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Ecological restoration holds great significance in addressing environmental
degradation and rock desertification in karst areas. Zoning strategy is a
fundamental task in understanding the interrelationship between human-
environment to foster sustainable development. We explore “social-
ecological” system and conduct a case study on the karst region in
Guangdong Province, China. An evaluation framework consists of
"development pressure”, “sensitivity status”, and “resilience potential” was
established. The results show that: regions with high pressure of development
are predominantly located in high-density urban areas. The generally distribution
of the comprehensive status index exhibits significant spatial heterogeneity.
Regions with low sensitivity are found on the eastern and western sides of the
study area. The comprehensive resilience values are largely influenced by per
capita energy-saving and environmental protection expenditures. The
restoration zones mainly concentrated in the contiguous regions of the
northwestern and southern parts, covering more than half of the total area.
The conservation zones are more numerous and primarily situated in the
northern and eastern parts. By integrating socio-economic and ecological
factors, this study proposes ecological restoration strategies for specific
zones. It helps for improve development issues arising from complex
interactions between human-environment, facilitating the implementation of
restoration practices.

KEYWORDS

social-ecological system, ecological restoration zoning, development pressure,
sensitivity status, resilience potential, restoration strategies, karst region of
Guangdong province, China

1 Introduction

Increasingly severe degradation and damage to ecosystems are among the current global
hot topics (Van der Biest et al., 2020). With the acceleration of China’s industrialization and
urbanization, high-intensity development and irrational human activities have led to
continuous deterioration of the ecological environment, to some extent affecting the
economy and the sustainable use of natural resources (Tang et al, 2022; Hu et al,
2023). To address the escalating environmental issues and gradually achieve the goal of
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sustainable development, it is crucial to correctly understand and
manage the relationship between human activities and ecosystems
(Li et al, 2023a). In recent years, the significance of ecological
restoration for sustainable development has become increasingly
prominent. Actively identifying priority areas for ecological
protection and restoration through natural or human
interventions to restore degraded ecosystems is a critical strategic
task for ecological security and human wellbeing (Peng et al., 2020;
Zhao et al, 2023). Scientifically delineating zones enhances the
precision and targeting of ecological restoration, serving as an
important prerequisite for spatial control of ecological restoration
projects and differentiated spatial governance (Yue et al., 2022).
Currently, ecological restoration primarily focuses on administrative
units or natural watersheds, and zoning methods include research
frameworks based on regional dominant functions (Tian et al., 2017;
Cai et al,, 2020), ecological security pattern construction (Ni et al,
20205 Jiang et al, 2022; Zhang et al, 2023), supply-demand of
ecosystem services (Xie et al., 2020; Yue et al., 2022; Hu et al., 2023;
Lietal., 2023c), comprehensive indicator systems. Regional context,
landscape heterogeneity, human activities, socio-economic are
interplay with ecosystem, which needs to be integrated during
ecological restoration zoning, the comprehensive indicators not
only offer an intuitive depiction of the ecological characteristics
and interplay of human activities and economic growth but can also
be aligned with the critical objectives of enhancing the level of
ecosystem services. The multi-dimensional and multi-functional
evaluation underscores the holistic and systematic nature of
ecological restoration, demonstrating its effectiveness (Cao et al.,
2019; Dan et al., 2020; Li et al., 2023b).

In previous studies, human activities and economic indicators
were generally considered as stressors on regional ecological
environments, reflecting the conflict within the “social-ecological”
system (Wang and Zhong, 2019). However, there is a growing
demand for promoting a harmonious coexistence of humans and
nature and for reconciling the relationship between ecosystems and
socio-economic development (Bai et al.,, 2019). In recent years, the
focus has shifted towards the “social-ecological” system perspective
in human-environment research (Vos et al., 2019). Qualitative and
quantitative research, which includes aspects such as vulnerability
and resilience, marks the beginning of “social-ecological” system
research (Liu et al.,, 2023). While frameworks like DSPIR, PSR, and
VSD provide evaluation methods for ecological vulnerability and
ecosystem health, they have not offered partitioning schemes for
mitigating ecosystem degradation and restoring ecosystem functions
and services (Song et al, 2019; Liu et al, 2020). Therefore, to
comprehensively address the systemic and holistic issues in both
ecosystem protection and social system governance (Ahammad
et al, 2023; Wang H. et al, 2023), integrating ecological
conservation and restoration into socio-economic development
can effectively promote the coordination of human-environment
relationships and the sustainable development of the “social-
ecological” system (Tedesco et al., 2023). Ecological restoration
zoning needs to consider simultaneously the pressure of human
activities on the ecosystem, the state of the ecosystem itself, and the
resilience potential created by socio-economic development. Based
on the results of ecological restoration zoning, appropriate
governance approaches and relevant policy recommendations can
be proposed.
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Karst areas account for about a fifth of the global land area, of
which the South China Karst (SCK), is an ecologically fragile area of
the largest distribution (Xiong et al., 2023). The SCK is characterized
by acute human-environment conflicts, resulting in issues such as
frequent soil erosion, the degradation of vegetation cover, and
increased poverty. The combined effects of a fragile natural
environment and irrational human activities severely hampers
socio-economic development, making it imperative to implement
ecological protection and restoration (He et al., 2019). The primary
task is to delineate comprehensive zoning. Previous land spatial
zoning studies in karst areas have not comprehensively considered
the spatial variations of desertification and human disturbances
(Zhang et al., 2020). Some researchers have established ecological
restoration zoning at the basin and grid scales, they have elucidated
the inherent characteristics and relationships between various levels
of zoning, but precise boundary delineation for implementation was
not addressed (Wang and Zhao, 2022; Wang Y. et al., 2023). The key
ecological protection and restoration areas from a “social-ecological”
system perspective and policy implementation still need to be
explored. Therefore, ecological restoration zoning in karst areas
should not only consider factors like the degree of ecosystem
degradation but should also integrate human activities and the
resilience potential of social systems into the framework. Only
then can it better contribute to regional sustainable development
and improvement of human-environment relationships.

