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The ecological security pattern (ESP) is crucial for biodiversity, environmental quality, and regional
sustainable development. This study comprehensively analyzed karst desettification control (KDC)
forests. Using a comprehensive approach, we analyzed KDC forests through normalized difference
vegetation index (NDVI), land use/land cover (LULC), and other data. Morphological Spatial Pattern
Analysis (MSPA) was applied to identify ecological sources (ES), while circuit theory extracted
ecological corridors (EC) and nodes (EN) to build a hierarchical ESP. The results show: (1) Severe
fragmentation of KDC forest patches, with area significantly decreasing as karst desertification (KD)
severity increases. (2) Insufficient connectivity and high resistance to ecological flow causing internal
degradation. (3) The SLX, HFH, and HJ each extracted 108, 68, and 113 EC, and 67, 20, and 40 EN. (4)
The ESP of forests with varying levels of KDC exhibited significant differences. Findings advance KDC
forest structure-function insights, providing a scientific foundation for targeted restoration strategies.

Ecological security constitutes an essential component of national security,
providing the foundation for other forms of security, including national
defence, political, and economic security”. Global climate change and
rapid socio-economic development have led to dramatic changes in land
use patterns, intensifying the conflict between humans and natural
ecosystems™’. hese changes have triggered issues such as land degradation
and biodiversity loss, disrupted ecosystem structures, weakened the con-
nectivity of ecological security patterns, and posed significant threats to
regional sustainable development™’. The necessity for ecological security,
asa fundamental requirement for the utilisation of regional resources and a
crucial element in the attainment of the United Nations™ sustainable
development objectives, has emerged as a pressing social imperative.
Currently, China has elevated the construction of a land ESP comprising
“two screens and three belts” and a marine ESP comprising “one belt, one
chain and several points” to a national strategic level”. The construction of
an ESP can effectively mitigate the conflict between economic devel-
opment and ecological protection, maintain the stability of biodi-
versity and promote sustainable development in the region by
providing a feasible implementation path®’.

The ESP is an integrated spatial decision-making framework for eco-
logical protection and restoration, incorporating key spatial elements such
as ecological redlines and restoration zones'*"". This line of research origi-
nated in landscape ecology and has since evolved to exhibit a trend toward
diversification and integrative development in both research themes and
paradigms'”. American scholars studying ESP place special emphasis on the
in-depth exploration of modeling ecosystem processes, conservation, and
security policies for ecological reserves'”. In contrast, Professor Yu Kongjian
in China systematically proposed a set of theories on ESP and its metho-
dology focused on habitat patches, ecological corridors (EC), and buffer
zones, with the aim of offering robust theoretical support and practical
guidance for biological conservation'*. Subsequently, the research paradigm
of “ecological sources (ES) identification - constructing of ecological resis-
tance surface (ERS) - EC and ecological nodes (EN) extraction” has evolved
into a fundamental and core research approach for ESP development™”,
establishing a strong theoretical foundation and research framework for
ecological environmental protection and restoration. In this research area,
scholars have thoroughly explored the construction and optimization of
ESP for various spatial scales such as cities'*'”, provinces'®, watersheds'’, and

'School of Karst Science, Guizhou Normal University / State Engineering Technology Institute for Karst Desertification Control, Guiyang, China. ’Tangshan Key
Laboratory of Simulation of Urban Ecosystem, Department of Resource Management, Tangshan Normal University, Tangshan, China. *Guiyang Healthcare

Vocational University, Guiyang, China. “These authors contributed equally: Song Zhang, Yu Zhang.

e-mail: xiongkn@163.com

npj Heritage Science | (2025)13:432


http://crossmark.crossref.org/dialog/?doi=10.1038/s40494-025-01973-8&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s40494-025-01973-8&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s40494-025-01973-8&domain=pdf
mailto:xiongkn@163.com
www.nature.com/npjheritagesci

https://doi.org/10.1038/s40494-025-01973-8

Article

ecologically fragile areas'’. The research was primarily based on multiple
perspectives, including enhancing ecosystem structure and function™,
optimizing land use patterns, and considering social equity needs”. They
employed a variety of methods, such as ecological sensitivity assessment™,
ecological risk assessment™, ecosystem service assessment™, morphological
spatial pattern analysis model (MSPA)*, minimum cumulative resistance
model (MCR)™, and circuit theory”’. Overall, the integration of the MSPA
and MCR models effectively captures the impact of landscape pattern
changes on ecological processes, identifies potential corridors and nodes,
and thereby enhances the objectivity and reliability of ecological assess-
ments. Meanwhile, the MCR model has also been widely applied in terri-
torial spatial planning and the delineation of ecological redlines™”.

Current ESP research has made progress in determining key para-
meters using various methods, each with advantages, limitations, and spe-
cific applications™. However, pressing issues and challenges remain. First,
the methods for identifying ecological sources are inadequate, as they fail to
fully consider ecological processes, historical land use changes, and the
coupling between ecological supply and social demand. Second, corridor
identification focuses mainly on the location of linear elements, with
insufficient consideration of corridor width. Although the MCR model
determines direction and location, it overlooks the random movement
behavior of species. Circuit theory is emerging as a promising approach for
future corridor modeling. Third, the current framework rarely integrates
China’s specific ecological needs and national context. It is necessary to
explore a comprehensive framework incorporating “source-resistance
surface-corridor-node-network space.” In addition, although the theore-
tical and methodological systems in this field are relatively mature, most
research has focused on terrestrial ecological security patterns’'. There has
been insufficient attention to outflow-type watersheds and ecologically
vulnerable areas. Future studies should prioritize the construction of eco-
logical security patterns in such regions, such as the karst areas in south-
ern China.

