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Abstract

Landscape stability is a paramount concern within the field of landscape ecology. Indices of landscape patterns

not only facilitate an effective analysis of land use transformations but also delve into the mechanisms of land-

scape disturbances across various spatial and temporal dimensions. Utilizing land use data spanning from 2014

to 2022 for the Shibing and Libo-Huanjiang South China Karst (SCK) World Heritage Sites (WHSs), this study delves
into the landscape dynamics of these areas over the past 8 years. This investigation employs landscape pattern indices
and a moving window technique to construct a landscape stability evaluation model, incorporating indices such

as the Contagion Index, Patch Density, and Total Edge Contrast. Moreover, the study employs Moran’s |, a spatial auto-
correlation index, to scrutinize the shifts in geographical heterogeneity of landscape stability within the said period.
The findings reveal: (1) Between 2014 and 2022, the landscape patterns of the Shibing and Libo-Huanjiang WHSs
have undergone significant transformations, with Woodland emerging as the predominant landscape type and its
area exhibiting an upward trend in recent years. (2) The level of fragmentation within the research area has decreased,
landscape diversity has diminished, and the aggregation index has risen, according to the landscape pattern indices
from 2014 to 2022, indicating that conservation measures have significantly influenced the evolution of landscape
patterns. (3) Throughout most of the study period, landscape stability predominantly remained at a relatively stable
level, albeit with noticeable fluctuations in years heavily impacted by human activities. (4) The areas of high-high
agglomeration and the hotspots of the heritage sites were primarily concentrated within the core zones of these sites,
suggesting focused areas of conservation and landscape integrity.
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Introduction

Ecosystem stability is defined as the ability of an eco-
system to maintain or restore its structure and function
to relative stability [1]. The stability of an ecosystem is
influenced by ecosystem or landscape characteristics,
which are prerequisites for the normal functioning of
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the ecosystem. These comprise biodiversity-related fac-
tors, species features, ecosystem functions (like feedback
and modular structures), and landscape indicators (like
connectedness and fragmentation) [2]. Landscape stabil-
ity can be seen as a reflection of ecosystem stability on
a larger spatial scale. It considers the relationships and
stability between ecosystems as well as between ecosys-
tems and their surrounding environment, in addition to
the stability within ecosystems. Experts in historical land
use change define "landscape stability” as the constancy
of land use polygons [3]; Researchers view landscape
resilience, persistence, and resistance to disturbance as
a collective concept of landscape stability [4]. Landscape
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stability refers to the ability of a specific area or landscape
to maintain its functions, structure, and biodiversity
over a period of time. This concept involves factors from
ecological, socioeconomic, and cultural dimensions. It
emphasizes the landscape’s ability to maintain its core
characteristics and service functions in the face of exter-
nal changes, such as climate change, population growth,
and land use changes [5]. Research on landscape stabil-
ity contributes to the understanding of how ecosystems
respond to natural and anthropogenic disturbances on
a larger scale, and how they maintain and develop their
ecological services and processes. It is crucial for under-
standing and conserving both natural and cultural land-
scapes. However, at present, most scholars focus on the
stability of landscapes in urban areas, wetlands, basins,
and the stability of ecosystems in WHSs [6, 7], with
relatively little attention given to the landscape stability
of heritage sites. The impact of natural and human fac-
tors on heritage sites over time is difficult to perceive
and quantify. Since the preservation of natural heritage
is closely related to the stability of heritage landscapes,
studying landscape stability is essential to creating more
efficient management and planning techniques. This
is not only important for achieving a balance between
environmental protection and socioeconomic develop-
ment but is also particularly significant for the long-term
development of heritage sites, as they frequently serve as
important venues for tourism and cultural education.

Landscape pattern generally refers to the spatial mor-
phological organization of landscapes, which has certain
structural characteristics and can reveal the underlying
processes of change [8]. To comprehend the dynamics of
pattern-process at particular scales, dynamic evolution
analysis mainly focuses on the composition and config-
uration of landscapes, examining the patterns of land-
scape change in particular areas [9]. Strictly speaking,
the foundation of landscape ecological planning is the
link between landscape patterns and spatial processes in
landscape ecology [10]. Achieving regional sustainable
development, improving ecological functions that are
in danger of being lost, enhancing landscape connectiv-
ity, harmonizing ecological processes among spatial ele-
ments, and optimizing spatial elements like area, shape,
type, and configuration are the main goals of human spa-
tial pattern planning and management [11].

The strength of the relationship that exists between
humans and the environment differs from person to
person and from landscape to landscape, which has an
impact on both society and the composition and func-
tionality of ecosystems. Humans and environments
can create a "malignant” or "benign" cycle through their
interaction. Creating a positive feedback loop between
socioeconomic factors and ecosystems in the landscape
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can be effectively achieved by connecting humans with
nature [12]. The stability and balance of a landscape can
be considered as a function of disturbance on a rela-
tive spatiotemporal scale, determined by the frequency
and intensity of disturbances and the ecological char-
acteristics of the landscape [13]. Research on landscape
patterns can quantitatively explore the internal laws of
landscapes, analyze factors affecting landscape patterns,
evaluate landscape types, and then propose optimiza-
tion measures. Combining landscape indices to analyze
the landscape patterns of specific areas is beneficial for
promoting the sustainable development of landscape sci-
ence, advancing land planning, and establishing sustain-
able human settlements [14].

With carbonate rocks making up almost 13% of the
nation’s total land area, China is among the nations with
the greatest distribution of these rocks worldwide. The
SCK region covers 500,000 km? and is mainly made up
of the provinces of Yunnan, Guizhou, and Guangxi. It
also includes portions of Chongging, Sichuan, Hunan,
Hubei, and Guangdong. For a variety of karst landforms
in humid-semi-humid, tropical-subtropical plains, hills,
mountains, and plateaus, this region is the best-devel-
oped area in the world. It captures the distinct natural
geographic conditions and history of geological evolu-
tion seen in the majority of regions in China. The unique
karst topography, karst ecosystems, biodiversity, sce-
nic beauty, and evolutionary processes—many of which
have worldwide significance—that define the SCK are its
defining features. South China offers the most variety of
karst landscapes and features [15]. The SCK WHSs are
"outstanding examples reflecting major stages of Earth’s
evolutionary history, including the record of life, sig-
nificant ongoing geomorphic processes, significant
geomorphological forms, or natural geographic fea-
tures." Including the Karst regions of Guilin, Huanjiang,
Wulong, Jinfoshan, Shibing, Libo, and Shilin, these seven
Karst heritage sites authentically and collectively show
the entire sequence of the development and evolution of
tropical and subtropical Karst from young to old, from
plateau mountains to low hills. They have a fascinat-
ing historical background in addition to great scientific
significance.