Guangdong’s karst region is mainly concentrated in the
northern and northwestern parts of the province. It is situated in
the upstream of the Pearl River Delta, serving as a critical ecological
barrier and freshwater source for the Guangdong-Hong Kong-
Macau Greater Bay Area. Compared to the existing research on
karst regions in the SCK, the desertification control in Guangdong’s
karst region is currently limited to statistical analysis and
comprehensive zoning strategies are still unclear. There is an
urgent need for zoning studies to guide the steady progress of
ecological restoration efforts. This paper approaches the issue
from the perspective of the “social-ecological system” and
proposes the “development pressure-sensitivity state-resilience
potential” framework. By constructing comprehensive evaluation
indicators for quantitative assessment, the goal is to delineate
ecological restoration zones that harmonize ecological conditions
with the socio-economic systems. This is expected to provide a
reference for differentiated management and restoration strategies
of desertification issues in karst areas.

2 Materials and methods
2.1 Study area overview

The selected study area focuses on the concentrated and
contiguous regions with prominent desertification issues, which
account for over 90% of the total desertification area in
Guangdong province. This area includes the following counties
and cities: Qingxin District, Yingde City, Yangshan County,
Liannan Yao Autonomous County, and Lian-zhou City in
Qingyuan City; Lechang City, Ruyuan Yao Autonomous County,
Wujiang District, and Wengyuan County in Shaoguan City; and
Lianping County in Heyuan City (Figure 1). The study area is
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FIGURE 1

Location of the karst region of Guangdong province, China.

located between 11272'to 114° 56'east longitude and 23°32'to
25°34'north latitude, covering a total area of approximately
25,077.23 square kilometers. The topography of the study area is
complex and includes various landforms. It falls within a subtropical
monsoon climate zone with abundant rainfall, averaging between
1,200 and 2000 mm annually. According to data from various city
statistical year-books, the study area had a permanent population of
approximately 3,993,200 people in the year 2020. The population
distribution is uneven, with sparsely populated areas in the
mountainous regions and dense populations in hilly areas. The
overall Gross Domestic Product (GDP) of the region is relatively
low, with Wujiang District and Qingxin District ranking first and
second, respectively.

2.2 Data sources and initial data processing

The research data mainly include the following: 1. Land use
remote sensing monitoring data with a spatial resolution of 1 km for
the years 2013 and 2020.2. Normalized Difference Vegetation Index
(NDVI) data with a spatial resolution of 1 km for the year 2020.3.
Digital Elevation Model (DEM) data with a spatial resolution of
1 km. All three types of data are sourced from the Chinese Academy
of Sciences Resource and Environmental Science Data Center. 4.
Normalized Difference Rock Index (NDRI) data, calculated using
the PIE Engine Studio remote sensing computing cloud service
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platform, with a spatial resolution of 1km for the year 2020.5.
Meteorological data, obtained from the National Earth System
Science Data Center, with a spatial resolution of 1km, providing
monthly rainfall data for the year 2020.6. Soil erodibility data for
Guangdong Province, sourced from the High-Performance
Computing Platform for Geographic Data and Application
Analysis at the Faculty of Geographic Science, Beijing Normal
University. The data has been resampled to a spatial resolution
of 1 km for the year 2021.7. Socio-economic and population data
collected from the official websites of Qingyuan, Shaoguan, and
Heyuan governments, statistical yearbooks, and the “Compilation of
National Agricultural Product Cost and Income Data.” The data is
for the year 2020.

All raster data types have been reprojected to a common
coordinate system, specifically the National Geodetic Coordinate
System, and have been extracted based on the study area’s
boundaries.

2.3 Research methods

The issue of karst desertification in karst regions arises from the
intricate interplay between social and natural factors. It is
consequence of the detrimental effects of human activities on the
ecosystems, with unreasonable human interventions being the
predominant contributing factor. This expansion of urban
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TABLE 1 Evaluation indicators.
Dimension

Development pressure

Indicators

10.3389/fenvs.2024.1369635

Attribute of indicators

Spatial Conflict Comprehensive Index between PLES -

Population density -

Proportion of built-up land area -

Sensitivity status

Vegetation coverage +
Rock exposure rate -

Soil Erosion Modulus

Resilience potential Ecosystem Service Value +
Per Capita Energy Conservation and Environmental Protection Expenditure +
Proportion of Land Converted to Woodland and Grassland +

development and the rapid population growth, exerting substantial
pressure on the local ecosystems.

The level of sensitivity reflects the degree to which karst regions
react to the disruptions caused by socio-economic development and
human activities. It signifies how easily and likely karst
desertification might occur in response to disturbances. This level
can be described using a set of indicators or characteristics, including
vegetation cover, soil erosion, and exposed bedrock, which highlight
the critical features of karst desertification.

Resilience potential describes the ability of karst regions to self-
regulate their ecosystems in response to disturbances and pressures.
It also encompasses the capacity of socio-economic factors to
facilitate the restoration of ecosystems to their original structure
and functional levels. Typically, the government capital investment
and human-initiated restoration activities are employed to measure
resilience potential. The crucial principle in ecological restoration
practices is “giving priority to natural restoration”, nature-based
solutions can be assessed using ecosystem service values (Fan et al.,
2022; Gong et al.,, 2020).

