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Introduction: As an important ecological barrier and major water source in the
upper reaches of the Yangtze and Pearl Rivers, the Zhongshan District, Guizhou
Province, Southwest China, is of great ecological significance. The gross
ecosystem product (GEP) of the area not only reflects the overall condition of
the ecosystem but also provides an important basis for regional ecosystem
service management and scientific decision-making by quantifying nature’s
contribution to human society.
Methods: Through systematic analysis of the land use changes between 2000
and 2020, calculated the GEP for 2000, 2005, 2010, 2015, and 2020. In addition,
based on the elasticity index, the impact of land use change on the spatial
differentiation of the GEP was further clarified at the raster scale.
Results: The results show that (1) between 2000 and 2020, the main land use
types in the study area were dominated by forests, grassland, and agriculture; and
the urban areas changed significantly, mainly reflecting the transition between
urban land, water bodies, grassland, and shrubland. (2) The GEP exhibited an
overall increasing trend in the study area from 2000 to 2020. In terms of the
structure of the GEP, 2000–2015 was dominated by regulating services, which
mainly manifested in climate regulation, soil and water conservation, flood
control, and water conservation; while 2015–2020 was dominated by product
provision services, which mainly manifested in agricultural products. (3) From
2000 to 2020, the main contribution of the land use changes to the GEP growth
was the increase in the area of the human-exploited wetlands and the transfer of
forest, grassland, and shrubland to cropland.
Discussion: The quantitative analysis of the elasticity coefficient further
demonstrates that small changes in wetlands and cropland can lead to
significant changes in the GEP. These results highlight the importance of
incorporating key factors such as the anthropogenic activity intensity and
agricultural cropping structure and area in management decisions for
ecosystems in the study area.

KEYWORDS

gross ecosystem product, ecosystem service, land use, driving factor, spatial distribution

OPEN ACCESS

EDITED BY

Chong Jiang,
Guangdong Academy of Science (CAS), China

REVIEWED BY

Friday Njaya,
Lilongwe University of Agriculture and Natural
Resources, Malawi
Hong Shuai,
Hunan Normal University, China

*CORRESPONDENCE

Zhongfa Zhou,
fa6897@163.com

RECEIVED 15 April 2025
ACCEPTED 08 September 2025
PUBLISHED 01 October 2025

CITATION

Ma S, Zhou Z, Zhang Y, Dong C and Zhang C
(2025) Response of gross ecosystem product to
land use change in an area with intersecting
water systems in southwestern China.
Front. Environ. Sci. 13:1611457.
doi: 10.3389/fenvs.2025.1611457

COPYRIGHT

© 2025 Ma, Zhou, Zhang, Dong and Zhang. This
is an open-access article distributed under the
terms of the Creative Commons Attribution
License (CC BY). The use, distribution or
reproduction in other forums is permitted,
provided the original author(s) and the
copyright owner(s) are credited and that the
original publication in this journal is cited, in
accordance with accepted academic practice.
No use, distribution or reproduction is
permitted which does not comply with these
terms.

Frontiers in Environmental Science frontiersin.org01

TYPE Original Research
PUBLISHED 01 October 2025
DOI 10.3389/fenvs.2025.1611457

https://www.frontiersin.org/articles/10.3389/fenvs.2025.1611457/full
https://www.frontiersin.org/articles/10.3389/fenvs.2025.1611457/full
https://www.frontiersin.org/articles/10.3389/fenvs.2025.1611457/full
https://www.frontiersin.org/articles/10.3389/fenvs.2025.1611457/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fenvs.2025.1611457&domain=pdf&date_stamp=2025-10-01
mailto:fa6897@163.com
mailto:fa6897@163.com
https://doi.org/10.3389/fenvs.2025.1611457
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org/journals/environmental-science#editorial-board
https://www.frontiersin.org/journals/environmental-science#editorial-board
https://doi.org/10.3389/fenvs.2025.1611457