The Shibing WHS is distinguished by its subtropical
dolomite landscape, which represents a rare type of spec-
tacular conical peak-cluster and gorge karst developed on
pure, thick, and ancient dolomite, filling a gap in the types
of SCK. It is composed of pure white Cambrian dolomite,
with soils primarily consisting of thin layers of dolomitic
limestone weathered from the dolomite. Due to its inher-
ent fragility, it is highly susceptible to the impacts of the
climatic environment. With the rise of tourism, there has
been excessive development and utilization of the karst
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landscape. Continuous changes in the climate and human
activities have caused varying degrees of damage to both
the karst landscape and its ecosystem.

The Libo-Huanjiang WHS has unique conical karst,
which is the most typical of peak-cluster and peak-for-
est karst and serves as a paradigm of similar landforms
worldwide [16]. It is not only a world-class example of
peak clusters but also a typical representative of coni-
cal karst in the moist tropical-subtropical interiors of
continents. The soil is mainly neutral to slightly alkaline
limestone soil, among which, the black limestone soil
developed under the karst peak forests, peak clusters,
and slopes of karst valleys is the most common. Addi-
tionally, some yellow soils are distributed in karst depres-
sions, basins, and valley bottoms. The growth of trees is
severely hindered by the karst ecological conditions char-
acterized by shallow soil, discontinuous soil cover, limited
space for rooting, and drought, making forest vegetation
difficult to recover once destroyed.

Extending current study theories, the research on Shib-
ing SCK and Libo-Huanjiang SCK has great scientific
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value. Theoretical findings also apply to other South
China Karst WHSs. Furthermore, WHS ecosystems are
often among the best in the world for ecological quality.
Because of this, the developed landscape structure and
stability evaluation models can be applied to other simi-
lar heritage conservation areas, providing valuable guid-
ance for the preservation of the environment and ecology
in other locales and encouraging the growth of a sustain-
able regional economy in the Karst WHS of Southern
China. Analyzing their landscape stability might help
promote peaceful cohabitation between humans and the
natural environment by serving as a model for global eco-
systems [17-19].

Materials and methods

Study area

The Shibing WHS is situated on a slope that crosses over
from the western Hunan hills to the central Guizhou
mountains in Shibing County, eastern Guizhou Province
(Fig. 1). It is a component of the Yangtze River basin,
which also includes the Wagiao, Shanmu, and middle
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Fig. 1 a Karst Distribution in the Northern Hemisphere; b Location of the SCK; ¢ Satellite imagery of Shibing WHS in 2022; d Satellite imagery

of Libo-Huanjiang WHS in 2022
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Wuyang Rivers. The Wuyang River is a tributary of the
Yuanjiang River system. The Wuyang River and its tribu-
tary, the Shanmu River, constitute the regional erosional-
karst base level, which is essential to the hydrodynamic
structuring of the Karst topography. The region has
developed surface water. The Shibing Karst WHS spans
102.80 km? in total. With an average elevation of 912 m
and most places between 600 and 1250 m, the terrain is
higher in the north and lower in the south. The geological
backdrop of dolomite dominates the northern tributaries,
which converge southward. Strong river erosion has pro-
duced an amazing gorge Karst landscape and peak cluster
(16, 19].

The Libo-Huanjiang WHS is situated near the bound-
ary of Huanjiang County in Hechi City, Guangxi Zhuang
Autonomous Region, and Libo County in Qiannan Pre-
fecture, Guizhou Province. The Guangxi Mulun National
Nature Reserve, the Zhangjiang National Beautiful Area
including the Daqikong and Xiaoqikong beautiful places,
and the Guizhou Maolan National Nature Reserve make
up the majority of the heritage site. With a buffer zone of
434.98 km? and a core area of 295.18 km?, the Libo Herit-
age Site has a total area of 730.16 km?® With an average
elevation of 747 m, the altitudes vary from 385 to 1109 m.
From north to south, the land gradually descends from
high points in the west to low points in the east, where
it eventually joins the Guangxi Basin. Its characteristic
conical Karst and mix of surface and subsurface Karst
ecosystems define it. With a core area of 71.29 km?* and a
buffer zone of 44.43 km?, the Huanjiang WHS has a total
area of 115.59 km? The development, evolution, and dis-
tribution integrity of the Libo conical Karst landscape
are greatly enhanced by the Huanjiang Karst, which is an
extension of the Southern China Karst Libo Karst WHS.
It is an exceptional example of tropical and subtropical
conical Karst together with the Libo Karst [19].

Date and processing

The study obtained Landsat 8 OLI satellite remote sens-
ing images for the years 2014, 2018, and 2022 cover-
ing both study areas, sourced from the Geospatial Data
Cloud (https://www.gscloud.cn/) and the United States

Table 1 Classification of landscape types
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Geological Survey (USGS) (https://earthexplorer.usgs.
gov/). Multi-band image synthesis and geometric correc-
tions were conducted in ENVI (Exelis Visual Information
Solutions, Melbourne, Florida, USA; version 5.2). The
image classification system referenced the "Current Land
Use Classification" (GB/T21010-2017) standards. Consid-
ering the specific conditions of the study area and based
on the attributes of land resources and their utilization,
the areas were classified into six categories (Table 1): cul-
tivated land, woodland, grassland, water bodies, built-up
land, and unused land. Vector data of land use spatial
distribution for the three periods were obtained through
interpretation combined with field surveys.

Research methods

A fundamental component of landscape ecology is the
connection between ecological processes and landscape
patterns. Landscape pattern indices establish a connec-
tion between landscape patterns and their evolution-
ary processes by measuring the landscape structure and
its dynamics [20]. Landscape pattern indices encompass
most information about regional landscape patterns,
reflecting the composition and spatial configuration of
landscape structures, clearly expressing the types and
arrangement of landscape units within a region, and indi-
cating landscape spatial heterogeneity [21, 22]. The study
uses data from transition matrix computations to exam-
ine changes in the landscape structure in the area during
the past eight years based on the research objectives and
the actual landscape of the Shibing and Libo-Huanjiang
WHSs. To represent the spatiotemporal evolution of
landscape patterns and shifts in ecological processes in
the research area, twelve landscape pattern indices are
chosen, one at the patch-type level and one at the overall
landscape level. For a more accurate quantitative analy-
sis of the spatial distribution characteristics of landscape
stability changes, local operation methods are employed.
A landscape stability evaluation model is built to meas-
ure the spatiotemporal distribution characteristics and
trends of landscape stability changes.