Classical land use change research primarily focuses on identifying
socioeconomic driving forces, often using the CLUE model to establish
relationships between indicators through econometric methods and assess
land use changes under different scenarios™. Subsequently, dynamic process
modeling emerged, integrating remote sensing data with models to simulate
land use changes”. In current cutting-edge research, the MCR model
extends the quantification of land use change impacts to the ecological
security dimension™. Contemporary land auditing techniques have shifted
toward ecological performance assessment, using remote sensing to verify
the implementation of ecological management measures. Forest resource
auditing relies on satellite data such as Landsat to dynamically monitor
changes in land use patterns”. Current land use change research shows
notable deficiencies in constructing forest ESP. Therefore, coupling the
MSPA and MCR models—by quantifying key ecological nodes and simu-
lating optimal path networks—can effectively bridge the gap between pat-
tern characterization and process simulation in integrated studies.

KD poses a significant threat to ecological security and economic
development in China’s karst regions, and its landscape differs markedly
from that of existing World Natural Heritage sites. The region is char-
acterized by unique biological and cultural landscapes. With effective
restoration and conservation, some areas have the potential to be designated
as new karst World Heritage sites.”. Particularly in South China Karst, KD is
a grave issue. South China Karst faces severe KD, experiencing sig-
nificant ecosystem degradation and the added pressure of lagging
behind in economic development. This situation presents a serious
challenge to the region’s sustainable development’. Given the
unique surface-subsurface binary three-dimensional spatial structure
characteristics of karst landforms, the ecological environment of this
region presents significant particularity and vulnerability”. In dealing
with the problem of KD, the forest restoration-led governance
strategy is particularly important®. This not only plays a key role in
guaranteeing the sustainable development of the ecological envir-
onment of the entire karst areas but also is of vital significance in

constructing an ecological barrier in the upper reaches of the Yangtze
River and the Pearl River, ensuring the overall ecological security
under the strategy of China’s western development*"*.

Forest ecological security is essential to achieving multiple environ-
mental and developmental goals outlined in the Sustainable Development
Goals (SDGs). This study aims to understand and assess the protection,
restoration, and sustainable use of terrestrial ecosystems, including sus-
tainable forest management, combating KD, reversing land degradation,
and halting biodiversity loss. Based on the construction of an ecological
security pattern, the study precisely identifies key areas for KD restoration,
formulates sound strategies for sustainable forest management, prevents
overexploitation, and safeguards habitat security. Currently, the primary
challenge facing China’s forest ecological security is the imbalance and
instability of regional development, particularly evident in the western
region”. Furthermore, existing research lacks the establishment of ESP
centered around forests. In light of this, this study focuses on the forest
ecosystem in the KDC, aiming to develop the necessary ESP*'. The objective
is to promote a harmonious symbiosis between ecological preservation and
human development needs, effectively addressing potential conflicts
between the two. The specific objectives are: (1) The MSPA and landscape
connectivity index were used as analysis tools to scientifically and accurately
identify and establish ES. (2) Two major categories of natural and human
factors were analyzed, and an ERS was constructed. (3) Based on circuit
theory, the flow patterns of ecological flows in the landscape were analyzed
in depth, and key EC and EN were extracted accordingly. (4) A compre-
hensive and systematic ESP of forests was constructed by integrating the ES,
ERS, EC and EN mentioned above. Based on this, we propose targeted
ecological restoration and optimization strategies. This study not only
provides new perspectives for understanding ESP in ecologically fragile
areas but also offers practical guidance for their ecological restoration and
optimization.

Methods

Study area

Three study areas with overall structure and feature of KDC were selected in
South China Karst (Fig. 1). Salaxi Highland Mountain Potential-Mild Karst
Desertification Comprehensive Prevention and Control Research Area
(SLX) (27 °11’09” N-27°17"28" N, 105 °01'11” E-105 °08'38" E). With a total
area of 86.27 km® The karst area covers 74.25% of the total area, with
altitudes ranging from 1511 to 2186 meters. The region has an average
annual temperature of 12.8 °C and an annual precipitation of 984 mm. Due
to early human-land conflicts, the primary vegetation was essentially
destroyed, and now the area is dominated by secondary vegetation like Pinus
armandi and Juglans regia, with a low density of forest stands. Hongfenghu
Highland Basin Mild-Moderate Karst Desertification Comprehensive Pre-
vention and Control Research Area (HFH) (26 °27/55" N-26 °34/46" N,
106 °18'16” E-106 °23'16" E). The study area covers a total area of 60.41 km”.
karst area accounts for 95.1% of the total area, with an average elevation of
1300 m, an average annual temperature of 14.1 °C, and an average annual
precipitation of 1180.9 mm. The area is a harsh environment for plant
growth due to the widespread presence of carbonates. Most of the primary
vegetation has been destroyed and is now dominated by secondary forests
and scrub, such as Prunus persica, Prunus salicina, and Cupresus
duclouxiana. The area has a mono-structured vegetation with a high stand
density. Huajiang Highland Valley Moderate-Intensity Karst Desertifica-
tion Comprehensive Prevention and Control Research Area (HJ) (25 °37/
07" N-25°42'25" N, 105 °35'11” E-105 °43'18" E). The total area of the study
area is 51.62 km?, with 87.92% being karst area. The elevation ranges from
443 to 1358 meters, with a mean annual temperature of 18.4 °C and annual
precipitation of 1100 mm. The area has an extremely fragile ecological
environment, typical of the ecological environment of karstic dry-heat river
valleys. The surface is extremely arid, with thin and discontinuous soils and
low vegetation cover. The primary forest vegetation communities consist of
mixed evergreen deciduous broad-leaved forests, including Zanthoxylum
planispinum and Broussonetia papyrifera. These forests have a distinctly
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Fig. 1 | Overview of the study areas.
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secondary nature due to anthropogenic disturbances in areas like hilltops
and steep slopes.