1 Introduction

GEP refers to the sum of the values of the final goods and
services provided by ecosystems to human beings within a certain
time frame in a certain region (Ouyang et al., 2020). It involves not
only ecological value but also economic and social considerations.
By transforming ecological benefits into economic gains, it helps to
balance economic growth, environmental protection, and social
wellbeing (Ouyang et al., 2013; Lin et al., 2022). As the Chinese
government has put forward the concept of “green water and green
mountains are golden mountains and silver mountains,” GEP
accounting has become an important means of quantifying the
value of “green water and green mountains are golden mountains
and silver mountains” and of promoting sustainable development.
In addition, it has become a concrete measure to realize the concept
of “green water and green mountains are golden mountains and
silver mountains.” The GEP includes the ecosystem provisioning
services value (EPV), ecosystem regulating services value (ERV), and
ecosystem cultural services value (ECV) (Ouyang et al., 2020). The
functions and conditions of ecosystems are measured and evaluated
by calculating the gross value of natural ecosystems such as
grasslands, deserts, forests, and wetlands, as well as artificial
ecosystems such as farmlands, pastures, and aquaculture farms
(European Commission, Organisation for Economic Cooperation
and Development, United Nations, World Bank, 2013). Compared
with the results of most studies in China and abroad, which only give
the economic value of a certain type of natural resources, the GEP
includes the sum of the value of the products and services provided
by ecosystems for human wellbeing and sustainable economic and
social development, which is more complete and more adequate in
reflecting the functioning and conditions of ecosystems. It is
therefore easier to arouse the attention of the whole of society to
ecological environmental protection. In addition, Ouyang et al.
(2013) pointed out that GEP accounting can be used to reveal
the contribution of ecosystems to economic and social development
and human wellbeing, analyze the ecological linkages between
regions, and assess the effectiveness and benefits of ecological
protection. The current GEP accounting guidelines issued by the
Chinese government and some local governments specify the
indicator system and methodology of GEP accounting such that
the value of provisioning services relies on the output and unit price
of products such as agriculture, forestry, livestock, and fishery
products (Zhang et al., 2022), the value of cultural services uses
the number of tourists at tourist attractions and the cost of tourism
for accounting; and the value of regulating services uses the amount
of ecosystem service functions combined with the amount of
substitution value for accounting.

GEP is a monetary measurement approach employed to evaluate
the service functions provided by ecosystems as well as the value of
the goods and services they generate (Lajoie-O’Malley et al., 2020;
Schirpke et al., 2020). Land serves as the carrier of ecosystem
services. In order to meet the increased demand for these
services driven by significant population growth, certain regions
have commonly experienced over exploitation of land resources,
leading to ecological degradation (Langemeyer and Connolly, 2020;
Schirpke et al., 2020; Li et al., 2024; Zhang et al., 2023). Changes in
land use/cover (LULC) are closely related to ecosystem services.
Variations in land use types, patterns, and intensity affect the

ecosystem services (Fang et al., 2022; Liu L et al., 2023). The
changes in GEP quantitatively and thoroughly reflect the
variations in ecosystem services caused by regional LULC
changes, which significantly impact the long-term development
of both the natural environment and human society (Luo et al.,
2023; Su et al., 2023). Therefore, the GEP of a region serves as an
indicator of the regional development and utilization status, and is
also a key metric for assessing the relationship between human
activities and land use. Intensive land use continuously and
significantly alters the LULC pattern, thereby influencing the
supply and spatial distribution of ecosystem services. A
structurally imbalanced LULC configuration severely constrains
the full realization of ecosystem service values (Cao et al., 2021;
Chen et al., 2021; Shi et al., 2020; Peng and Wang, 2019; Ye et al.,
2018; Zhang et al., 2020). For example, China’s rapid socio-
economic development has imposed significant pressure on the
goal of building an ecological civilization. Achieving
comprehensive, coordinated, and sustainable development
urgently requires exploring the relationship between LULC
changes and ecosystem service values, in order to promote a
virtuous cycle of sustainable ecosystem utilization.

To mitigate the degradation of ecosystems in terms of both
quantity and quality of services provided, integrated management of
land use based on ecosystem service value (ESV) has been
implemented globally (Mascarenhas et al., 2015; Staiano et al.,
2021; Su et al., 2020). In 2016, the Chinese government proposed
the establishment of the main function division conceptual
framework (Fan, 2015), a planning scheme for spatial
development and protection of China’s national land. This
framework is based on the integration of the key ecological
function areas into an ecological security strategic pattern
referred to as “Two ecological barriers and three shelters”, also
known as national barrier zone (Wang et al., 2020). Building upon
this foundation to further refine the national ecological security
framework by constructing ecological barriers across Yunnan,
Guizhou, Sichuan, and Chongqing represents a major front for
ecological conservation in the Yangtze River and Pearl River basins
(Cui et al., 2025). Therefore, Zhongshan District, located in the
western part of Guizhou Province and situated at the confluence of
the Yangtze River and Pearl River systems, constitutes a core area
within this ecological barrier. Optimizing land use structure,
enhancing ecological quality, and strengthening ecosystem service
functions hold significant importance. However, current research on
large-scale national ecological barrier zones often lacks empirical
field data and in-depth analysis, particularly regarding the
integration of GEP into land use optimization. This study aims
to address this research gap. Quantifying the GEP in ecologically
fragile regions characterized by intertwined water systems and
understanding its synergistic role in ecological restoration are of
critical importance (Guo et al., 2024; Haileslassie et al., 2024).