Landscape types Meaning

Cultivated land (CL)
Grassland (GL)

Areas designated for the cultivation of agricultural crops
Areas primarily covered with herbaceous plants, with a coverage of more than 5%. This includes grasslands primarily

used for grazing, shrub grasslands, and sparse woodlands with a canopy closure of less than 10%

Woodland (WL)
Waterbody (WB)
Build-up land (BL)
Unused land (UL)

Areas used for growing trees, shrubs, bamboo, and other plants for forestry purposes

Areas comprising natural land water bodies and lands designated for water management and conservancy infrastructure
Residential areas in villages and lands used for industrial, mining, and transportation purposes outside these settlements
Land that is currently not in use, including areas that are difficult to utilize or develop
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Landscape transition matrix

One quantitative way to describe changes between states
is with a transition matrix. The landscape type transi-
tion matrix efficiently illustrates the changes that occur
between various landscape types, highlighting the struc-
tural features of the terrain as well as the reciprocal
changes and directions that occur between various land-
scape types [23, 24]. This study uses the landscape tran-
sition matrix to investigate the inter transformation of
various landscape types within WHSs. The mathematical
form of the transition matrix is as follows:

S11 812 -.. S
So1 Sy ... S

Sp=| )
St S .. Sun

where S;; represents the area of landscape type i at the
starting period that transforms into landscape type j at
the end period; 7 is the number of landscape types.

Landscape pattern indices

Landscape pattern indices are a comprehensive study
and quantitative reflection of various characteristics of
landscapes, highly concentrating information about land-
scape patterns. They effectively reflect the composition
and spatial configuration of landscape structures and
also indicate the spatial characteristics of the landscape
and the impact of human or natural factors on ecologi-
cal processes at different scales, making them a clas-
sic method for describing landscape patterns and their
changes [25-27]. Even though each landscape measure
emphasizes ecological relevance differently, several indi-
ces frequently show a significant amount of association
with one another. Thus, it is possible to make sure that
the chosen indices represent non-redundant landscape
information by computing the correlation coefficients
between landscape indices and running correlation tests
under specified confidence requirements. This method
avoids the problem of index redundancy in landscape
ecological evaluations while accurately describing land-
scape patterns and reflecting the relationship between
processes and landscape patterns.

Two criteria are used to pick landscape indices: the
patch-type level, which reflects characteristics of the
land use landscape pattern, and the landscape type level.
At the patch-type level, the selected indices include
Patch Number (NP), Patch Density (PD), Largest Patch
Index (LPI), Landscape Shape Index (LSI), and Aggre-
gation Index (AI). At the landscape type level, indices
such as Patch Density (PD), Interspersion and Juxta-
position Index (IJI), Division Index (DIVISION), Total
Edge Contrast Index (TECI), Splitting Index (SPLIT),
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Shannon’s Diversity Index (SHDI), Shannon’s Evenness
Index (SHEI), and Contagion Index (CONTAG) are cho-
sen, making a total of 12 landscape indices to analyze
landscape pattern changes. The statistical properties and
ecological implications of these indices are detailed in
Table 2.

Landscape stability evaluation method

The stability of a landscape is contingent upon the stabil-
ity of its various patch types and the ability of the land-
scape’s compositional structure to sustain the continuity
and stability of ecological processes and functions. There-
fore, the evaluation of landscape stability can be con-
ducted by measuring the relationship between changes in
the spatial structure and stability of regional patches. In
this study, based on the principles of hierarchical patch
dynamics theory, we employed the Spearman rank corre-
lation method to select landscape indices with low inter-
correlation to construct a model for evaluating landscape
stability [20]. We identified three indices to construct the
landscape stability evaluation model: contagion, total
edge contrast, and patch density. The contagion index
primarily reflects the spatial configuration characteristics
of landscape components and the continuity of a domi-
nant landscape type, serving as an important indicator
for measuring the spatial aggregation characteristics of
landscape patch types. The patch density and total edge
contrast indices directly reflect the degree of fragmenta-
tion and spatial heterogeneity of the landscape, which to
some extent indicate the degree of human disturbance on
the landscape [14, 23, 28, 29]. The formula for calculating
landscape stability is as follows:

C

=T (2)

where S represents the landscape stability index; C is
the Contagion Index (CONTAG); P is the Patch Density
(PD); T is the Total Edge Contrast Index (TECI). When
using TECI, it is necessary to first determine the edge
contrast weight between different landscape types. The
setting of this weight follows these principles (Table 3):
hard boundaries (cultivated land, build-up land) and soft
boundaries (woodland, grassland, unused land)>hard
boundaries and neutral hardness boundaries (water bod-
ies) >soft boundaries and soft boundaries. This paper
refers to the studies by Wang Zhiqiang et al. [20, 23,
30]. for setting these weights, as shown in Table 3. The
higher the Contagion Index (CONTAG), and the lower
the Patch Density (PD) and Total Edge Contrast Index
(TECI), the higher the stability of the landscape pattern,
and the stronger the landscape’s resistance to external
disturbances.
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Table 2 Selection of landscape pattern indices and their ecological significance

Index nature Landscape Index name

Ecological significance

Patch Number
(NP)

Patch Density
(PD)

Largest Patch Index (LPI)

Patch type level

Indicates the total number of patches in the landscape, related to landscape fragmentation;
higher values indicate higher fragmentation

Reflects fragmentation of the landscape and the fragmentation degree of a certain type; higher
density indicates more severe fragmentation

Indicates the influence of the largest patch on the entire type or landscape; its value change

can reflect the variation in human disturbance intensity

Landscape Shape Index (LSI)
complexity

Aggregation Index (Al)

Reflects the complexity of patch shapes in the landscape pattern; higher values indicate greater

Reflects the aggregation degree of each attribute grid in raster format data, assessing the con-

nectivity between patches of each landscape type

Patch Density
(PD)

Interspersion & Juxtaposition Index
(1

Division Index

(DIVISION) greater dispersion
Landscape type Total Edge Contrast Index
level (TECH

Contagion Index (CONTAG)
scape

Fragmentation Degree
(SPLIT)

Shannon’s Evenness Index
(SHEI)

Shannon’s Diversity Index
(SHDI)

Reflects the overall heterogeneity and fragmentation of the landscape; higher density indicates
more severe fragmentation

Measures the overall distribution and adjacency of patch types

Assesses the degree of separation of the same patch type, with smaller values indicating
Describes the contrast of landscape boundaries, with higher contrast approaching

Describes the degree of non-randomness or aggregation of different patch types in a land-
Quantifies the fragmentation level of a landscape, with values > 1. Higher values indicate
greater fragmentation

Represents the evenness of distribution across different landscape types

Reflects landscape diversity, where higher values indicate richer diversity

Table 3 Setting of edge contrast weight

CL WL GL WB BL UL
CL 0 0.8 0.8 06 0.3 0.8
WL 0.8 0 0.1 0.5 0.8 0.1
GL 0.8 0.1 0 0.5 0.8 0.1
WB 0.6 0.5 0.5 0 0.6 0.5
BL 03 08 08 06 0 0.8
uL 0.3 0.1 0.1 0.5 0.8 0

The study uses the moving window method for visual
analysis of landscape stability. The fuzzy membership
function is used for normalization, and then the natural
break method is applied to classify landscape stability
into five levels: unstable, relatively unstable, relatively sta-
ble, stable, and extremely stable [29, 30].