Data source

This study utilized multivariate data including normalized difference
vegetation index (NDVI), land use/ land cover (LULC), Digital Elevation
Model (DEM), slope, and road network, all collected specifically for the year
2020. NDVT and LULC are annual average values. To maintain data quality
and spatial reference consistency, all data were standardized to the
GCS_WGS_1984 coordinate system, and raster data were resampled to a
consistent resolution of 30 meters. Detailed sources of all data are provided
in Table 1. The raster data and their corresponding resolutions we selected
effectively capture key landscape pattern details at the regional scale, such as
farmland patches, small forest areas, and boundaries of built-up land,
making them commonly used and recommended data sources for
watershed-scale ESP analysis.

Methods and steps

The methods and steps for establishing an ecological security pattern for
KDC forests (Fig. 2) comprise four principal elements, each of which is
elucidated in turn in the following sections.

Identifying ES

MSPA, as proposed by Vogt etal. in 2007, is a cutting-edge method rooted in
mathematical morphology principles, designed to efficiently classify land-
scape types in binary raster images. This method not only rapidly identifies
various landscapes but also offers a wide scope of application in ecology, as it
is not restricted by study scale®. In our research, we selected arable land,
grassland, water bodies, and construction land as background landscapes,
while woodland and shrubland were designated as foregrounds based on the

study area’s characteristics. Utilizing Guidos Toolbox software, we con-
ducted MSPA analysis on LULC raster data from three study areas,
employing the default eight-neighbourhood analysis. This analysis suc-
cessfully identified seven core landscape ecotypes across the study areas:
core, islet, loop, bridge, perforation, edge, and branch. The ecological sig-
nificance of these landscape types is outlined in Supplementary Table 1. The
core landscape type is deemed the ‘source’ of ecological processes due to its
high ecological suitability*’. Subsequently, we utilized Conefor 2.6 software
to analyze the landscape connectivity of core areas identified through
MSPA. By calculating landscape probable connectivity (PC) of patches and
the importance of patch connectivity (dPC), we quantitatively assessed the
connectivity and significance of each patch in the ecosystem. Larger PC
values indicate greater patch connectivity, while larger dPC values suggest a
more crucial role in maintaining ecosystem connectivity. The formulae are
presented in Egs. (1), (2) and (3).

sy, @6

IIC = % 1)

L
PC — Zi:le:lp *1 - (ai) : (aj) (2)

A2

L
apc = PEPC L q00% 3)

pC

Where: IIC is the overall connectivity value of all ecological patches in the
study area, with values ranging from 0 to 1; n is the total number of eco-
logical patches in the study area; a; and a; are the areas of ecological patch i
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Table 1 | Data source

Data types Data sources Spatial resolution
NDVI NASA, National Aeronautics and Space Administration, agency of US government (https://www.nasa.gov) 30mx30m

LULC (GlobeLand30) (http://www.global-landcover.com) 30mx30m

DEM Centre for Resource and Environmental Sciences and Data, Chinese Academy of Sciences 90mx90m

Slope Calculated from elevation 90mx90m

Road network National Geographic Information Resources Catalogue Service System (https://www.webmap.cn) /
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and ecological patch j; p ¥ is the maximum value of the possibility of a
particular species migrating directly between the two major ecological
patches i and j; pc’ is the value of landscape connectivity after removing the
ecological patches from the study area.

Establishing ERS

The variability between different landscape units significantly impacts
species migration, with hindrance levels negatively correlated with ecosys-
tem service smoothness”’. The resistance factor index system plays a crucial
role in assessing regional ecological security. For instance, changes in DEM
directly affect land resource utilization patterns and distribution, while
alterations in LULC have a profound impact on material and energy flow as
well as information exchange within and between ecosystem services. For
example, DEM directly influences the spatial utilization and distribution of
land resources™; LULC affects the exchange of matter, energy, and infor-
mation within and between ecological source areas*’; DR increases ecolo-
gical disturbance from traffic, including noise pollution, light pollution, and
habitat fragmentation, resulting in higher resistance values™; slope limits
ecosystem connectivity and species migration™; and high NDVI values
generally indicate greater vegetation productivity, with well-vegetated areas
providing more continuous habitats and migration corridors for species™.
In consideration of the natural characteristics of the study area, including
topography, geomorphology, climate, and relevant social factors, we iden-
tified five key evaluation indicators for constructing the ERS: LULC, NDVI,
DEM, slope, and distance from the main road (DR). Utilizing the natural
breakpoint method in ArcGIS software, each resistance factor was cate-
gorized into five levels. Through hierarchical analysis, we determined the
weight of each resistance factor, as detailed in Supplementary Table 2.
Subsequently, by employing the spatial superposition analysis function in
ArcGIS, we calculated the integrated ERS resistance value for ecological land

by weighting and summing the factors. The resistance score ranges from 1 to
9, with higher values indicating greater resistance. Specific details regarding
resistance grading and value assignment can be found in Table 2.

Extracting EC

EC plays a vital role in facilitating the efficient exchange of matter and
energy among ES, ultimately contributing to the overall functionality of
regional ecosystems™. Drawing inspiration from circuit theory, we equate
ecological resistance to electrical resistance in a circuit, viewing ecological
flow as a randomly wandering electric current. This innovative approach
allows for a more precise simulation of species movement in natural
environments. In this study, we developed a comprehensive ERS and
integrated a random wandering model within the framework of circuit
connectivity. By utilizing current difference data from the Circuitscape
program and the Linkage Mapper plug-in, we accurately identified the
optimal EC by determining the coastal paths with the least cumulative
resistance between ES within the study area.

