. Specifically,
the data of ecological redlines and nature reserves were introduced
into the identification of ecological sources (Figure 9; Figure 10), and
their intersection areas were extracted to adjust the ecological
sources by using the spatial overlay tool in ArcGIS 10.6.
However, in the preliminarily extracted ecological sources,
patches smaller than 5km”> were found to be relatively
fragmented and scattered, with very low connectivity between
them and larger landscape patches. Considering that ecological
sources have a certain area protecting the core area from external
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FIGURE 4
Spatial distribution of landscape resistance surface in Hainan Island.

interference and that the radiation function of patches with smaller
areas is weak (Kang et al., 2021). Therefore, by referring to relevant
research results (Lin et al., 2023), the core areas of ecological sources
were further screened out through morphological spatial pattern
analysis (=5 km?).

2.3.3 Resistance surface construction

The landscape resistance surface is the basis for calculating the
dispersal path of species in the case of overcoming resistance (Chen
etal., 2020). The more perfect the landscape ecological function, the
less resistance the species will be subjected to, and the greater the
resistance will be on the contrary. According to previous research
experience, in this study, land use, vegetation coverage, elevation,
slope, topographic relief, and distance from water were taken as
natural resistance, and rural settlements, urban land use, and road
distance were taken as interference of human activities (Lin et al.,
2023). On the basis of referring to the relevant research results (Lin
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Resistance value
[ ] High : 680.1

-Low:1

et al., 2023; Qin et al.,, 2023), and combined with the difference of
habitat suitability and the principle of distance attenuation in the
study area, the ecological resistance value was assigned to the
resistance factor.The index weight of each resistance factor was
determined using the analytic hierarchy process (Table 1), and the
landscape resistance surface was calculated using the weighted
sum method.

2.3.4 Ecological corridor extraction

Ecological corridors are links that maintain the material transfer
and energy flow between ecological sources, and they are also key to
overcoming landscape resistance and improving landscape
connectivity (Liu et al, 2021b). The connectivity model of CT
considers the random walk characteristic of species and accords
with the migration status of species. Even in the absence of species
migration data, the multipath analysis can accurately simulate the

dispersal path of species in heterogeneous landscapes (McRae et al.,
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FIGURE 5
Spatial distribution of key ecological corridors in Hainan Island.
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2008). Therefore, potential ecological corridors can be extracted on
the basis of current density distribution (Chen et al., 2022). In this
study, the landscape connectivity between ecological sources in the
study area was analyzed using the connectivity model of CT. Moreover,
potential ecological corridors in the study area were simulated using the
Linkage Mapper tool of Circuitscape and the minimum cost path was
extracted as the optimal ecological corridor. In addition, on the basis of
extracting the least-cost path, by referring to relevant research results
(Luo and Fu, 2023), the centrality index of the least-cost path was
calculated through the Centrality Mapper module of Circuitscape, and
its connectivity was quantified, and the optimal ecological corridor was
divided into primary and secondary ecological corridors.

2.3.5 Identification of ecological pinch points and
ecological barrier points

Ecological pinch points characterize areas with high current density
in the ecological network, and they are also known as “bottleneck
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points”; in other words, they are areas with a high probability of species
migration or irreplaceable paths (Huang et al, 2020). In this study,
ecological pinch points of the overall landscape were identified using the
“all-to-one” pattern of the PinchpointMapper module of Circuitscape.
Considering that the core position of the grip point is not affected by the
change of the width of the corridor, the cost-weighted distance of the
corridor was set to 20,000 m after several tests. Finally, the current
density results were categorized into five grades using the natural
breakpoint method, and the highest level was selected as the
ecological pinch point of the study area.

Ecological barrier points refer to the areas where the migration
of species between sources is greatly hindered, and they can be
identified by calculating the cumulative current recovery value
(Huang et al, 2020). The restoration of barrier points can
significantly reduce the resistance to species migration. In this
study, ecological barrier points were identified using the Barrier
Mapper module of Circuitscape. Specifically, the ‘Maximum’ mode
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FIGURE 6
Spatial distribution of ecological pinch points in Hainan Island.

was selected for iterative operation, and the minimum and
maximum search radii were set to 100 m and 600 m, respectively,
with a step size of 100 m. After many tests, the 300 m gradient was
finally selected as the most reasonable iteration radius in this study.