Spatial autocorrelation analysis

One popular technique for examining the spatiotemporal
pattern evolution of regional variables is spatial autocor-
relation analysis. It is employed to examine the patterns
of components’ spatial distribution, which are commonly
quantified by Moran’s index and comprise both local

and global spatial autocorrelation. To more intuitively
illustrate spatial clustering, local spatial autocorrelation
analysis (LISA index) identifies specific aggregation areas
of characteristics in geographical space and is analyzed
using the spatial association index Getis-Ord G}[31, 32].

Global spatial autocorrelation analysis (Moran’s I
index) can determine the overall spatial distribution, and
its formula is as follows:

. nZLlZ}Ll Wi (xi — %) (% — %)

1 - —
S e Wiy 2oy (i — %)

(3)
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where I represent the global Moran’s I index, # is the
number of spatial regions, x; and x; are the attribute val-
ues of the geographic units in regions i and j respectively,
Wi; is the spatial weight matrix between features i and
j, and x is the average value of the attributes across all
regions. The range of Moran’s I index is [— 1, 1]; when
Moran’s I index is close to — 1, it indicates a more sig-
nificant negative spatial autocorrelation; when Moran’s I
index is close to 1, it indicates a more significant positive
spatial autocorrelation; when Moran’s I index is 0, it indi-
cates the absence of spatial autocorrelation.

Local spatial autocorrelation analysis decomposes the
global spatial autocorrelation Moran’s Index into individ-
ual units, to examine whether there is local spatial clus-
tering in specific regions. The formula is as follows:

— n
Xi — X .
li==g= > Wil —%) 4)
=1

where [; represents the local Moran’s Index. When I; is
positive, it indicates a spatial cluster of high—high or
low—low values around the regional unit. When I; is
negative, it indicates a spatial cluster of high—low or low—
high values around the regional unit. S? represents the
variance of the landscape stability index. In this article,
the LISA results are categorized into five classes: high—
high (H-H), low-low (L-L), high—low (H-L), low—high
(L-H), and not significant.

Hotspot analysis is used to study the degree of clus-
tering of different attribute values, where hotspot areas

=4 2.288 (0.809%)
wp4d.605 (1. 627%)
. - 04%)

45.788 (16.182%)
Cultivated land -
Grassland

Woodland 39.484 (13.954%)
- oodlant

B Waterbody
I Build-up land
Unused land

190. 674 (67.387%)
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represent the clustering of high values, and cold-spot
areas represent the clustering of low values. Getis-Ord
G;* analysis is a local spatial autocorrelation index based
on distance matrices used to explore the spatial cluster-
ing locations of high or low values of various factors [32,
33], and its formula is as follows:

o = 2 Vi -
YL

where x; and Wj; have the same meanings as defined in
the formula (3).

Results
General characteristics of landscape transition
General characteristics of landscape transition in Shibing
World Heritage Site
According to Fig. 2, the landscape types that dominated
the Shibing WHS between 2014 and 2022 were WL and
CL, which combined accounted for more than 80% of the
total area. While BL and CL were detected in the buffer
zone, WL was mostly found in the Shibing Karst’s core
area. Distributions of WB and UL were rather consistent.
In the studied area, WL dominated the landscape type
and had a distinct distribution advantage. The proportion
of the six types of landscapes in the study region in 2014,
2018, and 2022, in descending order of area, were WL,
CL, GL, BL, UL, and WB, according to the data results.
In 2008, the study area was prepared for the World
Heritage application, and on June 23, 2014, at the 38th

770.595 (0.21%)
219 (1.138%)
22 Q. 043%)

40.829 (14. 43%) \52, 462 (18. 541%)

16,04 (5. 669%)

| 38.167 (13.489%

198.204 (70. 048%) 210.514 (74.399%)

Fig. 2 Spatial distribution and area proportion of landscape types in Shibing WHS
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session of the World Heritage Committee held in Doha,
Qatar, the application for the second phase of the SCK
was approved, with Yuntai Mountain in Shibing, Guizhou
representing the project. Yuntai Mountain became the
third World Natural Heritage site in Guizhou Province.
During this process, it was inevitable to reduce human
traces in the area and conduct corresponding planning.
Future tourism development will require control over the
distribution and quantity of human traces, such as con-
structed lands in the region [34].

The research area’s landscape changes between 2014
and 2018 revealed seasonal variations in GL, a decline

108°1'30"E 108°4'30"E 108°7'30"E 108°10'30"E 108°13'30'E
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in CL, an increase in WL and BL, and a generally steady
WB. Except for the northern part of the core area, land-
scape-type transitions were widespread throughout the
research area (Fig. 3). The main alterations were between
GL and WL in the Shibing WHS core area and between
GL and CL in the buffer zone due to seasonal variations.
From the 2014-2018 transition matrix calculations
(Fig. 4), it was found that 19.360 km? of GL converted
to WL, 7.399 km? of CL to WL, and 1.648 km? of CL to
BL. These findings demonstrate a growing appreciation
for the importance of forests and the adoption of envi-
ronmental conservation measures, such as reverting CL
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g.3 Change diagram of landscape type transition in Shibing WHS from 2014 to 2022
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to WL. This resulted in a reduction of the CL area. The
areas of CL and WL increased between 2018 and 2022,
whilst the areas of WB and UL stayed mostly unchanged
and BL shrank. The 2018-2022 transition matrix shows
that 7.191 km? of CL became WL and 12.863 km? of
GL became WL. 0.91 km? of CL was turned to BL. The
area of cultivated land rose by 2022 as a result of Shibing
County implementing the "Cultivated Land Fertility Pro-
tection Subsidy Scheme" in 2021.

General characteristics of landscape transition

in Libo-Huanjiang World Heritage Site

The landscape types in the Libo-Huanjiang WHS from
2014 to 2022, as shown in Fig. 5, were primarily WL
and CL, collectively making up more than 85% of the
total area. While BL and CL were mostly found in the
buffer zone, WL was the dominant landscape type with
a clear distribution advantage, concentrated in the
center of the Libo-Huanjiang WHS. The data results
showed variations in the distribution of the six types
of landscapes between 2014 and 2022. By 2018, UL had
decreased while GL and BL had increased, with the
Guiyang to Nanning Passenger Dedicated Line Railway
(Guinan Railway) influencing the latter. By 2022, CL

5709,
X 3017037

Cultivated land
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B Waterbody
B Build-up land

Unused land

124458 (15.264%)
758 (2.669%)

627931 (77.014%)
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had increased and GL and UL had decreased. Accord-
ing to area proportion, the following landscape types
were ranked in 2022: WL, CL, GL, BL, UL, and WB.