Identifying EN

EN are crucial areas of high landscape connectivity within EC that, if
damaged, could have severe consequences for the ecosystems in the region.
Ecological barrier sites (EBS) are locations where species face obstacles in
migrating and dispersing among ES patches. The restoration of EBS can
enhance landscape integrity and connectivity™. This study utilized the
Circuitscape program, which is based on circuit theory, to calculate current
densities for precise identification of EN. The ‘all to one’ mode of the
Pinchpoint Mapper module was employed to pinpoint EN, with a cost-
weighted distance of 0.2 km set for the EC. The Barrier Mapper module in
Circuitscape was utilized to identify EBS, with iterations set at 500, 400, and
500 m gradients.
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Table 2 | Assignment of each resistance factor index

study area Restraint factor resistance value
1 3 5 7 9
SLX LULC Woodland, shrubland Body of water Grassland Arable land Building site
DR (m) >200 150-200 100-150 50-100 <50
DEM (m) <1641 1641-1762 1762-1867 1867-1965 >1965
Slope (%) <10.8 10.8-18.7 18.7-27.1 27.1-37.6 >37.6
NDVI (%) >79.8 72.4-79.8 60.0-72.4 40.4-60.0 <40.4
HJ LULC Woodland, shrubland Body of water Grassland Arable land Building site
DR (m) >200 150-200 100-150 50-100 <50
DEM (m) <607 607-738 738-881 881-1043 >1043
Slope (°) <12.7 12.7-21.6 21.6-32.4 32.4-46.0 >46.0
NDVI (%) >80.8 60.8-80.8 40.8-60.8 18.8-40.8 <18.8
HFH LULC Woodland, shrubland Body of water Grassland Arable land Building site
DR (m) >200 150-200 100-150 50-100 <50
DEM (m) <1227 1227-1253 1253-1281 1281-1317 >1317
Slope (°) <5.9 5.9-12.0 12.0-19.0 19.0-29.8 >29.8
NDVI (%) >67.7 54.2-67.6 40.1-54.2 20.2-40.1 <20.2
Table 3 | MSPA landscape type statistics for the study area
Landscape type SLX HFH HJ
Area/ hm? Proportion/% Area/ hm? Proportion/ % Area/ hm? Proportion/%
Core 1312.65 38.66 479.88 38.79 152.91 20.93
Islet 168.48 4.96 81.18 6.56 124.56 17.05
Perforation 32.58 0.96 5.76 0.47 0.72 0.10
Edge 1020.15 30.05 437.31 35.35 216.18 29.60
Loop 97.11 2.86 30.96 2.50 26.55 3.63
Bridge 363.78 10.72 58.95 4.77 63.81 8.74
Branch 400.23 11.79 143.01 11.56 145.71 19.95
Total 3394.98 100 1237.05 100 730.44 100
Results pattern. However, noticeable perforations in the southern and northern core
MSPA analysis areas indicate the intrusion of non-ecological landscapes or worsening

The results of the MSPA analysis presented in Table 3 indicate that the
proportion of islet area to the total ecological landscapes area increased with
higher KD class, while the opposite trend was observed for perforation. In
the SLX, the total area of the 7 ecological landscape types was 3394.98 hm’.
The core area was the largest, covering 1312.65 hm’, which represented
38.66% of the total ecological landscape area. edge, core, islet, branch, and
bridge areas accounted for 30.05%, 0.96%, 4.96%, 11.79%, and 10.72% of the
total ecological landscape area, respectively. The Loop area, at 2.86 hm?, was
the smallest, comprising 2.86% of the total area, indicating limited flow and
connectivity of ecological elements between the core and other landscape
types. The total ecological landscape area in the HFH was 1237.05 hm’, and
it was divided into core, edge, branch, islet, loop, and perforation with
proportions of 38.79%, 35.35%, 11.56%, 6.56%, 4.77%, 2.50%, and 0.47%
respectively. The proportions of bridge and loop were the smallest, sug-
gesting poor connectivity and high resistance to ecological flow. In the H]J,
the total ecological landscape area was 730.44 hm’, with proportions
decreasing in the order of edge, core, bridge, islet, loop, and perforation at
29.60%, 20.93%, 19.95%, 17.05%, 8.74%, 3.63%, and 0.10% respectively. The
edge area was larger than the core, indicating fragmentation and degrada-
tion within the core.

As shown in Fig. 3. The core distribution of the SLX is spread across its
northern, central, and southern regions, showing a relatively balanced

ecosystem degradation. These perforation areas act as barriers to ecological
elements’ flow, impacting the ecosystem’s natural circulation and balance.
In contrast, the HFH core is mainly in its middle part, while the HJ core leans
towards the north-west and south, with fewer perforations. Islets in these
regions play a crucial role in enhancing ecosystem diversity by serving as
temporary migration sites, reducing distances between habitats, and sup-
porting ecological element flow. Islets in the SLX central part, HFH north-
central part, and HJ southern part contribute significantly to material
cycling, energy flow, and information transfer in the ecosystem.

ES extraction

Based on the results of MSPA core area identification and landscape con-
nectivity analysis (Fig. 4), The selection of core area maps with dpc values
greater than 1 and an area greater than 0.5 hm® was made as a general
ecological source site. Similarly, maps with dpc values greater than 10 were
selected as important ecological source sites, ability to provide optimal
habitat conditions for biological survival, and significant role in maintaining
landscape connectivity. Specifically, 45 forest patches covering 918.18 hm®
were extracted from SLX, representing 10.62% of the study area, with key ES
identified as No.2, No.5, and No.38. Similarly, 32 forest patches totaling
350.73 hm* were extracted from HFH, accounting for 5.80% of the study
area, with important ES identified as No.19, No.24, and No.28. In the HJ, a
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Fig. 3 | MSPA landscape type map of the study area.
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total of 50 forest patches covering 118.62 hm* (2.30% of the study area) were
identified, with patches No. 8 and No. 9 being highlighted as important ES.