3 Results

3.1 Importance of ecosystem services in
Hainan Island

From the perspective of spatial pattern (Figure 3), the spatial
distribution of the biodiversity maintenance function significantly
varied across Hainan Island. Areas with the optimal level of the
biodiversity maintenance function were mainly distributed in the
central and southern mountainous regions, and unsuitable areas were
distributed in the urban built-up areas and agricultural land concentration
areas in the coastal zone around the island. Areas with the optimal water
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conservation function were distributed in the southeast coastal area, and
the spatial distribution presented a trend of decline from east to west,
which is basically consistent with the trend of annual precipitation. The
spatial distributions of the soil conservation function, ecological carbon
sequestration function, and biodiversity maintenance function were
similar, and the optimal areas were centered on the central mountain
area and radiated to the surrounding areas. Specifically, the land use type
of optimal areas was dominated by forest, whereas that of unsuitable areas
comprised construction land and agricultural land.

The spatial distribution of the importance of ecosystem services
showed significant differences (Figure 2; Table 2). Optimal habitat space
is widely distributed in Hainan Island, covering an area of
10,982.50 km?, accounting for 34.25% of the total suitable habitats.
The areas of low, medium and high-level habitats space were
6922.96 km?, 2900.13 km?, and 11259.39 km?, accounting for 21.59%,
9.04% and 35.11%, respectively. The optimal habitat space is mainly
located in the central mountainous region, including several counties
such as Qiongzhong, Ledong, Wanning, Wuzhishan, Baoting, and
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FIGURE 7
Spatial distribution of ecological barrier points.

Baisha counties. The influence of human activity is relatively low in
these areas, and they have extremely high vegetation coverage and
species richness, with a large area of natural forest, comprising tropical
forest, tropical rainforest, evergreen broad-leaved forest and other
tropical vegetation landscape. As an ideal habitat for various species,
it has tropical rainforest national parks, namely, Bawangling, Limushan,
Jianfengling, and Wuzhishan, as well as other national nature reserves.
Moreover, a number of ecological protection priority policies and
ecological restoration measures have been implemented. In addition,
the optimal habitat space of Sanya is widely distributed, which may be
attributed to its abundant precipitation and extremely high forest cover
in the north, and limited human activities in the southern coastal area.
The high level of habitat space is connected with the optimal habitat in
the central mountainous area, and its distribution is also larger in the
northern region, including Danzhou, Chengmai, and Wenchang
counties. These areas are mostly hills and basins with less natural
forest vegetation compared to central areas. As areas primarily covered
by bamboo forest and rubber forest and disturbed by frequent human
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activities, coupled with a single ecosystem type, landscape
fragmentation is prominent and their ecological environment is
more fragile than that of the central mountainous area. Areas of
low-level habitat space are mainly distributed in the southwestern,
western, and northern island tableland and coastal zone, and the main
land use type is agricultural land, with large areas of orchards and tea
gardens. The habitats are seriously damaged by the intensive cultivation
activities. The smallest suitable habitat areas were observed in regions,
such as Haikou, Lingshui and Lingao, where built-up urban areas are
dense, the population and road density are very high, and human
damage to the ecological environment is more serious compared to
other regions.

3.2 Spatial pattern of ecological sources

Figure 3 shows the spatial distribution of core ecological sources in
the study area (Figure 3). In this study, 65 ecological sources with a total
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{1 Provincial borders

area of 8238.23 km* were identified, accounting for 23.27% of the total
area of the study area. Through superposition analysis of ecological
source areas, ecological function areas, and land vegetation types, the
ecological source areas were found to essentially coincide with Hainan
National Park, 40 important mountains such as Wuzhishan,
Bawangling, Jianfengling and Limushan, 620,000 ha of tropical
rainforest, 12 nature reserves, and 3 major rivers. The main land use
type of ecological source areas was natural forest, with an area of
6151.34 km?, accounting for 74.67% of the total area of ecological
sources, followed by rubber orchard and water areas (river and
reservoir), with areas of 1294.80 km? and 380.51 km?, accounting for
15.72% and 4.62% respectively. From the perspective of spatial
distribution, approximately 83.67% of ecological source areas are
distributed in the central region of Hainan Island, approximately
14% are distributed in the area around the island, and
approximately 2.33% are distributed in the coastal zone around the
island. Ecological source areas showed the widest distribution in Baisha,
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with an area of 1162.25 km’, accounting for 14.11%, followed by
Qiongzhong and Ledong, with areas of 1130.06km> and
1051.67 km?, accounting for 13.72% and 12.77%, respectively. The
distribution of ecological sources was relatively small in other
counties and cities.