The Libo study area successfully applied for WHS
in 2007, and the Huanjiang was approved during the
38th session of the World Heritage Committee held in
Doha, Qatar, on June 23, 2014, as part of the second
phase application for the SCK World Natural Heritage.
After officially starting in 2016, the Guinan Railway’s
development had some effects on the buffer zone but
did not immediately harm the Libo-Huanjiang Karst’s
conical Karst landscape or caves. Due to the construc-
tion of the Guinan Railway and the acceptance of the
"Cultivated Land Fertility Protection Subsidy Scheme"
in Libo County in 2021, the CL and BL area of the Libo-
Huanjiang WHS grew from 2018 to 2022.

The landscape changes between 2014 and 2018 indi-
cated a decrease in CL and UL and an increase in GL
and BL, while WB and WL remained relatively stable.
The landscape-type transition map (Fig. 6) shows fewer
changes in the southeastern part of the study area,
mainly covering the core area of Libo-Huanjiang Herit-
age Site, with minimal human interference.

£ 1432
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Fig.5 Spatial distribution and area proportion of landscape types in Libo-Huanjiang WHS

107°39'0"E 107°44'30"E 107°50'0"E 107°55'30"E 108°1'0"E

108°6'30"E 107°39'0"E

107°44'30"E 107°50'0"E 107°55'30"E 108°1'0"E 108°6'30"E

2014-2018

25°19'0"N
25°19'0"N

25°13'30"N

25°13'30"N

25°8'0"N
25°8'0"N

0 2 4 8 12 16

km

Heritage Site
—IBuffer Zone
BLtoUL
EBLOWL
ENBLIOWB
BLtoCL

2018-2022

BLtoGL
I ULoBL
EuLowL
WLIoWB
uLoCL
ULtoGL
[ WLtoBL
I WLtoUL
BN WLIOWB
EWLtoCL
WLtoGL
WBtoCL
WBtoWL
WBtoCL
WBtoGL
[ICLoBL
CLtoUL
CLtoWL
ICLIoWB
CLtoGL
EGLOBL
GLtoUL
EGLOWL
ENGLIOWB
GLtoGL

Fig. 6 Change diagram of landscape type transition in Libo-Huanjiang WHS from 2014 to 2022
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The reforestation initiatives for core areas were a
major factor in the transformation of CL into GL and
WL, with corresponding areas of 21.985 km? and 33.396
km?, according to the 2014—2018 transition matrix chord
diagram. With 6.272 km? converted, BL grew mostly at
the expense of nearby CL. The main transition from UL
to GL and WL shows that desertification was well con-
trolled. Influenced by the 2021 cultivated land protection
subsidy program, CL increased between 2018 and 2022
while WB and WL stayed constant and UL and BL fell.
With respective areas of 10.283 km? and 30.584 km?, the
landscape type area transition matrix chord diagram for
2018-2022 revealed that GL primarily transitioned to CL
and WL (Fig. 7).
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Dynamic changes in landscape patterns

Dynamic changes in the landscape pattern of the Shibing
World Heritage Site

Table 4 shows the changes in indices for various land-
scape types. The number of patches (NP) for CL and GL
is high, indicating that these landscapes have the highest
degree of fragmentation, while the patch density (PD)
values for GL, CL, BL, and WL show a declining trend,
indicating that landscape fragmentation is decreas-
ing. The largest patch index (LPI) for WL is the highest
among all types, indicating that WL are concentrated
and have a high degree of patch integrity, maintaining
their dominance; the LPI for GL, BL, and WB initially
increased and then decreased, whereas the LPI for CL

2018-2022

222(13.6%)

96.1(5.89%)

19.1(1.17%)
23.1(1.41%)
5.61(0.34%)

Cultivated land

Grassland

I Woodland
Waterbody
Construction land
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Fig. 7 Matrix chord diagram of landscape type transition in Libo-Huanjiang WHS

Table 4 Results of landscape pattern indices for different landscape types in the Shibing WHS

Patch type level Year GL CL BL WL wB UL

NP 2014 7188 3749 1258 1243 36 508
2018 5075 3004 898 1048 59 204
2022 3329 2515 829 764 29 351

PD 2014 25404 13.250 4446 4393 0.127 1.795
2018 17.936 10617 3.174 3.704 0.209 0.721
2022 11.765 8.889 2930 2.700 0.103 1.241

LPI 2014 0.226 3.106 0.106 63.589 0.019 0.071
2018 0.652 2.567 0.159 61.964 0.025 0.024
2022 0.090 3.996 0.077 69.222 0.019 0.057

LSI 2014 115351 83.407 56.167 39.896 6.174 25.921
2018 95.267 79.906 34.927 43444 7731 15.860
2022 69.534 73439 32658 36.031 5625 19.654

Al 2014 45.081 63.263 87.981 44.588 48.485 49.589
2018 53974 62.708 54.046 90.931 41.667 37.668
2022 48.110 69.864 46.266 92.735 54.878 23.502
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and UL initially decreased and then increased. This pat-
tern depicts the effect of human activity on all six land-
scape types in 2018. The landscape shape index (LSI) for
GL, CL, BL, and WL initially grew, then decreased. GL
and CL have higher LSI values and show a decreasing
trend over the study period, indicating that the irregular-
ity of their patch shapes is greater than that of other land-
scape types, but this complexity has decreased over time,
implying that landscape dynamic changes are moving in
an ecologically favorable direction. The aggregation index
(AI) for BL and UL has steadily dropped, indicating less
spatial connectedness and patch aggregation. In contrast,
an increasing Al value for WL indicates greater connect-
edness, which is good for the growth of the ecological
environment.

The landscape indices at the heritage site level, as
shown in Fig. 8, reveal that patch density (PD) decreased
from 2014 to 2022, indicating a gradual reduction in
WHS fragmentation. The fragmentation levels (SPLIT)
were relatively low, indicating minimal fragmentation.
The total edge contrast index (TECI) and contagion
index (CONTAG) increased in the research area with
time, whereas the interspersion and juxtaposition index
(JI) dropped. This shows that the landscape distribution
in the research area has been unequal throughout time,
with poor spatial connectedness and an increase in the
intermittent and dispersed spatial distribution of land-
scape patches. From 2014 to 2022, the landscape divi-
sion index (DIVISION) stayed largely steady. Changes
in landscape heterogeneity can be assessed using Shan-
non’s Diversity Index (SHDI) and Shannon’s Evenness
Index (SHEI). Between 2014 and 2018, both SHDI and
SHEI gradually declined, indicating a decrease in land-
scape type variety. This implies that efforts were made in
the development and maintenance of the heritage site to
keep forests and other natural cover landscapes as domi-
nant landscapes, in compliance with the requirements
of heritage site protection and management planning, as
well as tourism planning.