To scientifically delineate ecological restoration zones for karst
desertification, it is crucial to select representative and systematic
indicators. In this study, based on the interaction between socio-
economic factors and ecosystems, we have established an evaluation
framework of “development pressure-sensitivity status-resilience
potential” and selected appropriate indicators to create an
evaluation system (Table 1).

2.3.1 Development pressure

We selected indicators such as the proportion of built-up land area
and population density for characterization. Specifically, a higher
proportion of built-up land indicates a greater likelihood of
encroachment on arable land and woodland. Population density
serves as a reflection of the pressure on the ecosystem, where higher
population density implies greater stress on the ecosystem. With the
promotion of rapid economic and social development, land use has
undergone  profound processes of transition, leaving the
production-living—ecological spaces (PLES) and landscape pattern
reconfigured, thus further affecting regional eco-environmental
quality and landscape ecological risk (Chen et al, 2022). Therefore,
we also incorporated the Spatial Conflict Comprehensive Index between

PLES to reflect the irrational land use in karst areas.

Frontiers in Environmental Science

2.3.1.1 Spatial conflict comprehensive index between PLES
Based on the multifunctionality of land, and considering the

dominant and secondary functions in space, land use is divided into

following categories (Liao et al., 2017; Zhao et al,, 2019).

- Living-Production Space (urban land, rural residential areas,
and other construction land)
- Production-Ecological Space (paddy fields and dryland)

- Ecological -Production ~ Space (woodland  and
reservoirs/ponds)
- Ecological Space (grassland, rivers, lakes, tidal flats,

wastelands, and bare land)

The conflict in land use spatially can be represented as a
comprehensive analysis of system complexity, vulnerability, and
stability. This conflict index aims to capture the spatial dynamics
and potential tensions resulting from land use activities in
karst regions.

SCCI = CI + FI - SI (1)

In the Eq.
Comprehensive Index between PLES, is accompanied by CI
(Spatial Complexity Index), FI (Spatial Fragility Index), and SI
(Spatial Stability Index). The detailed methods for computing
each of these indices can be found in the cited reference (Liao
et al., 2017).

Taking into consideration factors like the study area’s extent,

1, SCCI, representing the Spatial Conflict

zoning units, and spatial resolution, these indices were computed
using a 10 km x 10 km window size, resulting in the Spatial Conflict
Comprehensive Index (SCCI) with values falling within the [0,1]
range. Drawing inspiration from the curve distribution model of
Spatial Conflict Index, the index values are classified into the
following categories (Feng, 2021): Stable and Controllable [0,
0.4), Essentially Controllable [0.4, 0.6), Essentially Uncontrollable
[0.6, 0.8), and Significantly Conflictive [0.8, 1].

2.3.1.2 Population density and proportion of construction
land area

Population density (people/km®) is computed based on
2020 population data for each county. The proportion of

construction land area is determined as the ratio of the
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combined area occupied by urban, industrial, mining, and
residential land to the total administrative area of each county,
utilizing land use remote

the year 2020.

sensing monitoring data from

2.3.1.3 Comprehensive pressure index

The comprehensive pressure index is derived to delineate the spatial
distribution characteristics and data variations among the three
indicators. Given the substantial numerical differences in population
density and the proportion of construction land area among individual
counties, we employ a natural logarithm method from statistics to
mitigate the sharp fluctuations between assessment units (Dan et al,
2020). All three indicators in the pressure layer share the same
directionality, which means that a larger value of the comprehensive
pressure index signifies heightened development pressure on the county.
The specific formula for calculation is as follows:

P; = SCCI, X lg(POP,) X CLP, (2)

In the Eq. 2, P; denotes the comprehensive pressure index for the
ith county evaluation unit, while SCCI; corresponds to the Spatial
Conflict Comprehensive Index between PLES. POP; represents the
population density, and CLP; signifies the proportion of

construction land area.

2.3.2 Sensitivity status

Sensitivity status provides insights into the responsiveness of
ecosystem to human-induced pressures. Among the key
characterization factors, vegetation coverage and rock exposure rate
are pivotal for accurately assessing the distribution of karst desertification
(Wang et al, 2019). Higher vegetation coverage suggests a lower
likelihood of karst desertification in the region. Conversely, a higher
rate of rock exposure signifies a more severe karst desertification issue.
Notably, karst desertification is often accompanied by secondary
disasters like soil erosion, which further exacerbate its severity. Soil
erosion modulus, a commonly used indicator for assessing soil erosion
risk, is inversely related to sensitivity status, meaning lower soil erosion

intensity corresponds to lower sensitivity.

2.3.2.1 Vegetation cover

Based on pixel-based binary models, the normalized difference
vegetation index (NDVI) is selected to extract vegetation cover.
Specific calculation methods can be found in the referenced
literature (Wu et al., 2020). The average vegetation cover for
each county is calculated using zoning statistics tools.

2.3.2.2 Rock exposure rate

The rock exposure rate (D) is extracted by combining the
calculation of the normalized rock index (NDRI) with pixel-
based binary models. Specific calculation formulas can be found
in the referenced literature (Sun et al, 2022). The average rock
exposure rate for each county is calculated using the PIE Engine
Studio remote sensing computing cloud service platform and zoning
statistics tools.

2.3.2.3 Soil erosion modulus

The Revised universal Soil Loss Equation (RUSLE) model is used
to assess soil erosion. The model expression is as follows:
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A=RXxKxLxSxCxP (3)

In the Eq. 3.

- A represents the soil erosion modulus, measured in

“t/(hm*a)".

- R is the rainfall erosion factor, measured in "
[(MJmm)/(hm?*a)]".

- K is the soil erodibility factor, measured in "
[(thm*h)/(MJhm?*mm)]".

- L and S are terrain factors, with L being the slope length factor
and S being the slope steepness factor.