ERS analysis

In this study, we used the ArcGIS raster calculator to refine the reclassifi-
cation and distance analysis of NDV], slope, LULC, DEM and DR. After this
series of processing, we successfully generated resistance surfaces for each
single factor. These single-factor resistance surfaces were subsequently
manipulated by superposition to form a ERS for each study area (Fig. 5). The
distribution of the integrated resistance surface indicates that ecological
circulation resistance values are notably concentrated in village areas with
high land use intensity, particularly peaking along the roads. This pattern
demonstrates a gradual decrease from the central region towards the per-
iphery. The presence of large impervious surfaces in these concentrated
areas is the main factor hindering crucial ecological processes like species
migration and material cycling. In the SLX, ecological stress is relatively low
due to significant population loss. Apart from the area along the southern
highway, sporadic high values of ecological resistance were observed in the
rest of the region, albeit significantly lower than in other study areas. On the
contrary, the HFH presents a different scenario. This region is densely
populated, possesses extensive arable land, and has a relatively low density of
economic forestry, all of which contribute to the high overall ecological
resistance values in the area. Lastly, the HJ displays distinct ecological
characteristics owing to its unique geographical location and climatic con-
ditions. Situated in the plateau valley area, the region experiences a notable
microclimate characterized by dry and hot river valleys, large areas of low
shrub economic forests, and sparse growth of secondary forests. These
features result in higher ecological resistance values and increased ecological
pressure in the region.

EC distribution analysis

In this study, the Linkage Mapper plug-in was utilized to asses the sig-
nificance of EC by analyzing the results from the Centrality Mapper module.
Duplicate EC were identified and removed to ensure accuracy. Level 1 EC
primarily connect short-distance ES, Level 2 EC enhance longer-distance
source connectivity, and Level 3 EC facilitate connectivity between key and
general ES (Fig. 6). In the SLX, a total of 108 EC were identified, covering

109.34 km. Of these, 38 primary EC, totaling 29.50 km, were located in the
central region and extended towards the west, north, and east. The 46
secondary EC, which formed the majority, primarily connected important
ES in the north with general ES in the central area. Furthermore, 24 tertiary
EC were mainly found in the southern part of the study area, serving as key
connectors between central and southern ES. In the HFH, 68 EC with a total
length of 59.44 km were identified. The 28 primary EC were concentrated in
the central region, while secondary and tertiary EC were situated in the
western and eastern parts of the study area, respectively. Lastly, in the HJ, a
total of 113 EC spanning 128.10 km were identified. The primary and ter-
tiary EC were predominantly located in the southern region, with 54 sec-
ondary EC serving as vital links between the northern and southern ES.

EN distribution analysis

EN play a crucial role in ecological processes, with the capacity to cause
irreversible harm to the ecosystem through chain reactions due to their high
vulnerability. utilizing the natural breakpoint method, we classified these
pinchpoints into five levels of protection. The top three levels, EN I, EN II,
and EN III, were meticulously ranked based on their descending sig-
nificance. In the development of ESP, the ecological primary protection
zone, as a concentrated area of EN, is a crucial area that requires special
attention and significant protection. For the SLX, a total of 47 EN covering
22.05hm® were identified, primarily located in the central and northern
parts of the area (Fig. 7a). In the HFH, 10 ENs covering 4.14 hm* were
identified, evenly spread across the central forest contiguous area (Fig. 7b).
In the HJ, 28 ecological pinch points covering 24.57 hm* were identified,
mainly clustered in the northwestern low-elevation area (Fig. 7¢), with the
largest pinch point area reaching 9.51 hm® Similarly, the current basin is
classified into five categories using the natural breakpoint method, with the
top three classes further divided into ecological first-improvement, second-
improvement, and third-improvement zones in descending order. The
Ecological Class I Improvement Area serves as an EBS, significantly hin-
dering ES flow and is a key focus for planning and restoration within the
ESP. A total of 20 ecological barrier points, covering 555.66 hm?, were
identified in the SLX, primarily concentrated around buildings and roads
(Fig. 7d). Additionally, 10 barrier points covering 420.12 hm” and 12 barrier
points covering 379.53 hm’ were identified in the HFH (Fig. 7e) and HJ
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Fig. 5 | Spatial distribution of integrated resistance surfaces.
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Fig. 6 | Extraction and classification of EC.
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(Fig. 71), respectively, with barriers in these areas mainly located at higher
elevations.

ESP construction

Our research highlights primary and secondary ecological reserves as crucial
areas for ecological protection. We have also identified primary improve-
ment zones as key sites for ecological restoration, aiming to enhance the
ecological environment through systematic and targeted actions. Further-
more, we categorize the first-level EC as a key EC, the second-level EC as a
significant EC, and the third-level EC as a strategic reserve area for future
restoration endeavors, ensuring the scientific development of the ESP in
KDC forest. The core framework of the SLX consists of ‘two horizontals,
three verticals, five stones, and three areas’ (Fig. 8-SLX). In this layout, the
ecological restoration area and the key conservation area hold significant
importance, covering 555.66 hm” and 169.66 hm? respectively, making up
7.54% of the total land area in the study region. The ‘two horizontal’ section
refers to the ecological protection zone created by the forested area north of
Maoping Village and the contiguous forest land from Zhongshan Village to
Chaoying Village to Yongfeng Village. On the other hand, the ‘three vertical’

section pertains to the ecological restoration zone formed by the western
part of Maoping Village to Zhongshan Village, the southern part of
Maoping Village to Chaoying Village, and the area from Chongfeng Village
to Yongfeng Village to Shale Village. The ‘six stones’ serve as key EN within
the ecological safety network, acting as important connectors between the
northern and southern ES, strategically placed along the axes and inter-
sections. Lastly, the ‘three area’ encompasses the state-owned forest area in
the northern part of Maoping Village, the central forest area of Chaoying
Village, and the northern forest area of Shale Village, creating a three-
layered ecological barrier from north to south consisting of state-owned
forest area, scrubland, and special economic forest. The planning framework
of the HFH is characterized by ‘two verticals, three stones, and one area’,
creating a synergistic pattern of internal protection and peripheral
restoration (Fig. 8-HFH). The ecological restoration area covers 420.12 hm?,
while the ecologically critical protection area covers 49.59 hm?, collectively
forming the ecological safety network of the study area. The ‘two verticals’
represent significant ecological belts: one stretching from Gaole Village to
the eastern part of Right7 Village, then to the eastern part of Minle Village,
and finally extending to the southern part of Luojiagiao Village; the other
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Fig. 8 | Schematic diagram of ESP in each study area.