—=—PD
—=—SPLIT
—=— DIVISION

—=—TECI
—=— CONTAG

—=—1JI
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Dynamic changes in the landscape pattern

of the Libo-Huanjiang World Heritage Site

Table 5 shows that CL and GL have a higher NP, imply-
ing that these two landscape categories are the most frag-
mented. WB’s PD Index first drops before increasing,
with a general trend toward stability. In contrast, the PD
values of the other five landscape categories initially climb
and later decline, indicating an overall upward trend. This
implies that landscape fragmentation is increasing, and
it peaked in 2018. WL's LPI Index is rather consistent,
with the greatest LPI value of any landscape type dur-
ing the study period. This suggests that forested areas in
the study region are more concentrated and integrated,
with patches consistently being the dominant kind. The
LPI values of GL and BL increase and then fall, while
CL decreases and then increases. UL and WB generally
show a negative trend, indicating that, except for WL,
other landscapes were extensively impacted by human
activity throughout this time, with CL and BL being the
most affected. The LSI Index for GL, CL, BL, and WL
increases and subsequently drops. The high LSI values
for GL and CL imply that these landscapes feature more
irregularly shaped patches than other categories. The
LSI values of CL and WB generally exhibit an increasing
trend, indicating that the complexity and irregularity of
WB patches are increasing. The steady decrease in the
LSI value of UL suggests that human interference activi-
ties are becoming increasingly environmentally helpful.
The AI Index for CL, BL, WL, and UL declines and then
increases, although the total shift is not substantial. This
demonstrates that from 2014 to 2018, as human activi-
ties increased, spatial connectedness and patch aggrega-
tion decreased, but this tendency reversed from 2018 to
2022. The GL Al value is steadily decreasing, indicating
that patches are becoming more dispersed.

Figure 9 depicts the landscape indices at the land-
scape level of the Libo-Huanjiang WHS, which show a
rising trend in the PD index from 2014 to 2018, indicat-
ing an increasing degree of fragmentation in this natural

—=— SHDI
—=— SHEI

T T T 0 T T
2014 2018 2022 2014 2018

(a) (b)

- T T T
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Fig. 8 Results of overall landscape pattern indices at the type level for the Shibing WHS from 2014 to 2022. a Presents the indices for PD, SPLIT,
and DIVISION; b shows the indices for TECI, CONTAG, and JI; ¢ followed by SHDI and SHEI indices
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Table 5 Results of landscape pattern indices for different landscape types in the Libo-Huanjiang WHS

Patch Type Level Year GL CL BL WL WB UL

NP 2014 4013 4649 669 1193 302 2307
2018 8925 7415 2569 1664 217 2353
2022 6153 6268 1168 1254 305 738

PD 2014 4922 5.702 0.821 1463 0.370 2.830
2018 10.946 9.094 3.151 2.041 0.266 2.886
2022 7.549 7.690 1433 1.539 0374 0.905

LPI 2014 0.041 1.280 0.166 63.863 0.094 0.130
2018 0.063 0.965 0313 63.780 0.087 0.030
2022 0.046 1713 0.134 63.034 0.046 0.034

LSI 2014 72.907 92.663 31513 42487 22.207 57.868
2018 123.595 106.548 53.802 56.019 20.492 56.828
2022 97.214 103.729 40.117 45.184 22412 31424

Al 2014 53425 75.258 68.609 95.027 62.580 68.341
2018 52.897 67401 57713 93405 67.272 52434
2022 50.573 72518 59.737 94.740 56.940 63.350

:I;ELIT :gg\l—‘mo —=—SHDI
—a— DIVISION —a—J] ~—=— SHEI

2018 2014

(a)

2014

2018

(b)

2018

(c)

Fig. 9 Results of overall landscape pattern indices at the type level for the Libo-Huanjiang WHS from 2014 to 2022. a Presents the indices for PD,
SPLIT, and DIVISION; b shows the indices for TECI, CONTAG, and I; ¢ followed by SHDI and SHEI indices

site. From 2018 to 2022, the PD value decreased, show-
ing a reduction in fragmentation compared to 2018. The
SPLIT index has tiny values, indicating a reduced level
of fragmentation, although these values are increasing.
The degree of fragmentation is generally rising, tak-
ing into account both human and natural influences.
Between 2014 and 2022, the landscape DIVISION index
was largely steady but exhibited an increased trend.
Both the TECI Index and the CONTAG Index fell and
subsequently grew. The IJI Index first climbed before
decreasing, indicating that the landscape was unevenly
distributed between 2014 and 2018, with weak spatial
connectedness and a trend toward discontinuous and
discrete spatial distribution of landscape patches. How-
ever, there was an improvement between 2018 and 2022.
Changes in landscape heterogeneity can be evaluated
using the SHDI Index and SHEI Index. Between 2014
and 2018, both SHDI and SHEI increased gradually,
indicating an increase in landscape type variety, which

is advantageous to species richness. Between 2018 and
2022, both SHDI and SHEI experienced varied degrees of
deterioration.

Temporal and spatial variability characteristics

of landscape stability

Landscape stability is influenced by the qualities of its
constituent elements and their spatial distribution pat-
terns. Changes in the composition and spatial pat-
terns of the landscape result in changes to landscape
stability. Evaluating landscape stability in relation to
landscape pattern dynamics can provide an important
theoretical framework for managing and planning the
WHS ecosystem.

The spatial distribution map of landscape stability
(Fig. 10) demonstrates that places with reasonably intact
land patches and unambiguous boundaries have better
landscape stability. The distribution of landscape stability
in the studied area demonstrates substantial geographic



Bai et al. Heritage Science

(2024) 12:215

Page 13 of 20

£y " I vostable
: [ Jrelatively unstable
[ ]relatively stable

[ stable
[ cxtremely stable

I unstable

[ relatively unstable
[ Jrelatively stable
[ stable

[ cxtremely stable

Fig. 10 Spatial distribution map of landscape stability. a Landscape stability distribution map of Shibing WHS; b landscape stability distribution

map of Libo-Huanjiang WHS

differences, with stable and extremely stable areas con-
centrated in the core. Overlaying these locations with
land use at different times and doing statistical analysis
demonstrates that these areas are largely covered by WL
and GL in the core zone, with minimum human inter-
vention, strong landscape integrity, and thus superior
stability. The less stable and unstable areas are primarily
located in buffer zones with high human activity, such
as BL and CL. The fragmentation of WL reduces patch
aggregation, increases contagion, and creates more com-
plicated boundaries, gradually lowering landscape stabil-
ity. The reasonably stable areas are primarily UL and GL,
where human disturbances are quite low.