- Cis the land cover management factor.

- P is the soil conservation measure factor.

All factors (L, S, C, P) are dimensionless. The rainfall erosion
factor R is calculated based on monthly rainfall data following the
guidelines in “SL 773-2018 - Guidelines for Estimating Soil Loss
from Production and Construction Projects.” The soil erodibility
factor K is obtained directly from the 2018 Chinese soil erodibility
factor dataset, specifically the data for Guangdong Province, and is
extracted based on the study area.

The slope length factor (LS) is calculated using the slope length
model as proposed by (Liu et al., 2010). The land cover management
and soil conservation factors (C, P) are assigned values based on
regional similarity and reference from existing research (Zhong
et al.,, 2022).

The study employs the Albers projection as the spatial reference,
and the spatial resolution is set at 1 km x 1 km. The calculations for
individual factors and erosion modulus are performed using raster
calculators.

2.3.2.4 Comprehensive state index

The comprehensive state index is calculated by combining
vegetation cover, rock exposure rate, and soil erosion. A natural
logarithm method is used to mitigate local fluctuations in the soil
erosion index. To account for the differing trends of vegetation
cover, rock exposure, and soil erosion on ecosystem status, a
negative standardization is applied during calculation. A higher
value of the comprehensive state index indicates a higher level of
sensitivity. The specific calculation formula is as follows:

S,‘ = F,' X D,' Xlg(A,) (4)

In the Eq. 4, Si denotes the comprehensive state index for the ith
county evaluation unit, Fi corresponds to the negatively processed
vegetation cover data, Di represents the rock exposure rate, and Ai
indicates the soil erosion modulus.

2.3.3 Resilience potential

While socio-economic development exerts pressure on ecosystem,
it also presents opportunities for ecological restoration. A primary goal
of ecological restoration is to preserve and enhance regional ecosystem
services (Kong et al, 2019). Ecosystem services value can visually
demonstrate the contribution of ecosystems to supporting socio-
economic development (He et al, 2019; Bai et al, 2019), reflecting
the self-restoration capacity within the “socio-ecological” system and
providing a foundation for ecological restoration zoning. Regional
economic development, coupled with increased environmental
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TABLE 2 Ecosystem Services value of per unit area (CNY).

10.3389/fenvs.2024.1369635

Ecosystem services Arable land Woodland Grassland Water Unused land
Food production 1.105 0.253 0.233 0.655 0.005
Raw material production 0.245 0.580 0.343 0.365 0.015
Water resource production -1.305 0.300 0.190 5.440 0.010
Atmospheric regulation 0.890 1.908 1.207 1.335 0.065
Climate regulation 0.465 5.708 3.190 2.945 0.050
Waste disposal 0.135 1.673 1.053 4.575 0.205
Hydrological regulation 1.495 3.735 2.337 43.235 0.120
Soil maintenance 0.520 2.323 1.470 1.620 0.075
Nutrient cycling maintenance 0.155 0.178 0.113 0.125 0.005
Biodiversity maintenance 0.170 2.115 1.337 5.210 0.070
Recreation 0.075 0.928 0.590 3.310 0.030

protection efforts, gradually introduces resilience potential for
ecosystem recovery and management strategies (Ye et al, 2019). Per
capita energy-saving and environmental protection expenditure reflects
the government’s financial commitment to ecological restoration, and
the conversion of cropland to forests and grassland is a widely
acknowledged ecological engineering measure in the context of
desertification control, with the proportion of the area used as an
indicator of existing ecological restoration achievements.

2.3.3.1 Ecosystem services value (ESV)

We utilized the Chinese ecosystem service value equivalent table
to estimate the ecosystem service values of the primary ecosystem
types in the study area. Compared to woodland, arable land and
wetland, etc., the ESV of construction land is almost negligible.
Therefore, according to the previous studies (Xie et al., 2015; Zhu
et al, 2020; Feng et al, 2022), urban, industrial, mining, and
residential land were omitted from the computation. The unit
standard equivalent was based on major food crops and adjusted
to align with the economic development status of the study area.
Specific parameters can be found in Table 2.

2.3.3.2 Per capita energy conservation and environmental
protection expenditure

We retrieved data on energy conservation and environmental
protection expenditures from the statistical yearbooks of each
county in the study area. To calculate per capita energy
conservation and environmental protection expenditure (in
thousands of RMB per square kilometer), we divided the total
expenditure by the administrative area of each county.

2.3.3.3 Proportion of land converted to woodland
and grassland

This metric assesses the extent of land transformation from
arable land in 2013 to woodland and grassland areas in 2020.

2.3.3.4 Comprehensive potential index
The comprehensive potential index is derived from the data of
the three aforementioned indicators. A higher value of this index
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indicates a greater level of socio-economic investment in ecological
restoration and a higher resilience potential. The specific formula is
as follows:

R,‘ = lg(ESV,) xlg(Z,) X T,' (5)

In this Eq. 5, R; signifies the comprehensive potential index of
the the
corresponding ecosystem service value, Z; denotes the per-

ith county-level evaluation unit, ESV; represents

square-kilometer energy-saving and environmental protection
expenditure, and T; reflects the proportion of converted cropland
to woodland and grassland.

2.3.4 Ecological restoration zoning

Considering that the delineation of ecological restoration zones
should cater to regional coordinated development and specific
governance needs, it is prudent to establish these zones at the
county level to ensure a high degree of territorial integrity. To
strike a balance between the influence of development pressure,
sensitivity status, and resilience potential on the restoration zones,
making restoration strategies more precise and well-founded, we
employ z-score standardization based on three key indicators:
and resilience

comprehensive  pressure, status,

potential. By comparing the relative magnitudes of these

sensitivity

indicators, we categorize the ecological restoration zones into
different types. Z-score standardization facilitates the comparison
of multiple datasets on a consistent scale. The specific formula for
calculation is as follows:

==t ©)

In the Eq. 6, y; represents the z-score standardized value of the
ith indicator for a county, x; is the original value, "u" denotes the
mean of all county-level indicator data for the ith indicator, and "¢" is
the standard deviation of all county-level indicator data for the
ith indicator.