The current research on the relationship between LULC and
ecosystem services primarily relies on the methodology of Xie et al.
(2008), which modified the equivalent coefficient values of six LULC
types in China based on a questionnaire survey of 700 ecological
experts across the country, tailoring these values to China’s specific
ecosystem and socio-economic conditions. On this basis, various
and inconsistent approaches are used to adjust these equivalent
values when calculating regional ecosystem services value (ESV).
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Some studies rely solely on regional grain production for adjustment
(Niu et al., 2018), while others also incorporate NPP data alongside
grain yields for modification (Feng et al., 2022). Moreover, since
spatial data on ESV are derived from LULC data, their results are
highly dependent on LULC. Therefore, the autocorrelation inherent
in the relationship between LULC and ESV can influence the
outcomes of such analyses.

To address this issue, this study proposes using the GEP based on
localized parameter accounting, instead of ESV, to analyze the
relationship between LULC and ecosystem services. By drawing on
the methodology of spatializing GDP, the study spatially represents the
indicators contained in the GEP, including the value of ecosystem
provisioning services (EPV) and ecosystem cultural services (ECV),
thereby achieving a raster-scale expression of GEP. Based on the
analysis of the spatiotemporal characteristics of GEP, the response
relationship between GEP and land use change is explored. Specifically,
the study aims to achieve the following: (1) identify the patterns and
spatial heterogeneity of GEP changes from 2000 to 2020; (2) assess the
contributions of provisioning, regulating, and cultural ecosystem
services to overall GEP changes; and (3) analyze the impact of land
use change on the dynamic characteristics of GEP. A technical
flowchart is also provided (Figure 1).

2 Data and methodology

2.1 Overview of the study area

The Zhongshan District of Liupanshui City in Guizhou Province
is in the transition zone between the East Yunnan Plateau and the
Central Guizhou Plateau, as well as between the Northwest Guizhou
Plateau. Its topography is characterized by significant features. The
terrain is generally high in the northwest and low in the northeast.
The highest peak, Jiucaiping, is located in Dawan Township and has
an altitude of 2,900.3 m, while the lowest point is located at the exit
of Jiehe, Dushan Village, Yuezhao Township, at an altitude of
1,450 m, forming a tiered sloping zone. The mountain ranges in
the area have a profound influence on the natural environment and
are mainly composed of three branches of the Wumeng Mountains.
One mountain range, which extends southeastward from
Meihuashan through Dewu and Fenghuang, is the basin between
the Shucheng River (Xiangshui River) in the Yangtze River water
system and the Beipanjiang River in the Pearl River water system.
The secondmountain range extends southward fromMeihuashan to
Shuangga Township through Dewu, Huangtupo, and Hecheng,
dividing the Shucheng River and the Sanchuan River (the Dahe

FIGURE 1
The research workflow of this study.
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section). The third mountain range starts from Jiucaiping and
extends eastward to Yide in Dahe Township, becoming the basin
of Sancha River and Lianshan River, with a total area of 10,343 km2

and a total population of 790,800 people. The average annual
temperature is 12.9 °C, and the annual precipitation is 1,158 mm.
The main ecosystem types are forests, wetlands, meadows,
farmlands, and cities, and the vegetation cover is 76.8% (Figure 2).

2.2 Data

This study aims to systematically analyze the changes in the
ecosystem gross product (GEP) within the study area across the
years 2005, 2010, 2015, and 2020, and to thoroughly investigate the
impact of land use changes on GEP. The research incorporates
multi-source data, including geospatial information, official
statistics provided by the relevant government departments,
market price parameters, and other pertinent datasets (Table 1).
The data were processed as follows. Given the diversity of the data
types and sources involved in this study, the WGS_1984_UTM_
Zone_35N standard coordinate system was selected to process the
data to ensure data consistency and accuracy. In the GEP calculation
process, all of the raster spatial data were unified to a spatial
resolution of 30 m × 30 m and were processed by splicing and
cropping to meet the specific needs of the study. Upon completion of
the calculations, the ecosystem service functions were monetized in
RMB based on established price parameters, and the GEP

accounting results were spatially displayed. Subsequently, the area
of each ecosystem type in each grid was accurately determined, and
the GEP of each grid was assessed based on the value of each
ecosystem service per unit area, thus realizing the spatial expression
of the GEP.