Further statistical study of the area transfer features
of landscape stability levels at different periods leads to
the following conclusions (Fig. 11): In 2014, the Shib-
ing Karst landscape was characterized by a rather steady
level. Shibing was officially declared as a WHS in 2014,
owing to its steady biological environment and optimal
landscape stability. From 2018 to 2022, the landscape was
mainly characterized by a stable level. Between 2014 and

2018, human and natural disruptions resulted in the shift
of 88.761 km? from the extremely stable level, primarily
to the stable level. The relatively stable level is spread over
an area of 3.506 km? The unstable, relatively unstable,
and stable levels received transferred areas of 28.009 km?,
25.606 km?, and 38.658 km?, respectively. Between 2018
and 2022, 15.368 km? was transferred from the extremely
stable level, 9.905 km? from the unstable level, and 4.373
km? from the relatively unstable level. The relatively sta-
ble and stable levels received 10.391 km? and 19.254 km?,
respectively.

From 2008 to 2022, the terrain at the Libo-Huanjiang
WHS remained mostly stable. Between 2014 and 2018,
the somewhat unstable and relatively stable levels lost
17.906 km? and 31.230 km?, respectively, while the unsta-
ble and extremely stable levels gained 19.268 km? and
54.998 km?, respectively. Because of human disturbance,
the proportions of extremely stable and unstable levels
were higher in 2018 than in previous years, demonstrat-
ing considerable landscape changes and a major impact
of human disturbance on landscape stability. Between
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Fig. 11 Mulberry diagrams of landscape stability changes in the study areas. a Shibing WHS landscape stability change diagram; b Libo-Huanjiang

WHS landscape stability change diagram

2018 and 2022, 27.528 km? was transferred from the
extremely stable level, with transfers also occurring at the
unstable and relatively unstable levels.

Landscape stability temporal heterogeneity characteristics
Spatial autocorrelation analysis

Using spatial ArcGIS Desktop 10.8 (ArcGIS 10.8) statis-
tics tool Moran’s I, a spatial autocorrelation analysis was
conducted on the spatial distribution of landscape stabil-
ity from 2014 to 2022. The results revealed that the global
Moran’s I index for the Shibing WHS in the three phases
from 2014 to 2022 was 0.4409, 0.5553, and 0.5035, with
Z-values of 35.2826, 42.6838, and 35.2232, respectively.
The worldwide Moran’s I index for the Libo-Huanjiang
WHS during the same era was 0.5078, 0.5149, and 0.5044,
respectively, with Z-values of 59.4068, 69.7045, and
60.3875. These findings passed the 5% significance level,
demonstrating that the landscape stability in the Shibing
WHS has shown spatial positive autocorrelation and con-
siderable clustering over the last eight years. However,
the Moran’s I index fluctuated throughout an eight year
period, with an initial gain followed by a decline and then
an overall increase.

Further local spatial autocorrelation analysis revealed
that in 2014, the landscape stability in the Shibing WHS
had no significant clustering. In 2018 and 2022, high-
high-value landscape stability clusters were primarily
centered in the heritage site’s core and northern sections
(Fig. 12), while low-low-value clusters were clustered in
the southeast. Regions with high-low value heterogene-
ity were intermittently dispersed. The high-high-value
cluster region grew steadily from 2014 to 2022, covering
91.777 km? over eight years. From 2014 to 2022, the spa-
tial clustering of landscape stability at the Libo-Huanjiang

WHS was dominated by highly high-high-value clusters,
which were mostly dispersed in the heritage site’s core
region and environs, and showed a growing trend over
time. Low-low value clusters were found in the eastern
section of the heritage site and gradually decreased with
time.

Distribution and variability characteristics of stability
hot-spots

Using the Getis-Ord G;* association index, a hotspot
spatial distribution analysis of landscape stability in the
Shibing WHS was performed for the years 2014, 2018,
and 2022. The following observations were observed
while considering confidence levels of 90%, 95%, and 99%
for landscape stability hotspots: Over eight years, the
extent of hot-spot zones in the Shibing WHS decreased
first, then increased, resulting in an overall reduction.
In contrast, the area of cold-spot zones followed the
opposite trend. Hot and cold spot regions accounted for
more than 77% of the entire research area, while non-sig-
nificant regions made up more than 20%. For the Libo-
Huanjiang WHS, the area of hot-spot zones decreased
initially, then increased, resulting in an overall rise. In
contrast, the area of non-significant regions displayed the
reverse trend, while the area of cold-spot regions contin-
ued to decline.

Regarding the internal structure, both hot-spot and
cold-spot zones in the Shibing WHS and Libo-Huanji-
ang WHS were mostly regulated within the 99% con-
fidence interval (Fig. 13). Between 2014 and 2022, the
hot-spot zones in the Shibing WHS were mostly con-
centrated in the core area of the heritage site, with a
few distributed around the northern part. In 2014, the
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Fig. 12 Cluster and outlier of landscape stability in the study areas from 2014 to 2022. a Shibing WHS Cluster and Outlier; b Libo-Huanjiang WHS

Cluster and Outlier

hot-spot regions for landscape stability covered an area
of 181.794 km?, accounting for 68.396% of the entire
research area, representing the period with the greatest
distribution of landscape stability hot-spot regions in
the Shibing WHS over the previous eight years. Cold-
spot regions in Shibing WHS were primarily found in
the southeastern region, with a cold-spot size of 55.312
km? in 2018, accounting for 20.811% of the entire study
area. In the case of the Libo-Huanjiang WHS, the hot-
spot regions were primarily located in the eastern
part of the heritage site, with the hot-spot area reach-
ing its maximum in 2022, covering an area of 482.395
km?, which was the largest during the eight years and
accounted for 62.066% of the total study area. Cold-
spot regions were scattered around the core area of the
heritage site, with an area of 106.031 km? in 2014, rep-
resenting the largest proportion during the eight years.

Discussion

The functionality and evolution of landscapes are influ-
enced by the geographical variability of the landscape
and the integrity of heritage assets [34]. However, consid-
erable impacts on the direction of landscape succession
have happened as a result of some unstoppable manmade
factors, including changes in policy, land use, population
increase, and behaviors like mining, pollution, and settle-
ment [35]. Furthermore, the degree of landscape stabil-
ity in the research area has steadily decreased due to the
fragmentation of karst background landscapes. The cen-
tral dispute at now about the integrity of natural herit-
age is whether sustainable development and conservation
can coexist. The preservation of landscape stability is a
crucial step in safeguarding the integrity of heritage sites,
which in turn depends on the integrity of natural sites.
The two go hand in hand and make up the foundation of
managing and protecting natural assets. The factors influ-
encing the integrity of WHSs are mainly analyzed from
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Fig. 13 Landscape stability cold-spots and hot-spots spatiotemporal variations from 2014 to 2022 in the Study Areas from 2014 to 2022. (a) Shibing
WHS cold-spots and hot-spots spatiotemporal variations; (b) Libo-Huanjiang WHS cold-spots and hot-spots spatiotemporal variations

four aspects: first, the components, mainly referring to
the reduction or disappearance of biodiversity and herit-
age elements; second, the scale of heritage sites, involving
boundary planning and the protection of site integrity,
including the loss or destruction of landscape connectiv-
ity, key areas, and routes; third, ecosystems, mainly refer-
ring to biological ecological processes and relationships,
emphasizing a systemic and holistic perspective; finally,
feature transformation, mainly referring to the transfor-
mation of the original natural landscape pattern and land
use nature of heritage sites, including changes in vegeta-
tion patterns, river course alterations, and human activi-
ties [36—38]. These elements have a direct impact on
heritage sites’ biological services as well as landscape sta-
bility. In-depth examination of these impacting elements
is critical for developing successful solutions for sustain-
able development and protection.