The comprehensive sensitivity, being more representative of

each county’s ecosystem status, serves as the primary determinant
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TABLE 3 Criteria for karst desertification ecological restoration zones.

Zone name

division

Criteria for

10.3389/fenvs.2024.1369635

Basis for division

Pressure >0,
Resilience <0

Restoration (Sensitive status >0, poor
ecosystem status)

Priority Restoration
Zone

Autonomous Restoration
Zone

Pressure <0,
Resilience >0

Coordinated Restoration
Zone

Pressure <0,
Resilience <0

Autonomous
Conservation Zone

Pressure >0,
Resilience >0

Protection (Sensitive status <0, good
ecosystem status)

Pressure >0,
Resilience <0

Priority Conservation
Zone

Coordinated
Conservation Zone

Pressure <0,
Resilience <0

Human activities lead to increased development pressure and reduced levels of
societal investment in ecological restoration

Human activities lead to lower development pressure and higher ecological
restoration potential

Human activities lead to lower development pressure and reduced societal
investment in ecological restoration

Human activities impose significant development pressure, and they are
complemented by a substantial commitment to ecological restoration

Intensive human activities create significant development pressure, accompanied
by a relatively limited commitment to ecological restoration efforts within society

Human activities lead to less development pressure, and there is a comparatively
lower level of societal investment in ecological restoration

Note: Sensitive status refers to the sensitivity of the ecosystem to human activities. Pressure represents the impact of human activities on development, while resilience represents the potential for

ecological restoration.

for zone classification. Because of a negative standardization is
the
comprehensive status index higher than 0 means relatively
poorer ecological status and high sensitivity, classifying them as

applied during sensitivity  calculation, standardized

restoration zones. Conversely, those with values smaller than 0 are
categorized as conservation zones. Further distinction in the urgency
of restoration or conservation is made by considering the
development pressure and resilience potential indicators. Those
with standardized result of comprehensive resilience potential
higher than 0 means more resilient, which are designated as
autonomous zones, signifying a greater level of socio-economic
investment for restoration or conservation. In contrast, areas
where with resilience potential values smaller than 0 and
development pressure values higher than 0 means less resilient
and ongoing expansion of human activities and more
socioeconomic pressure on ecosystem, which are identified as
priority zones. Both the standardized comprehensive pressure
and resilience potential results are small than 0 means the lower
of socioeconomic restoration

level growth and ecological

investment, which is classified as coordination zones (Table 3).

3 Results
3.1 Development pressure index

There are significant spatial variations in both population
density and urban development extent in the study area. Regions
characterized by low population density, with approximately
100 people per square kilometer, are primarily found in minority
autonomous counties. In contrast, areas with high population
density and substantial urban development are predominantly
situated in Wujiang District and Qingxin District, corresponding
to the urban centers of Shaoguan and Qingyuan. In Wujiang
District, the population density reaches 554.83 people per square
kilometer, with a construction land pro-portion of 6.86%,
significantly higher than in most other counties, which remains
largely below 3%. This highlights the intense nature of urban

Frontiers in Environmental Science

07

development in these areas. The Spatial Conflict Comprehensive
Index, applied across all counties, consistently falls within the range
from “stable and controllable” to “basically controllable.” Yingde
City, Lechang City, Wujiang District, and Wengyuan County exhibit
relatively higher values. This is primarily due to the dense and
fragmented distribution of production and living spaces within these
regions, signifying a heightened degree of land development and
utilization. In contrast, counties characterized by lower conflict
levels are primarily concentrated within minority autonomous
regions, where ecological spaces exhibit a broader and more
dispersed pattern. The comprehensive evaluation of development
pressure (Table 4) across the study area is notably influenced by
population density. Regions facing increased pressure from human
activities are mainly concentrated within urban areas, showing a
discernible southeast-to-northwest gradient. Wujiang District,
situated within the high-value zone, serves as a prominent
example. Meanwhile, medium-value areas encompass Qingxin
District, City,
distributed in the eastern sector. Conversely, substantial low-
value areas are identified in the western part of the study area,

Yingde and Wengyuan County, primarily

including counties such as Lianzhou, Liannan Yao Autonomous
County, Yangshan County, Ruyuan Yao Autonomous County, and
Lechang City (Figure 2).

3.2 Sensitivity status index

Significant variations are observed among the sensitivity
the Notably, the
implementation of the national land greening project has had

status indicators within study area.
a substantial impact on vegetation cover. Lianping County and
Liannan Yao Autonomous County stand out with vegetation
cover exceeding 85%. Conversely, Wujiang District, Qingxin
District, and Yingde City exhibit relatively lower vegetation
cover, all falling below the 80% mark. The distribution of
exposed bedrock rates follows a contrasting pattern, with
higher values predominantly found in Wujiang District and

Yingde City, both ex-ceeding 43%. In contrast, Yangshan
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TABLE 4 Development pressure index evaluation.