2.3 Methods of analysis

The GEP were calculated in 2005, 2010, 2015, and 2020 in the
basin of the upper Yangtze River and Pearl River with intersecting
water systems. Furthermore, we analyzed the spatiotemporal
evolution characteristics of the GEP in the basin between
2000 and 2020. In addition, an elasticity index model was
applied to identify the effects of the spatiotemporal variations in
the land use changes on the GEP. The research framework is shown
in Figure 1.

2.3.1 Land use changes
Based on the characteristics of the ecosystem composition in

the basin and with reference to the ecosystem classification
system proposed by Ouyang et al. (2013), in this study, the
land use types classified into seven categories: dryland, paddy
field, forest, grassland, shrubland, wetland, and urban land. The
spatiotemporal evolutionary pattern of the land use was
quantitatively analyzed through the transfer matrix and the
degree of dynamic change.

FIGURE 2
Spatial location and elevation of the Zhongshan District, Guizhou Province.
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2.3.1.1 Land use type transfer matrix
By constructing and analyzing the land use type transfer matrix

(Hou et al., 2022), the structural characteristics of the land use in the
basin and the dynamic change trend of each category were
systematically revealed. The calculation formula is as follows
Equation 1:

Sij �
S11S12 · · · S1n
S21S22 · · · S2n

· · · · · · · · · · · · · · ·
Sn1Sn2 · · · Snm

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦ (1)

where Sij is the land use status at the beginning and end of the study
period, and n is the number of land use types.

2.3.1.2 Degree of change in land use type dynamics
To quantify the degrees of dynamic change of the various land

use types within the basin between 2005 and 2020, the research used
a dynamic land use model (Liu Y et al., 2023). The indicator of the
degree of change can effectively reflect the speed and intensity of the
land use change, and it is calculated as follows Equation 2:

L � Lb − La

La

1
t
× 100% (2)

where L is the degree of dynamic change of the land use types over
time; La is the area of the land use types (km

2) at the beginning of the
study; Lb is the area of the land use types (km2) at the end of the
study; and t is the time span (a).

2.3.2 GEP accounting methods
In this study, a comprehensive accounting framework for the

GEP was constructed. The framework considers the importance of
the GEP and systematically examines the characteristics of each type
of ecosystem in the basin. The system consists of 11 functional
indicators, which are categorized into three main types of services
and products: material goods, regulating services, and cultural
services (see Table 2).

The GEP accounting covers the values of the material goods,
regulating services, and cultural services provided by the ecosystems,
but it excludes the value of the supporting services (Wang et al.,
2022). It is calculated using the following formula Equation 3:

GEP � EPV + ERV + ECV (3)
where EPV is the value of the ecosystem material goods, ERV is the
value of the ecosystem regulating services, and ECV is the value of
the ecosystem cultural services.

2.3.3 The method of spatializing the EPV and ECV
2.3.3.1 Spatial quantification of the EPV

Based on statistics for 2000–2020, the value of the agriculture,
forestry, livestock, and water resources in the study area is
calculated. The value of the products provided in Table 2 is
attributed to the different ecosystem types (Table 3). The unit
value of the products from different ecosystem types (CNY/
GRID) is also calculated.

The NPP, which determines the systematic circulation of matter
and energy flow, is also an important indicator of the health of the
system (Lieth and Whittaker, 1975). Its size characterizes the ability
of an ecosystem to provide products. This view is further supported
by the results of Costanza et al. (1998); Costanza and Hannon,
(1989); Costanza et al. (1981), who verified the corresponding
relationship between the productivity of an ecosystem and its
value coefficient. For this reason, the research select the ratio of
the NPPi of grid i to the annual average value of the NPP of all of the
grid in the biological productivity index to dynamically adjust the
value of the ecosystem products (Pi). The details are as follows
Equation 4:

Pi � NPPi/NPPmean (4)
whereNPPi is the value of the NPP of the ith grid; andNPPmean is the
annual average value of the NPP of all of the grid.

The revision method of the GEP is as follows Equations 5, 6:

TABLE 1 Data, resolution, and sources in study area.