Landscape stability is primarily influenced by fac-
tors such as internal ecosystem structure (biodiversity,
nutrient structure, community structure, invasive spe-
cies) [39], landscape heterogeneity [40], soil quality

and erosion [41], natural disasters [42, 43], and human
interference [36, 38] (Fig. 14). SCK landscapes are
formed by soluble rocks, and soil erosion may exac-
erbate soil erosion and lead to the destruction of sur-
face and subsurface cave systems, altering the original
landscape features. Severe precipitation events raise
the possibility of soil erosion. In addition to hav-
ing an impact on plant development, this could cause
unique landscape types like karst topography to dete-
riorate [44]. Natural disasters and human activities
have a diverse impact on landscape stability, worsen-
ing the degree of fragmentation to varying degrees
and thereby affecting landscape stability [45, 46]. This
study indicates that relatively concentrated landscape
patches with good patch integrity and strong connec-
tivity contribute to enhancing overall landscape sta-
bility. Between 2014 and 2022, there was a noticeable
difference in landscape stability between the core area
and buffer zone of WHSs. The presence of buffer zones
aims to protect the geomorphological value of WHSs
from threats. The buffer zones are mainly dominated by
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Fig. 14 The factors influencing landscape stability primarily include internal factors, human activities, landscape heterogeneity, natural disasters,

and extreme weather events

cultivated land and construction land, leading to high
levels of landscape fragmentation and poor landscape
stability [46]. In contrast, the core areas are primar-
ily dominated by forest landscapes, exhibiting better
landscape stability. Additionally, traditional production
and settlement activities have continued and complex
impacts on landscape structure. For example, con-
cerns like agricultural runoff and sewage treatment in
the Shibing Karst area endanger water quality and the
geomorphological significance of heritage sites. The
construction of the "Guinan Railway" infrastructure
in 2016 significantly affected the landscape stability of
the Libo-Huanjiang Karst area, resulting in increased
landscape fragmentation and the dispersal of landscape
patches, thereby reducing the landscape stability of
the buffer zone. Although the high-speed rail project
attempts to maintain the sites’ outward significance,
it may have some environmental implications within
the buffer zone. Despite the fact that rigorous precau-
tions have been put in place to prevent the introduction
of new invasive species into the site, the buffer zone’s
potential environmental implications still need to be
assessed [47-50].Tourism development has had the
most significant impact on the Shibing and Libo-Huan-
jiang Karst zones. Most WHSs possess high-quality
tourism resources, providing a solid material foun-
dation for local tourism development and economic
growth. While tourism activities promote economic
development, they also have a negative impact on the
landscape stability of heritage sites [51, 52]. Tourism
exerts a predominantly short-term, pronounced, and
episodic impact on landscapes, contrasting with the

gradual, long-term effects that natural elements have
on shaping the landscape’s configuration [53].

To reduce the direct introduction of tourism pollut-
ants into natural regions, protection measures such as
wastewater interception and treatment, river cleaning,
and continual maintenance and monitoring have been
implemented [53-56]. Monitoring efforts are undertaken
by satellite remote sensing, observation station observa-
tions, instrument monitoring, and community patrols to
collect data on threats to the World Tourism Organiza-
tion, the environment, and tourist numbers [50]. Appro-
priate-scale development and landscape protection are
not incompatible. To ensure that tourism promotion
does not exacerbate the negative impacts on heritage
sites, it is necessary to establish relevant laws and regu-
lations, strictly control tourism development activities,
and strike a balance between appropriate-scale develop-
ment and landscape protection [56]. These strategies can
help to reduce the detrimental impact of human activi-
ties on the landscape stability of the heritage site, while
simultaneously supporting long-term economic develop-
ment. To ensure the heritage site’s long-term stability, it
is critical to regularly monitor and analyze the impact of
these operations, as well as alter management techniques
depending on the data acquired.

Conclusions

Due to its distinct geological and climatic past, the SCK
has generated distinct ecosystems and biodiversity as
well as a range of geomorphological forms. In recent
years, the protection of WHSs has received particular
attention. The way that land is used inside these WHSs
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is changing, and safeguarding and making use of Karst
WHSs continues to be a major area of research and a
long-term challenge in World Heritage conservation and
usage. For national development, it is crucial to strike a
balance between ecological preservation and economic
development in WHSs. The study, focusing on the Shib-
ing and Libo-Huanjiang WHSs within SCK region, uti-
lized landscape pattern indices and the Moran’s I index
system to investigate the spatiotemporal distribution
changes and heterogeneity characteristics of land use
over the past eight years. The following primary conclu-
sions were drawn:

WL coverage has the most significant impact on
both Shibing and Libo-Huanjiang WHSs, with a steady
increase in the percentage of WL, indicating good land-
scape stability. This underscores the importance of main-
taining and enhancing forest ecosystems within the
protected areas.

GL and CL in both WHSs exhibit high NP, PD, and LSI
values, reflecting significant spatial heterogeneity and
irregular shapes of peripheral patches, which increases
complexity. This suggests that landscape management in
these areas should focus on biodiversity conservation and
preventing land degradation.

Over the past eight years, the overall landscape index
changes for the Shibing WHS have shown a steady
decline in PD, IJI, SHDI, and SHEI, indicating a reduc-
tion in landscape heterogeneity, diversity, and fragmenta-
tion, while TECL and CONTAG have steadily increased,
signaling an improvement in landscape aggregation. For
the Libo-Huanjiang WHS, after an initial phase of human
disturbance affecting landscape fragmentation, diversity,
heterogeneity, and aggregation, landscape trends have
improved compared to 2014, demonstrating adaptability
and recovery from disturbance.

Most of the studied area maintains a relatively stable
landscape concerning changes in landscape pattern sta-
bility, despite significant alterations in both the core and
buffer zones due to economic activities. Although there
is greater landscape stability in the core areas, the degree
of anthropogenic modification varies significantly among
them.

The Shibing and Libo-Huanjiang WHSs display spatial
clustering of landscape stability, mainly characterized by
high-high-value clustering. The areas for hot spots and
cold spots are primarily located in the central regions of
the heritage sites, governed by a 99% confidence interval.

These findings highlight the importance of balanc-
ing ecological conservation with economic develop-
ment within Karst WHSs. The results provide a basis for
formulating scientific management strategies aimed at
promoting the long-term protection and sustainable uti-
lization of these areas.
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