3.3 Spatial pattern of landscape resistance

High-resistance patches were mainly concentrated in populated
areas along the coastal zone around the island (Figure 4). In
particular, Haikou in the northern coast showed the highest
landscape resistance and the widest distribution of high-
resistance patches. The remaining high-resistance patches were
scattered, and the main land use types were urban land, rural
residential land, and industrial and mining land. On the whole,
the ecological connectivity between high-resistance patches was low,

frontiersin.org


https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2024.1323673

Liu et al. 10.3389/fenvs.2024.1323673
N
Z
o
& ——
5 ™A
o~ \ N
“‘.
i
-\
b
I =
Z
5
;o -
o
. Legend
S 0 30 60 ! Ecological redlines
© e Kilometers i____! Provincial borders
1 1 1
109°0'0"E 110°0'0"E 111°0'0"E
FIGURE 9

Spatial distribution of ecological protection red lines in Hainan Island.

and the relatively frequent human activities resulted in strong
disturbance and destruction of ecosystems, as well as habitat
fragmentation. In contrast, the central region, with its extremely
high vegetation coverage and less human disturbance, showed
higher landscape connectivity among its ecosystems.

3.4 Ecological corridors

In this study, a total of 138 ecological corridors were extracted
using the CT model (Figure 5), covering an area between 0.24 km
and 83.63 km, with a total length of 1851.36 km. There were
73 primary ecological corridors with a total length of 811.11 km,
which radiated from the large ecological source area in the middle to
the periphery. The ecological corridors showed strong central
connectivity and short lengths, indicating low resistance of
habitat connectivity in this area. There were 65 secondary
ecological corridors with a total length of 1040.25 km, mostly
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distributed in the northeast, where the distribution of ecological
patches was relatively scattered, indicating weak connection between
ecological sources. It is difficult to construct ecological flow paths for
species activities in this area.

3.5 Ecological pinch points and ecological
barrier points

Figure 6 illustrates the CT-based extraction of ecological pinch
points in regions of high current density (Figure 6). A total of
222 ecological pinch points were identified in Hainan Island, with a
total area of 90.22 km?, of which the largest and smallest pinch areas
were 26.16 km® and 0.04 km?, respectively. Among the land use
types at the pinch points, forest accounted for the largest proportion
(46.10%), followed by farmland (28.82%), water (9.95%), artificial
surface (8.09%), grassland (5.30%), and wetland (0.80%). From the
perspective of spatial distribution, the ecological pinch points were
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Spatial distribution of nature reserves in Hainan Island.

mostly distributed in the northeast and are located in important
ecological corridors. After superimposing on the resistance surface,
the ecological pinch points were found to be all located in areas with
low resistance values surrounded by areas with high resistance. This
indicates that species can easily migrate through low resistance
areas, and the ecological connectivity function is prominent.
These
ecological stability.

Figure 7 illustrates the spatial distribution of areas with high

areas are key protection areas for maintaining

cumulative current recovery, i.e., ecological barrier points
(Figure 7). A total of 198 ecological barrier points were
identified on Hainan Island, with a total area of 50.55 km?, of
which the largest and smallest areas were 2.35 km?* and 0.09 km?,
respectively. Among the land use types of ecological barrier
points, farmland accounted for the largest proportion
(53.23%), followed by forest (23.32%), grassland (6.55%),
artificial surface (8.53%), water body (7.0%), and wetland
(0.1%). In terms of the spatial distribution, the ecological
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barrier points were distributed in the northeast and southwest,
with most of them being located in areas around traffic arteries
such as railways and highways around the island. Larger barrier
points were located in construction land or the radiation area
around construction land with serious interference by human
activities. These areas have high ecological resistance, which may
hinder the connection between ecological source patches and
increase the risk of regional ecological degradation.