Data Resolution Source

Land use 30m Resource and Environment Science and Data Center, https://www.resdc.cn (accessed on 13 December 2022)

DEM 30m Resource and Environment Science and Data Center, https://www.resdc.cn (accessed on 5 December 2022)

Meteorological data 1 km (1) National Meteorological Science Data Center, https://data.cma.cn (accessed on 3 December 2022).
(2) National Qinghai-Tibet Plateau Scientific Data Center, http://data.tpdc.ac.cn/zh-hans/ (accessed on 15 December 2022)
(3) National Earth System Science Data Center, https://www.geodata.cn (accessed on 5 December 2022)

Soil 1 km Harmonized World Soil Database (HWSD) http://www.ncdc.ac.cn/portal/metadata/fcd60332-575c-4209-ae9c-d1efc1f424d4
(accessed on 5 December 2022)

NPP 1 km Resource and Environment Science and Data Center, https://www.resdc.cn (accessed on 5 December 2022)

Road network data 1 km Geographic remote sensing ecological network platform, www.gisrs.cn (accessed on 7 May 2023)

NDVI 30m https://www.nesdc.org.cn/sdo/detail?id=60f68d757e28174f0e7d8d49

Evapotranspiration 1 km National Qinghai-Tibet Plateau Scientific Data Center, http://data.tpdc.ac.cn/zh-hans/

Geological disaster .shp https://www.resdc.cn/data.aspx?DATAID=290

Socioeconomic data —— (1) Government Statistical Bulletin of National Economic and Social Development
(2) Annual Government Work Report
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TABLE 2 Assessment index and method for GEP accounting in the research area.

Assessment services Assessment indexes (Abbreviation) Assessment methods

Material products (EPV) Agricultural products (AG)
EPV � ∑j

i�1
Qpi × Ppi

(1) EPV is the functional value provided by the product
(2) Qpi is the output of product i;
(3) Ppi is the unit price of product i

Forestry products (FP)

Livestock products (LP)

Water resource (WR)

Regulating services (ERV) Water conservation (WC)
WC � Qw × Pw Qw � ∑n

i�1
∑m
j�1

(P − R − ET) × A

(1) WC is the value of water conservation (CNY/a)
(2) Qw is the water conservation (m3/a)
(3) Pw is the engineering cost per unit reservoir capacity (CNY/m3),
Pw = 12.6 (China forestry industry standard of the People’s Republic
of China, 2008);
(4) P is the rainfall (mm)
(5) R is the runoff volume (mm)
(6) ET is the evapotranspiration (mm)
(7) A is the area of grid (m2); m and n is the number of rows and
columns of the grid in the study area

Reduce sediment deposition (RD) RD � λ × As
ρ × Ps

(1) RD is the Reduce sediment deposition value (CNY/a)
(2) λ is the sediment deposition coefficient,0.24
(3) As is soil retention (t/a)
(4) ρ is the bulk density of soil,1.18t/m3

(5) Ps is the cost of the reservoir dredging project, 17.63/m
3 (Ministry

of Water Resources of the People’s Republic of China, 2002)

Carbon sequestration and Oxygen release (CO) CO � NEP × 3.67Pc +NPP × 1.19Po

(1) CO is the value of carbon sequestration and oxygen release (CNY)
(2) Pc is the cost of CO2 fixation, CNY380/t (Zhou et al., 2014)
(3) Po is the cost of O2,CNY727/t (Hu, 2007)
(4) NEP is the total carbon sequestration (t) of the ecosystem
(5) NPP is Net primary productivity (t)

Soil formation and protection (SFP) SEP � As × Cn × Pn + As × Cp × Pp

(1) SEP is the value of Soil formation and protection (CNY/a);
(2) As is soil retention (t/a)
(3) CN and CP are the pure contents (%) of nitrogen and phosphorus
in the soil respectively,CN = 0.37%,CP = 0.108% (Hou and Wang,
1995);
(4) PN and PP are environmental engineering degradation costs for
nitrogen and phosphorus, PN = CNY875/t, PP = CNY2800/t
(National Development and Reform Commission of China, 2003)

Climate regulation (CR)
Q � ∑n

i�3GPP × Si × d

3600 × R + (EQ × q × 103/3600 + EQ × γ)
(1)Q is the energy consumed by transpiration and evaporation in the
ecosystem (kwh)
(2) GPP is the heat consumed by transpiration per unit area (kJ·m-2 d-1)
of different ecosystem types, forest land, grassland and farmland is
39.2 kJ m-2 d-1, 27.1 kJ m-2 d-1, 24.8 kJ m-2 d-1 (Zhang et al., 2012)
(3) Si is the area (m

2) of the ith ecosystem type
(4) R is the energy efficiency ratio of air conditioning: 3.0
(5) d is the number of days the air conditioner is on (days)
(6) i is different types of ecological systems in the study area;
(7) EQ is the evaporation from the water surface (m3)
(8) q is the latent heat of volatilization, 2,453.2 J/g
(9) γ is the electricity consumption (kwh) of the humidifier to convert
1 m3 of water into steam, 120
CR � Q × p
(1) CR is the climate regulation value (CNY/a)
(2) p represents the electricity price (CNY/kwh), which is taken as 0.6