County/ Spatial conflict Population Proportion of Comprehensive
District comprehensive index density construction land development pressure
between PLES (people/km?) area (%) index

Woujiang District 0.43 554.82 6.86 0.081

Wengyuan County 0.43 148.05 3.24 0.030

Ruyuan Yao 0.34 81.69 1.31 0.009
Autonomous

County

Lechang City 0.43 158.12 1.94 0.018

Lianping County 0.38 125.37 1.69 0.013

Qingxin District 0.40 262.40 3.13 0.030

Yangshan County 0.38 110.38 0.62 0.005

Liannan Yao 0.30 110.62 0.61 0.004
Autonomous

County
Yingde City 0.48 167.05 3.11 0.033
Lianzhou City 0.39 140.96 1.42 0.012
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FIGURE 2
Comprehensive evaluation of development pressure.
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TABLE 5 Sensitivity status index evaluation.

County/District Vegetation Rock exposure Soil erosion Comprehensive sensitivity
cover (%) rate (%) modulus (%) status index

Woujiang District 78.61 43.69 116.65 0.193

Wengyuan County 82.73 41.21 525.02 0.194

Ruyuan Yao Autonomous 83.16 40.66 480.21 0.184
County

Lechang City 82.55 40.85 456.36 0.190

Lianping County 87.57 39.29 573.05 0.135

Qingxin District 78.45 41.43 526.45 0.243

Yangshan County 81.32 39.71 1,035.51 0.224

Liannan Yao Autonomous 85.51 37.95 347.43 0.140
County

Yingde City 79.56 43.83 1,452.87 0.283

Lianzhou City 80.61 40.52 594.57 0.218
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FIGURE 3
Comprehensive evaluation of sensitivity status.

County, Lianping County, and Liannan Yao Autonomous the other hand, areas with lower erosion levels primarily include
County show relatively lower rates of exposed bedrock. Soil  Liannan Yao Autonomous County and Wujiang District. This is
erosion levels are notably high in Yangshan County and Yingde influenced by effective vegetation cover management and soil
City, attributed to the typical impact of karst desertification. On  conservation practices. The comprehensive state index (Table 5)
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TABLE 6 Resilience potential index evaluation.

10.3389/fenvs.2024.1369635

County/ ESV(CNY) Per capita energy conservation and Proportion of land Comprehensive
District environmental protection converted to woodland resilience potential
expenditure (thousands of RMB per and Grassland (%) index
square kilometer)
Wujiang District 1.73*10" 212 635 0.274
Wengyuan County 5.60*10" 12.41 6.89 1.037
Ruyuan Yao 6.73*10" 423 401 0347
Autonomous
County
Lechang City 6.13*10" 13.25 7.30 1.129
Lianping County 6.00*10" 4.05 5.17 0.433
Qingxin District 6.3110" 263 621 0360
Yangshan County 8.82*10" 1.23 7.05 0.088
Liannan Yao 3.55%10" 3.26 4.50 0.313
Autonomous
County
Yingde City 1.43*10™ 3.17 7.72 0.547
Lianzhou City 6.69*10" 0.82 7.85 -0.095

reflects significant spatial disparities throughout the study area,
with higher values concentrated in the central region and lower
values along the eastern and western sides. Counties with lower
index values are less numerous and encompass Lianping County
and Liannan Yao Autonomous County. Conversely, Qingxin
District and Yingde City stand out with higher index values, with
Qingxin District having the least vegetation cover compared to
other counties. Yingde City exhibits the highest levels of exposed
bedrock and soil erosion in the study area, resulting in the
highest overall sensitivity (Figure 3).

3.3 Resilience potential index

Owing to substantial variations in county sizes, the
distribution pattern of ESV across the study area exhibits a
higher value in the central regions and lower values along the
periphery. The highest ESV is observed in Yingde City, which is
also the largest area county-level administrative in Guangdong
Province. Counties with relatively lower ESV include Wujiang
District and Liannan Yao Autonomous County. As a whole, the
per-unit area

study area demonstrates relatively lower

expenditures in energy conservation and environmental
protection. The majority of
expenditures below 4,000 yuan per square kilometer. The
highest expenditures
Wengyuan County, while the lowest can be seen in Lianzhou
City at just 0.82 yuan per square kilometer. From 2013 to 2020,

the study area achieved a total afforestation area of 1,663 square

counties have per-unit

are found in Lechang City and

kilometers. Areas with a relatively high afforestation rate include
Lechang City, Lianzhou City, and Yingde City, while counties
with smaller afforestation areas con-sist of Liannan Yao
Autonomous County, Ruyuan Yao Autonomous County, and
Lianping County. The overall comprehensive resilience potential
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(Table 6) in the study area is significantly influenced by per-unit
area expenditures in energy conservation and environmental
protection. There are notable disparities in the overall levels:
Lechang City and Wengyuan County fall into the high-value
category, with per-unit expenditures in energy conservation and
environmental protection significantly surpassing those in
Lianzhou City and Yangshan County, which belong to the
low-value category. The remaining counties are generally
classified as mid-value (Figure 4).

3.4 Zoning results and ecological restoration
strategies

Based on the z-score standardized results, the study area is
classified into Restoration Zones and Conservation Zones (Figure 5).
Notably, the Restoration Zones cover more than half of the total area
and are primarily situated in the northwestern and southern parts of
the study area, with these regions bordering each other. The
Conservation Zones consist of six counties in total, primarily
located in the northern, western, and eastern parts of the study
Coordinated
Restoration, and Coordinated Conservation—encompass more
than 20% of the total area (Table 7).

area. All three zone—Autonomous Restoration,

3.4.1 Priority restoration zone

Qingxin District, situated within Qingyuan City, is under
substantial development pressure due to human activities.
Pressure is influenced by low vegetation cover, high rock
exposure rates, and soil erosion, resulting in a less favorable
ecological system Furthermore, per
expenditure and reforestation areas show limited resilience

status. capita  energy

potential. To reverse the adverse ecological conditions, this
region should increase in-vestments in ecological restoration,
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FIGURE 4
Comprehensive evaluation of resilience potential.

implement ecological protection and restoration policies, and
prioritize actions aimed at preventing ecosystem degradation
from inappropriate human activities. The goal is to transform the
excessive pressure exerted on the ecosystem by human development
into resilience potential. Continuously advance the greening of
territorial space, develop distinctive forestry products, and focus
on the development model of undergrowth economy, including
“medicine, fungi, tea, livestock, and forest tourism."