3.6 Characteristics and spatial distribution of
ESPs in Hainan Island

In this study, on the basis of the traditional ‘source-resistance
surface-corridor’ framework, the identification of ecological
pinch points and eco-strategic points was added, and their
importance was evaluated (Figure 8). The specific results of
the ESPs are as follows: 1) There are 65 large-scale ecological

frontiersin.org


https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2024.1323673

Liu et al.

sources in Hainan Island, with a total area of 8238.23 km?2.
Approximately 83.67% of the
concentrated in the biodiversity conservation and water

ecological sources are
conservation areas in the central part of the island, covering
the county-level administrative districts of Baisha, Ledong,
Sanya, Baoting, Wanning, Wuzhishan, and Qiongzhong. The
‘ecological green heart’ comprises the tropical rainforest
national park, which consists of 40 mountains (including
Wuzhishan, Bawangling, Jianfengling and Limushan) and
three major rivers (Nandu River, Changhua River and
Wanquan River). In contrast, small-scale ecological source
areas are dominated by woodland, with rubber plantations and
water patches distributed in northern tableland area and the coastal
zone around the island. 2) There are a total of 138 ecological corridors,
including 73 major ecological corridors (811.11 km) and 65 minor
ecological corridors (1040.25 km), which connect the central ecological
green heart with the surrounding small ecological sources through a
spider web-like pattern. 3) There are a total of 222 ecological pinch
points with a total area of 90.22 km? which are located in areas with
small resistance values and key protection areas for maintaining
ecological stability. 4) There are 198 ecological barrier points with a
total area of 50.55km’. Large barrier points have high ecological
resistance, which can sever the connection between ecological source
patches and increase the risk of regional ecological degradation.
Therefore, they should be designated as key priority areas in the
ecological planning of land space.

4 Discussion

4.1 Assessment of the importance of
ecosystem services

As an important tool for ecosystem protection and restoration, the
construction of ESPs emphasizes the solution of regional ecological
problems (Wang et al, 2020), for which a series of thresholds and
security levels are determined according to natural ecological processes
and ecosystem functions (Dai, 2022). In this manner, a spatial pattern
can be designed for maintaining and controlling ecological processes,
strengthening ecosystem functions, improving the landscape
connectivity among various ecosystem elements (Hansen et al,
2011), and realizing the purpose of maintaining regional ecological
security. In this study, the spatial variation of the importance of
ecosystem services in Hainan Island was analyzed using InVEST
model and CT model, and a multi-level ecological security
framework was constructed, which was composed of points, lines
and plane. The ESPss and ecosystem services are intrinsically
interconnected and critical to human wellbeing (Li et al, 2016).
Therefore, it is necessary to evaluate the importance of ecosystem
services quantitatively before constructing ESPss (Zhang et al., 2020a).
Ecosystem service functions were found to be strongly correlated with
vegetation coverage and ecological environment quality, and the
optimal habitat scale may be related to the degree of landscape
patch fragmentation and other factors (Gao et al, 2015). Areas of
high-value ecosystem services are distributed in the forest area of the
central mountain, whereas low-value areas are distributed in urban
built-up area and other areas with intensive human activities in the
coastal zone around the island. This indicates that the increase of
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human activities has disturbed the natural landscape conditions. In
particular, urban expansion has intensified the fragmentation of
landscape patches, which seriously threatens species migration,
biodiversity protection, and regional ecological security (Wang et al,
2019). The threat of natural factors to ecosystem services is relatively
small compared to human disturbances such as population and socio-
economic factors (DeFries et al,, 2010). Therefore, it is necessary to focus
on the protection and restoration of areas with high levels of human
disturbance, while also focusing on the integrity of ecosystems in areas
with weak ecological foundations.

4.2 Spatial characteristics and distribution
of ESPs

Methods of identifying ecological sources have gradually changed
from the direct delineation of nature reserves to indirect identification
oriented towards the importance of ecological service functions and
landscape connectivity (Kéfi et al.,, 2014). Some scholars have also revised
ecological sources obtained using indirect identification methods
through nature reserves or ecological protection red lines, with the
aim of obtaining more complete and continuous ecological patches (Yu
et al, 2009; Xu et al,, 2015). Based on prior knowledge and ecological
background conditions of the study area, this study comprehensively
considered landscape connectivity assessment, integrated ecosystem
service importance assessment, and ecological protection red lines to
identify ecological source areas, and compensated for the shortcomings
of single identification methods as well as the lack of theoretical support
in previous studies. The results of the study are more likely to reflect the
core role of ecological sources. The results show the presence of 65 large
ecological sources in Hainan Island, with approximately 83.67% of the
core ecological sources being distributed in the central mountainous
area, and approximately 16.33% being distributed in the tableland and
coastal zone around the island. Forests occupy a large proportion of the
identified ecological source patches. Meanwhile, these areas are also an
important ecological functional area in the country, a major river source
area, an important water conservation area, and an important area for
soil and water conservation. They play a key role in maintaining the
ecological balance of the island, alleviating natural disasters, and ensuring
the ecological security of the island. Therefore, it is necessary to strictly
protect the ecological resources of the ecological green heart, implement
local protection policies for rare and endangered animal and plant
populations, repair ecologically damaged areas, formulate protection
plans for priority areas of biodiversity protection.