Air purification (AP)
Qap � ∑m

i�1
∑n
j�1

Qij × Ai

AP � ∑3
i�1
Qap × ci

(1) AP is the value of air purification (CNY/a)
(2) Qap is the net amount of air pollutants (t)

(Continued on following page)
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EPVij � Pj × VCi ES( ) (5)
VCi ES( ) � EPVi/Ci (6)

where EPVij is the value of the jth grid of the ith ecosystem type
(CNY/year), and EPVi is the total value of the ith ecosystem type, Ci

is the total number of grid of the ith ecosystem type.

2.3.3.2 Spatial quantification of the ECV
The tourism suitability index is corrected as the amount of

recreational and leisure value at the raster scale for each ecosystem
type. The process of calculating the tourism suitability index is as
follows: ① Construct the tourism suitability evaluation index system.
The research choose the vegetation coverage, habitat quality,
susceptibility to geologic hazards, the distance from the 3A scenic
spot, and the distance from the main road. ② Set the weights of each
index, which is determined by referring to the research of Guan et al.
(2023) and with the aid of expert scoring (Table 4).

Based on the weights of the evaluation indexes and the
evaluation equivalence scores after normalization of the indexes,

the ArcGIS raster processor is used to carry out weighted overlay
processing of the indexes to obtain the evaluation results of the
suitability of ecotourism development. The evaluation formula is as
follows Equation 7:

B � ∑n
i�1
Wi × Ri (7)

where B is the ecotourism development suitability score of each
raster, Wi is the corresponding weight of the index, and Ri is the
corresponding image value of the ith index.

The recreational and leisure value on the raster scale is combined
with the tourism suitability index to obtain each raster recreational
and leisure value. The formula is as follows Equation 8:

Tij � Bij × Xij (8)

where Tij is the recreational and leisure value of each grid, Bij is the
suitability score for ecotourism development, and Xij is the original
leisure and recreational value of the pixel in the ith row and
jth column.

TABLE 2 (Continued) Assessment index and method for GEP accounting in the research area.

Assessment services Assessment indexes (Abbreviation) Assessment methods

(3) Qij is the unit surface volume purification capacity (t·km-2·a−1) of
the jth type of air pollutant in the ith type of ecosystem, and i is the
type of ecosystem, dimensionless. j is the category of air pollutants
and is dimensionless
(4) Ai is the area of the type i ecosystem (km2)
(5) ci is the treatment cost of different types of air pollutants (CNY/t).
It is known from the literature that the absorption capacity of forest
land for SO2 is 22.64 t/km2·a (Ma et al., 2002), and the absorption
capacity for NOx is 0.82 t/km2·a (Han et al., 2002), and the dust
retention energy is 0.60 t/km2·a (Zheng et al., 2015); the absorption
capacity of the shrub for SO2 is 8.96 t/km2·a (Han et al., 2002), and
the absorption capacity for NOx is 0.60 t/km

2·a (Li et al., 2015), and
the dust retention capacity is 0.087 t/km2·a (Zhao et al., 2001); the
absorption capacity of grassland for SO2 is 1.13 t/km

2·a (Zheng et al.,
2015), and the absorption capacity for NOx is 0.06 t/km2·a (Li and
Sun, 2008), and the dust retention capacity is 0.03 t/km2·a (Zhao
et al., 2001).The costs for SO2, NOx and dust control are CNY630/t,
CNY630/t and CNY150/t respectively (National Development and
Reform Commission of China, 2003)

Cultural services (ECV) Entertainment and leisure (EL) EL � CC + CS
CC � TC + TV
TV � W × H

CS � ∫Pm

0

f x( )dx
(1) EL is the usage value of the natural landscape
(2) CC is consumer spending, TC is travel expenses and TV is the
value of travel time
(3) CS is consumer surplus
(4) H: The time tourists spend visiting scenic spots (h)
(5) W: Wage rate (CNY/h)
(6) x: Additional travel expenses
(7) f(x): The demand curve of the number of tourists and additional
travel expenses
(8) Pm: Maximum additional charge (Hotelling, 1949)

TABLE 3 The product provides a match with the type of ecosystem.