@ Stepping stone
— Key corridors
I Ecological niche

— Rebhabilitation of corridors

— Strategic corridor
Il Ecological restoration area

Il Ecologically protected critical areas

<> Ecological restoration axis <---» Ecological protection axis

runs from the western part of Yougqi Village to the northern and western
parts of Minle Village. These two ecological zones intersect at key ‘stepping
stone’ locations, serving as the core node of the ecological network in the
study area. The ‘one area’ is situated between Yougi Village and Minle
Village, linking tea plantations, nursery gardens, and public welfare forests,
functioning as the largest ecological green core of the study area. The ESP of
HJ consists of ‘one horizontal, one vertical, two rocks and one area’. The
north-western area is identified as the primary zone for ecological protec-
tion, while the southern part is dedicated to ecological restoration
(Fig. 8-HJ). The ‘one horizontal” section pertains to the ecological restora-
tion zone encompassing the southern regions of Yindongwan Village and
Cha’eryan Village, located at higher altitudes. The ‘vertical’ component
traverses Wuli Village, Xaigu Village, and extends to the north-western part
of Cha’eryan, featuring diverse plantation forests like Platycladus orientalis
and Koelreuteria bipinnata.

Ecological restoration and optimization
This paper aims to propose a set of optimization measures for the core
elements of the ESP in KDC. These measures are designed to enhance the

stability and anti-disturbance capabilities of the landscape pattern in KD
areas. The goal is to establish a robust ESP barrier and create a strong
foundation for the sustainable development of the future socio-economy.
When examining ecological restoration and protection strategies for
forests in KDC, it is crucial to emphasize the significance of key areas for
ecological protection. These areas not only harbor the highest species
diversity and facilitate active ecological information exchange, but they are
also essential for maintaining regional ecological balance and biological
security. As a result, managing these areas should strictly adhere to the
fundamental principle of ‘protection first, restoration second’. If the current
land-use of these key areas primarily consists of forest, irrigation land, or
grassland, then it is imperative to enhance protection and management
measures. Destructive activities such as land development, conversion of
arable land, indiscriminate deforestation, and overgrazing must be decisi-
vely eradicated. Forest conservation efforts should be intensified to encou-
rage positive succession of scrub, leading to increased biodiversity, especially
in the north-western part of HJ. In protected areas with arable land, a more
precise management approach is necessary. This includes establishing
ecological buffer forest belts around arable land through replanting and new
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planting to safeguard field ecosystems. Additionally, there should be a focus
on exploring the potential of national land greening, along with transi-
tioning the living and production methods of local residents. Strategies such
as ecological migrants should be gradually implemented to reduce pressures
on the natural environment, particularly in the central and western parts
of SLX.

The ecological restoration area is expected to play a central role in the
future KDC. The decrease in the size of this zone indicates a significant
improvement in overall ecological connectivity, with restoration efforts
primarily focusing on artificial intervention and complemented by natural
restoration mechanisms. Specifically in the forest-irrigation restoration area,
a three-dimensional composite structure should be constructed, incorpor-
ating forest, irrigation, and grass as key elements. Various forest manage-
ment measures, such as transforming low-efficiency forests, restoring
degraded forests, and nurturing young and medium-sized forests, should be
implemented through spatial configuration optimization. During this
process, existing artificial pure forests like Pinus massoniana and Cun-
ninghamia lanceolata should gradually transition into mixed coniferous and
broad forests. The focus is on enhancing forest ecosystem services, parti-
cularly in soil and water conservation, to improve green areas like the
northern part of SLX and the southern part of HJ. When restoring arable
land, it is important to balance economic and ecological benefits. By
prioritizing areas with slopes over 25 ° for agriculture and promoting mixed
agroforestry industries like Prunus salicina-Zea mays and Cerasus serrulata-
Glycine max, we can enhance farmland structure, reduce ecological barriers,
and support species migration and connectivity in regions like the north-
western area of HFH.

In KD areas, land fragmentation is a significant issue, exacerbating the
conflict between people and land and resulting in the fragmentation of forest
ES and EC. It is crucial to implement scientific planning for ES to establish
direct connections between large ES, facilitating material and energy
exchange, enhancing overall ecological quality, and reducing landscape
fragmentation. Priority should be given to ES construction in the southern
part of the SLX, the northwestern part of the HFH, and the central and
northern regions of the HJ. The presence of construction sites like transport
facilities and settlements poses a threat to the continuity of EC. To counter
this issue, it is essential to implement a range of innovative ecological
restoration measures that cater to the migration routes and ecological
requirements of various species. One approach is the construction of bio-
logical corridors such as culverts and animal bridges to facilitate species
migration. Additionally, leveraging unused spaces like under bridges and
roadsides to create small habitats can act as ‘stepping stones’ for species
migration, ultimately boosting connectivity between ES.