3.4.2 Autonomous restoration zone

Corresponding to Yingde City, this area experiences low
pressure and exhibits high resilience potential. The primary
focus here is on alleviating conflicts within the PLES,
strengthening the advantages of ecosystem service values, and
enhancing the self-restorative capacity of the ecosystem. Due to
the relatively high rock exposure rates and severe soil erosion,
additional efforts should be made to enhance water source
public
construction. With the engineering measures and reforestation,

conservation  forests, ecological welfare  forest
promote comprehensive mining reclamation. This will help
prevent soil erosion caused by inappropriate human activities.
Additionally, implementing ecological compensation policies and
creating a “those who undertake the restoration stand to gain the
benefits " market mechanism can encourage the involvement of

social capital in the entire ecological restoration process.
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3.4.3 Coordinated restoration zone

This zone includes Lianzhou City and Yangshan County,
characterized by low human activity pressure and limited
The
environmental governance investments, thereby facilitating

resilience  potential. main focus is to increase
effective ecological restoration. Due to the low investment in
energy conservation and environmental protection funds, it is
crucial to make effective use of financial support from higher-
level governments and rein-force lateral collaborative
governance in the region. In order to the effective restoration
of damaged ecosystems, this zone can also collaborate with the
Guangdong Nanling National Park construction, integrating
ecological elements such as mountains, water, and forests in
the restoration of natural resources, by preventing and managing
soil erosion, it aims to maintain the ecological barrier integrity of
the surrounding mountains. This is achieved through a
combination of afforestation, greening initiatives, and forest
regeneration, thereby promoting the continuous advancement

of desertification control efforts.

3.4.4 Autonomous conservation zone

This category comprises Lechang City and Wengyuan
County, regions with a well-established ecological foundation,
a high development pressure, and strong resilience potential.
The primary objective is to consolidate the existing ecological
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TABLE 7 Karst desertification ecological restoration zone results.

Zone name County/District Area (km?)  Proportion (%)
Priority Restoration Zone Qingxin District 2 351.75 9.38
Autonomous Restoration Zone Yingde City 5 634.95 2247
Coordinated Restoration Zone Lianzhou City, Yangshan County 6 006.05 23.95
Autonomous Conservation Zone Wengyuan County, Lechang City 4 598.44 18.34
Coordinated Conservation Zone Ruyuan Yao Autonomous County, Lianping County, Liannan Yao Autonomous County 5 810.33 23.17
Priority Conservation Zone Woujiang District 675.71 2.69

foundation, implement water source conservation forests, and
precisely enhance forest quality. Innovative measures for
desertification control should be introduced, with continued
conservation and environmental

investment in energy

protection, ensuring the protection of the eco-system’s
services. Simultaneously, single human intervention measures
should be avoid-ed, with further regulation of human
development activities and the optimization layout of the
PLES, resulting in an improved pattern of production and
living. Implementing ecological restoration measures on
the

creating

industrial sites to enhance
quality of the Iland,

opportunities for local green economic growth.

historically abandoned

ecological while also

Frontiers in Environmental Science

3.4.5 Coordinated conservation zone

This zone encompasses Ruyuan Yao Autonomous County, Lianping
County, and Liannan Yao Autonomous County, with low development
pressure and resilience potential. This area has high vegetation cover and
should implement afforestation and greening initiatives. By promoting
regional economic development while enhancing ecological protection
efforts, it aims to advance the construction of the Wanshanchaowang
National Desert Park and the Xijing Ancient Road National Desert Park.
Leveraging its excellent ecological foundation, the zone should develop
leisure tourism industries and actively promote the development of high-
value specialty industries. This approach explores the efficient
transformation path for the value realization of ecological product,
promoting ecological restoration through ecological industrialization.
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3.4.6 Priority conservation zone

The corresponding administrative region is Wujiang District, which
is the most densely populated built-up area in the study. It experiences
significant development pressure and possesses limited resilience
potential. The primary objective is to prevent excessive damage to
the ecological foundation, balancing ecological and economic benefits.
This area should engage in strategic urban planning within the limits of
its resource and environmental carrying capacity, thereby avoiding new
issues related to desertification and human-induced soil erosion.
Additionally, it should increase investments in environmental
protection to improve small watershed soil and water erosion control
efforts. Gradually expanding forest coverage and enhancing forest
quality, and creating a new pattern for ecological construction.

4 Discussion

4.1 Framework for zoning, restoration goals,
and stakeholders based on the “social-
ecological” system

The study area, situated in a karst region characterized by

prominent human-environment conflicts and ecological
sensitivity, underscores the intricate interplay between social-
ecological system. Unreasonable human activities have led to the
degradation of ecosystem functions, impeding local socio-economic
development (Ye et al, 2019). If this feedback loop remains
unchecked, it may cause the “social-ecological” system to
deteriorate further (Wang Z. et al, 2023), leading to a vicious
cycle of “vegetation destruction” and “land reclamation equals
poverty.” Therefore, there is an urgent need for governance
strategies based on a “social-ecological” system analysis
framework. Desertification is “negative” feedback resulting from
with the the

unsustainability of the “social-ecological” system. Therefore, the

human interference ecosystem, leading to
ultimate goal of ecological restoration zoning is to start from
sustainability, coupling multiple objectives within the “social-
ecological” system, integrating social, economic, and ecological
elements (Polyakov et al, 2023) and processes to formulate
ecological restoration zoning decision-making and
implementation strategies.