This study focused not only on the core role of ecological source
areas, but also on priority protection areas of the ecological corridor in
the construction of ecological security pattern. Ecological corridors are
important links expressing regional landscape connectivity, directly
reflecting the habitat and feeding range of species (Williams and Snyder,
2005). However, due to the limitations of ecosystems and geospatial
heterogeneity, the identification of priority areas through ecological
corridors remains challenging (Xiao et al., 2020). Using the advantages
of CT to simulate species random walk and identify ecological nodes,
73 primary ecological corridors, 65 secondary ecological corridors,
222 ecological pinch points and 198 ecological barrier points were
effectively identified. This comprehensive identification method of
corridors and nodes perfectly combines the attributes of ecological
sources with the contributions of ecological corridors to landscape
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integrity (Zhu et al,, 2020). It can determine the priority of ecological
corridor scientifically and reduce the subjectivity and uncertainty
involved in existing methods (Dai, 2022).

4.3 The significance of constructing the ESPs
of Hainan Island

Under the influence of human activities, global climate change and
other factors, Hainan Island is facing ecological risks such as
biodiversity decline, wildlife habitat reduction, water conservation
capacity reduction, and serious soil erosion in local areas, which
stability,
wellbeing (Geng et al, 2022). This study adequately describes the
spatial variation of the importance of ecosystem services and

threaten ecosystem ecological security, and human

ecological security elements. Based on the findings, several priority
conservation actions can be fully considered. Firstly, ecological sources,
ecological corridors, ecological pinch points and ecological barrier
points should be incorporated into long-term ecological conservation
planning, especially forest ecosystems in the central part of the study
area, which is covered by 620,000 ha of tropical rain forest resources.
The entire tropical forest can increase biodiversity by 15%-84% with
reference to degraded ecosystems (Dinerstein et al.,, 2019). Secondly, the
ecosystem of the tableland around the island in the northern part of the
study area is fragmented and has serious marginal effects due to
frequent farming activities. Therefore, it is urgent to prioritize the
protection of the ecological source in this area and to restore degraded
ecosystems through artificial restoration or reconstruction projects in a
planned and stepwise manner, especially for ecosystems facing strong
resistance. In addition, wetland resources accounted for only 2.33% of
the identified ecological sources. Hainan Island’s wetland resources,
especially mangroves, are among the most productive ecosystems in the
world (Wang and Gu, 2021). In future priority conservation plans,
it is necessary to avoid the degradation of wetland ecosystems
caused by pollution, excessive logging, and alien biological
invasion. Therefore, the ecological crisis of biodiversity
degradation, habitat fragmentation, habitat quality decline,
and ecological function reduction on Hainan Island demand
urgent attention. Moreover, land use and conservation goals
and plans should be coordinated to formulate strategies and
actions for the protection and restoration of various precious

ecological resources.

5 Conclusion

Based on the importance of four ecosystem service functions
(biodiversity maintenance, water conservation, ecological carbon
sequestration, and soil conservation) in Hainan Island, this study
used the “source-resistance surface-corridor” paradigm to construct
an ecological security pattern and identify key areas of ecological
restoration. The results showed that the optimal habitats in Hainan
Island are distributed in the central region with diverse ecosystems. In
contrast, landscape patches in the coastal zone around the island are
fragmented because of human activities. The region features 65 large
ecological sources, mainly composed of forests and water bodies, and
138 ecological corridors (73 primary ecological corridors and
65 secondary ecological corridors). The large ecological sources are
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concentrated in biodiversity and water conservation areas in the central
part of the region, and the ecological corridors radiate across the whole
area in the form of a spider web, connecting all important ecological
patches. In addition, 222 ecological pinch points and 198 ecological
barrier points have been identified as key areas of protection and
restoration for the improvement of ecosystem functions.
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