Material products type AG FP LP WR

Ecosystem type Paddy field, Dry land Forest, Shrubland Grassland, Paddy field, Dry land Wetland
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2.3.4 Land use change response elasticity of GEP
Elasticity is a measure of the response of one variable to changes

in another. This method is utilized in this paper to measure the
percentage change in the GEP caused by land use/land cover change
(Yuan et al., 2019). The formulas are as follows Equation 9:

E � GEPt1 − GEPt0( )/GEPt0

LUP

∣∣∣∣∣∣∣∣
∣∣∣∣∣∣∣∣

LUP � ∑n
i�1△Li∑n
i�1Li

(9)

where E is the elasticity index of the GEP in response to land use
change; t0 denotes the beginning of the study, and t1 denotes the end
of the study; LUP is the percentage of land use change; ΔLi is the area
of land use change of land use type i, and Li is the total area of land
use type i.

3 Results

3.1 Changes in land use pattern

3.1.1 Land use area changes
The land use structure in the study area remained relatively

stable between 2000 and 2020. The hierarchical order of the area
proportions of the land use types did not change significantly during
this period. Forests accounted for the largest proportion, followed by
grassland and shrubland; while urban land, wetlands, and paddy
fields accounted for smaller proportions (Table 5).

Between 2000 and 2020, the changes in the land use structure
were mainly characterized by significant expansion of urban areas
and a corresponding reduction in the areas of the shrubland and
dryland. Among them, the expansion of the urban land was the most
obvious, with an increase in area of 24.31 km2, accounting for 44.3%
of the total area of change. In contrast, the shrubland decreased most
significantly, by 22.91km2, accounting for 41.7% of the total area of
change. In addition, the wetlands increased by 2.86 km2, accounting
for 5.2% of the total area of change; and the area of the forests
decreased by 2.08 km2, accounting for 3.7% of the total area
of change.

3.1.2 Land use transfer matrix
The transfers between the land use types in the area between

2000 and 2020 mainly involved interchanges between urban land,
shrubland, and dryland. The growth of the urban land far outpaced
the rate of its transfer, exhibiting an increasing trend from year to

year (Figure 3). The expansion of the urban land mainly encroached
on areas previously occupied by shrubland, dryland, and grassland,
with 86.5%, 11.56%, and 12.1% of the newly developed area being
converted from shrubland, dryland, and grassland, respectively. The
increase in the area of the wetland was mainly through conversion of
shrubland, dryland, and grassland, but the increase was not
significant. The shrinkage of the shrubland was mainly attributed
to conversion to urban land, grassland, forest, dryland, and water
sources. The shrinkage of the dryland was mainly attributed to
conversion to grassland, forest, and urban land. The decline in the
forest area was mainly attributed to conversion to dryland,
grassland, and shrubland. It should be noted that the land use
change in the study area during 2010–2015 was relatively small, and
the main type of conversion was the conversion of shrubland to
built-up land. This conversion accounted for 3.11% of the
shrubland in 2020.

3.1.3 Degree of dynamic land use change
The temporal characteristics of the land use changes in the study

area from 2000 to 2020 exhibited a significant pattern (Table 6).
During this period, the urban land experienced the fastest
expansion, with an increase of 24.31 km2 and a dynamic rate of
change of 3.05%. The fastest period of change was from 2000 to
2005, with an increase of 8.67 km2 and a dynamic rate of change of
4.35%. Next, the area of the water sources also expanded
considerably, with an increase of 2.86 km2 and a dynamic rate of
change of 10.58%. The fastest period of change was 2015–2020, with
an increase of 2.69 km2 and a dynamic rate of change of 35.5%.
Conversely, the area of the shrubland decreased the fastest, with a
decrease of 22.91 km2 and a dynamic rate of change of −0.51%.
Throughout the study period, the fastest rate of ecosystem change
occurred between 2000 and 2005. During this period, the area of the
dryland exhibited a continuous decreasing trend and a relatively
stable dynamic rate of change. The area of the grassland exhibited an
increasing-decreasing-increasing trend, while the area of the forest
initially increased and then decreased; however, the changes in the
areas of the grassland and the forest were not significant.

3.2 Spatiotemporal changes in the GEP

3.2.1 GEP accounting results (2000–2020)
The spatial distribution of the GEP value is manifested as: the

maximum value of unit grid GEP is predominantly observed in the
peripheral and central zones of the study area, specifically
encompassing the southwestern urban fringe, the northeastern

TABLE 4 Evaluation criteria weights for ecotourism development suitability.