In the context of promote harmonious coexistence between
human and environment, ecological restoration should primarily
prioritize maintaining regional ecological security, promoting
continuous improvement in ecosystem diversity and stability, and
achieving synergy between conservation and development. By
delineating the interactive processes of the “social-ecological”
system, conducting a comprehensive analysis of existing
ecological issues, and assessing the relationship between socio-
economic system and ecosystem, this study proposes restoration
strategies and recommendation measures for each zone. Based on
the zoning results, the contiguous regions of the northwestern and
southern parts of the study area require more comprehensive
engineering and greening measures, the benefits from rocky
desertification treatment and reforestation/afforestation will
promote the synergistic effect of “social-ecological” system. The
conservation zones are primarily situated in the northern and

eastern parts of the study area, ecological and economic benefits
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can be brought from giving priority to natural restoration, ecological
industry and reasonable PLES layout also contribute to the “social-
ecological” system.

Domestic and international trends in ecological restoration
zoning research and practical cases reveals an evolving focus
(Smith et al, 2022; Zhou et al, 2022; Reader et al, 2023).
Ecological restoration in Karst region entails a comprehensive
approach, acknowledging the intricate inter-connections and
interdependencies among forest, mountain, and water elements.
This holistic perspective reflects the core concept of “integral
protection,  systematic  restoration, and  comprehensive
management” (Suding et al., 2015). Furthermore, it is crucial to
recognize that government bodies, corporate investors, and the
stakeholder are central participants in the ecological restoration
process (Toma and Buisson, 2022). Their varying perspectives and
requirements will directly impact the effectiveness of restoration
planning and project implementation. The application of multi-
agent modeling to support decision analysis encourages the
collective involvement of multiple stakeholders. This approach
acknowledges that the success of ecological restoration in karst
the

stakeholders and underscores the importance of harmonizing

regions  necessitates active  collaboration of various
their differing interests and needs for the collective benefit of the

human and environment.

4.2 Research advantages and limitations

In the context of a transition towards more harmonious human-
the realm of ecological
“social-ecological”  system

environment relationships within
this study takes

approach. It constructs an evaluation index that comprises

restoration, a
“development pressure,” “sensitivity status,” and “resilience
potential.” The study performs quantitative assessments and
the of
Guangdong Province as an illustrative example. This research

integrated zoning, using karst-concentrated areas

addresses  previous by providing a more

comprehensive perspective. It considers ecological issues and

inadequacies

human disturbances while integrating the restorative capacity
created by the ecosystem’s resilience potential and socio-
economic development. The integrated index allows for the
portrayal of societal pressures on ecological systems, the sensitive
characteristics of the ecosystem, and the “social-ecological” system’s
resilience potential. This enhances our overall understanding of how
to resolve human-environment conflicts in ecologically vulnerable
areas. This study departs from the practice of assigning weights to
indicator factors, which can be subjective. Instead, it employs a
standardization method to compare the results of different indicator
combinations. This approach is more objective and uses a concise set
of critical indicators to reflect regional disparities, making it more
operationally feasible. The ultimate goal of the zoning method is to
facilitate the implementation of zoning results and ecological
restoration. The research framework of this study is clear, easily
quantifiable, and holds promise for practical applications.
Compared to studies based on grid or watershed units, this
research primarily focuses on reflecting the “social-ecological”
system characteristics of various administrative units within a
This approach provides

region. differentiated ~governance
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measures for regional coordinated development. Subsequent steps
may involve further refining data granularity and analyzing the
spatial heterogeneity characteristics within the units to identify key
ecological restoration areas and provide precise strategies (Sun et al.,
2022). It is important to note that the sample selection for evaluation
units in this study did not include several counties with dispersed
distribution of desertification. Future research could encompass a
comprehensive analysis of desertification restoration in Guangdong
Province and even the karst regions of southern China. Due to data
availability and computational constraints, this study did not
account for the temporal changes in the “social-ecological”
system characteristics. Therefore, it is crucial to explore the
relationship between “social-ecological” systems in ecologically
fragile karst areas, considering their multi-scale and cross-
temporal dimensions in the future.

5 Conclusion

Ecological restoration zoning involves various socio-economic
and ecological factors, making it challenging to accurately identify
the ecological restoration zones and propose targeted strategies. In
the context of shifting towards coordinated human-environment
relationships, this study constructs a comprehensive evaluation
framework based on the perspective of “socio-ecological” system.
This approach represents a preliminary exploration of the complex
interplay between socio-economic and ecological factors, offering a
more integrated understanding of the multi-target and multi-
stakeholder trends in ecological restoration. Moreover, it provides
valuable insights for guiding the treatment of karst desertification
and ecological restoration.

The spatial distribution of these indicators shows significant
characteristics. Development pressure is strongly influenced by
population density, with areas experiencing higher human
activity pressure primarily concentrated in urban areas, with the
most prominent in Wujiang District. Sensitivity status is
predominantly determined by soil erosion levels and vegetation
coverage. Qinxin District County and Yingde City exhibit the most
severe environmental issues. The overall level of resilience potential
varies significantly and is mainly influenced by per capita energy
conservation and environmental protection expenditures.

Based on the characteristics of development pressure, sensitivity
status, and resilience potential, the study area is recognized to two main
categories of restoration units, corresponding “socio-ecological” system
restoration strategies were proposed. Restoration-type units should
utilize the ecological resilience and focus on reversing poor ecosystem
status preventing further ecosystem degradation due to inappropriate
human activities. Participation of inter-regional, multi-stakeholder of
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