Discussion

The constructing an ESP in KDC forest has proven to be essential in miti-
gating the escalating human-land conflicts in the region. It has significantly
expanded the coverage area of ES and notably enhanced the overall habitat
quality. Given the habitat challenges encountered in current KDC, the
ecological restoration strategy primarily focuses on artificial assisted
restoration and ecological remodelling. In a related study'™’, American
scholars, delved into the restoration mechanism of ES, particularly
addressing ecosystem restoration in areas affected by human activities.
Their proposed zonal restoration strategy aligns with the research direction
of this paper. In the realm of identifying and regulating ecological restora-
tion zones and key ecological protection zones, the research findings of
Chinese scholars Yang Honghui et al.” align well with the zoning delinea-
tion and regulatory measures discussed in this paper. However, in com-
parison to existing studies on KDC, many of them tend to focus solely on a
single level of KD, overlooking the impact of successive levels on the overall
ecosystem. Moreover, these studies primarily concentrate on evaluating the
ecosystem service function within desertification management areas,
neglecting a holistic analysis of the influence of human activities and natural
factors. Methodologically, compared to traditional approaches for con-
structing ESP, this study employs the MSPA model, which more accurately

identifies critical ecological nodes and offers unique advantages in landscape
ecology. Zeng et al. demonstrated that the MSPA model achieves higher
accuracy in identifying ecological corridors and core areas in mountain
resource-based urban ecosystems™. In addition, circuit theory effectively
identifies ecological corridors and key nodes by simulating species move-
ment patterns across complex landscapes. Chen et al. applied circuit theory
to identify potential ecological nodes and found significant overlap with
areas of intensive human activity, indicating the theory’s effectiveness in
simulating species movement in complex environments™. Zhang et al.
integrated remote sensing-based ecological indices with circuit theory to
construct an ecological security pattern, effectively simulating species
movement in complex landscapes™.

This paper accurately identifies EN and defines key areas for ecological
protection and restoration by considering the changing levels of KD through
the MSPA and circuit theory. Differentiated ESP were constructed based on
varying levels of KD, which include ‘two horizontals, three verticals, five
stones, three areas’, ‘two verticals, three stones, one area’, ‘one horizontal,
one vertical, two stones, one area’, The paper proposes corresponding
ecological protection and restoration measures aimed at mitigating the
tension between humans and land in KD areas, while also offering new
theoretical and practical insights to enhance the ecological environment
quality in the region. This study integrates ESP with the Ecological Redline
Policy. It is recommended that the designated primary protection zones be
included in the core area of the Ecological Redline and designated as con-
servation bases for karst-specific plant species, with strict development
prohibitions. Primary improvement areas should correspond to general
control zones within the Redline, where targeted restoration activities are
permitted. This study also integrates ESP with land-use zoning. Key eco-
logical corridors should be designated as ecological conservation areas,
where road construction is prohibited from disrupting continuity and new
linear projects must include wildlife passages. Stepping stone nodes should
be classified as mixed-use ecological land, where forest-herb compound
cultivation is allowed but planting ratios must be strictly controlled. Future
restoration corridors should be designated for ecological rehabilitation, with
priority given to implementing specific control measures for KD. This study
further integrates ESP with KDC. Areas with mild KD generally possess
strong self-recovery capacity and are considered critical ecological protec-
tion zones. Therefore, ecological protection and restoration efforts should
focus on supporting natural regeneration. Measures such as forest closure,
grazing and firewood harvesting restrictions help reduce disturbance and
promote natural vegetation growth®. Additionally, planting locally adapted
pioneer species can accelerate vegetation coverage, enhance soil retention,
and prevent further soil erosion. In areas of moderate KD, ecosystem
structure and function have been significantly degraded, and natural
recovery is slow; these areas are categorized as ecological restoration zones.
Therefore, more proactive artificial interventions are required in these
regions. Vegetation reconstruction projects are recommended, involving
the planting of diverse locally adapted trees, shrubs, and herbs to build
multi-layered vegetation communities. For example, in moderate KD areas,
the mixed planting of Sophora davidii and Dendrocalamus latiflorus has
accelerated vegetation recovery and achieved significant restoration
effects”. Adding organic matter and improving soil structure to enhance
fertility and water retention are also essential artificial interventions to
support vegetation growth®. In areas of severe KD, ecosystems are heavily
damaged, with extensive exposed rock, minimal soil, and great difficulty in
vegetation recovery; these areas are designated as zones for engineering-
based ecological restoration. Terrain modification is essential; measures
such as terrace construction can reduce surface runoff and erosion, while
topsoil addition helps increase soil depth®. Meanwhile, drought- and
nutrient-poor-tolerant pioneer species should be planted, with attention to
site conditions in building layered vegetation communities. For instance, a
restoration model involving mixed planting of Sabina chinensis and Car-
agana korshinskiiin severe KD areas has successfully formed a multi-layered
forest structure of trees and shrubs, providing effective soil and water
conservation benefits®.
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Based on the above discussion, differentiated control strategies should
be implemented for regions with varying levels of KD and different ES, EC,
and EN types. In areas with mild KD, a strategy of “natural regeneration
supplemented by artificial assistance” should be adopted. Around core
areas, enclosed reforestation should be conducted for 3-5 years, with
restricted grazing intensity. Establish ecological buffer forest belts wider
than 20 meters around cultivated land, prioritizing dominant native species.
Implement three-dimensional planting systems on sloped farmland
exceeding 25, balancing ecological and economic benefits. In moderate KD
areas, carry out projects focusing on “vegetation reconstruction and soil
improvement”. In fractured zones of transition areas, apply mixed-species
planting, which is expected to achieve effective coverage within a few years.
Conduct soil replacement projects in barrier areas, supplemented with
organic fertilizers. In severe KD areas, implement comprehensive measures
combining engineering restoration with pioneer species planting. In high-
altitude barrier points, apply terrace conversion and reinforce with stone
embankments. Use drought-tolerant economic tree species in combination
with shrubs and trees, while designating wildlife corridors. For ES areas,
adopt protective measures. Implement a three-tiered control system for the
core area, encompassing “core protection, buffer transition, and ecological
migration”. Prohibit all development activities in first-level protection
zones, promote ecological relocation in second-level buffer zones, and
develop understory economy in third-level relocation zones. For EC areas,
apply optimization strategies. In primary corridors, implement “dual-
channel” construction by reserving 30-meter-wide ecological corridors on
both sides of existing roads and planting dominant species to form biological
barriers. In fragmented corridors, establish ecological islands with sup-
porting rainwater harvesting ponds. For EN areas, adopt restoration stra-
tegies. Implement projects integrating micro-topography modification and
vegetation planning. Construct a multi-layered structure of trees, shrubs,
and herbaceous plants using drought-resistant species. In addition, first-
level pinch points should be designated as ecological exclusion zones, pro-
hibiting all forms of development. Within a 100-meter buffer zone around
these areas, planting should be minimized and protective forests promoted
to reduce the indirect impact of soil erosion on pinch points.

South China Karst, situated in the transitional zone between the first
and second steps of the Tibetan Plateau, features unique karst mountains
that give the region a distinctive appearance. However, this area is also
central to the Yunnan-Guizhou-Guangxi KD concentrated contiguous area,
presenting significant ecological challenges. This study focuses on three
KDC forest areas with varying degrees of change, emphasizing the lack of
actual hydrological observation data in these regions as a major obstacle for
in-depth analysis. Hydrological factors in KD areas significantly affect
vegetation restoration and soil erosion. A key aspect of ensuring ecological
security in these regions lies in rebuilding the hydrological redistribution
capacity that supports vegetation recovery”®’. Moving forward, it is crucial
to further incorporate the analysis of hydrological factors to reveal their
profound impacts on the ecological landscape and ecological security of
KDC forest areas. The construction and optimization of ESP are spatially
and temporally dynamic, and should be assessed over a period of at least five
years. However, this study focused solely on the spatial scale in constructing
and regulating ESP in KDC areas, potentially overlooking changes caused by
seasonal variations, climate shifts, and human activities. As a result, the
assessment of pattern stability may lack accuracy. Therefore, future research
should incorporate temporal dimensions alongside spatial analysis to better
understand environmental changes in KD regions. Due to data acquisition
and methodology limitations, this study focuses on high speed, provincial,
and county roads for road data extraction, without fully considering the
impact of township and rural roads. The exclusion of township and rural
roads in this study may pose ecological risks. Previous studies have shown
that, compared with highways and provincial roads that create concentrated
barriers, dense networks of rural roads are more likely to increase habitat
fragmentation and amplify edge effects”™”. For example, unpaved rural
roads can fragment salamander habitats, exerting a greater negative impact
on their populations”. Therefore, future studies should incorporate data on

township and rural roads to assess their effects on species distribution and
migration resistance. These roads not only influence species migration paths
in reality, but also introduce uncertainties in resistance value refinement and
assignment. Therefore, future research should refine resistance factors,
analyze the ESP system comprehensively using multi-source data and
simulations, uncover the ecological spatial and temporal sequence changes,
and delve into the evolution mechanism of the ESP. In future research, it is
essential to clarify the development direction of the study area to achieve
optimal control of the forest ecological safety network for KDC. This will
contribute valuable insights and efforts to enhancing the ecological safety of
South China Karst and the broader KD area through scientific planning and
effective management. As this study focuses primarily on spatial outputs, we
plan to incorporate additional quantitative indicators and apply statistical
methods in future work to evaluate the impact of resistance factors on the
identified ecological sources and corridors. Although this study employed
multiple data sources and models in constructing the ecological security
pattern, it lacks a systematic assessment of uncertainty. Therefore, we will
apply sensitivity analysis to systematically vary resistance values and
threshold distances, assessing how these changes affect ecological corridor
connectivity and source identification”. In addition, the Monte Carlo
simulation method was used to apply multiple random perturbations to the
input parameters in order to evaluate the variability of the model outputs™.
Human activities significantly impact ecological connectivity. The
advancement of urbanization, expansion of transportation networks, and
continuous land development are expected to intensify ecological pressures
in the study area. However, our study clearly lacks a comprehensive analysis
of anthropogenic pressures. Therefore, we plan to use the CA-Markov
model to predict future land-use change trends, particularly the impacts of
urban expansion and road construction”*, In addition, we will apply the
SLEUTH model to simulate the dynamic processes of urban development
and analyze the long-term impacts of different planning strategies on eco-
logical connectivity””. By integrating the CA-Markov and SLEUTH models,
we aim to simulate changes in ecological connectivity under various plan-
ning scenarios.

1. Found that forest patch fragmentation was notably pronounced, with a
worsening trend as KD intensified, leading to a significant decrease in
forest area. More specifically, we isolated 45, 32, and 50 ES forest
patches in the SLX, HFH, and H]J regions, respectively. These patches
represented 10.62%, 5.80%, and 2.30% of the total area in each
respective study area.

2. Revealed as the level of KD increases, the proportion of islets in the
ecological landscape is also increasing, while the proportion of pore
space is decreasing. This shift results in reduced connectivity between
forest regions and hinders the flow of ecological elements between
them, ultimately leading to significant ecological degradation within
the forest.

3. In the SLX, this paper successfully extracted a total of 108 EC, which
had a total length of 109.34 km. At the same time, 47 EN with a total
area of 22.05 hm” and 20 EBS with a total area of 555.66 hm® were
identified. In the HFH, we extracted 68 EC with a total length of
59.44 km. In addition, 10 EN with a total area of 4.14 hm? and 10 EBS
with a total area of 420.12 hm?* were identified. Finally, in the HJ, we
extracted a total of 113 EC with a total length of 128.10 km, which
contained 28 EN with a total area of 24.57 hm? and 12 EBS with a total
area of 379.53 hm>.

4. In the context of different levels of KDC, significant spatial differences
were observed in forest ESP. Within the study areas of SLX, HFH, and
HJ, key areas for ecological protection were determined to be
169.66 hm?, 49.59 hm?, and 101.61 hm?, while ecological restoration
areas were identified as 555.66 hm? 420.12hm? and 379.53 hm?,
respectively. By focusing on these key areas, a distinct ESP pattern was
successfully established, illustrating layouts of ‘two horizontals, three
verticals, five stones, and three areas’, ‘two verticals, three stones, and
one area’, and ‘one horizontal, one vertical, two stones, and one area’
for each respective study area.
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