Factors Index Final weight

Ecological protection conditions (0.398) Susceptibility to geological disasters (−) (0.31) 0.12

Vegetation fraction (+) (0.343) 0.14

Habitat quality (+) (0.342) 0.14

Tourism resource conditions (0.610) Distance from a 3A scenic area (+) (0.345) 0.35

Distance from the main road (+) (0.256) 0.25

+ denotes a positive indicator, and − denotes a negative indicator.
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Jinpen, Nankai and Qinglin townships, as well as the central Dahe
Town (Figure 4). The GEP values in the study area in 2000, 2005,
2010, 2015, and 2020 were about CNY74.00 × 108, CNY82.29 × 108,
CNY108.09 × 108, CNY115.46 × 108, and CNY173.91 × 108,
respectively (Figure 5). These values were equivalent to 2.53,
1.05, 0.58, 0.29, and 0.56 times the GDP of each area in that
year, respectively. In 2000, 2005, 2010, 2015, and 2020, the
values of the GEP per unit area were CNY7.2 × 106/km2,
CNY8.04 × 106/km2, CNY1.05 × 107/km2, CNY1.12 × 107/km2,
and CNY1.7 × 107/km2, respectively. Among the services
provisioned, the ecosystem regulating services dominated.
Specifically, in 2000, 2005, 2010, 2015, and 2020, their values
were CNY55.25 × 108, CNY52.51 × 108, CNY51.89 × 108,
CNY51.33 × 108, and CNY63.70 × 108, respectively. The value of
the regulating services as a proportion of the total GEP was
consistently at the highest level during 2000–2015, exceeding
40% each year, but the value of the product provisioning as a
proportion of the GEP exceeded that of the regulating services in
2020. The values of the ecosystem product provisioning services in
2000, 2005, 2010, 2015, and 2020 were CNY14.16 × 108, CNY24.91 ×
108, CNY44.79 × 108, CNY49.05 × 108, and CNY63.70 × 108,
respectively. The values of the ecosystem product provisioning
services in 2000, 2005, 2010, 2015, and 2020 were CNY14.16 ×
108, CNY24.91 × 108, CNY44.79 × 108, CNY49.05 × 108, and
CNY91.99 × 108; and the values of the ecosystem cultural
services were CNY4.59 × 108, CNY4.87 × 108, CNY11.41 × 108,
CNY15.09 × 108, and CNY18.23 × 108, respectively.

3.2.2 Changes in GEP
During 2000–2020, the GEP value in the study area

experienced a continuous and significant increase. Compared to
the GEP of CNY74.0 × 108 in 2000 (Figure 5), it increased by 11.2%
in 2005 (8.2 × 109), 46% in 2010 (10.8 × 109), and 55.6% in 2015
(11.5 × 109). In 2020, the GEP exhibited a substantial increase of
135%. In this case, the GEP increased the most from 2015 to 2020.
The structural composition of the GEP changed to some extent
throughout the study period (Figure 6). The proportion of the
regulating services exceeded those of the product provisioning and
cultural services from 2000 to 2015, with proportions of 74.66%,
63.81%, 48.01, and 44.45% in 2000, 2005, 2010, and 2015,
respectively, exhibiting a decreasing trend, and by 2020, the
proportion of the regulating services was lower than that of the
product provision services. It should be noted that the value of the
regulating services decreased slightly and then increased
significantly between 2000 and 2020, amounting to CNY55.25 ×
108 in 2000, CNY52.51 × 108 in 2005, CNY51.89 × 108 in 2010, and
CNY51.33 × 108 in 2015. It increased significantly to CNY63.7 ×
108 by 2020, indicating a steady improvement in the ecosystem in
the study area from 2000 to 2020. The value of the product
provision services continued to increase steadily, increasing
from CNY14.16 × 108 in 2000 to CNY91.99 × 108 in 2020, a
5.49-fold increase, especially during 2015–2020, when the increase
reached 88.2%. The change trend of the value of the cultural
services was basically consistent with the change trend of the
product provision services. Although it accounted for a relatively
small proportion of the GEP, it exhibited a sustained increasing
trend during 2000–2020, especially during 2015–2020, with an
increase of 20.8%.T
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Between 2000 and 2015, the area’s ecosystem generally remained
stable and improved; there was a substantial improvement after
2015, with the value of the regulating services peaking at CNY63.7 ×
108 in 2020 and exhibiting a sustained increasing trend. Compared
with the data for 2000, the value of the regulating services increased
significantly in 2020, by 15.2%. Among them, the value of the
climate regulation services increased most significantly, reaching
CNY13.44 × 108, followed by carbon sequestration and oxygen
release, with an increase of CNY0.177 × 108. It should be noted

that there was a small decrease in the value of the water conservation
service, with a decrease of CNY5.13 × 108 (Figure 6).

The value of the material supply products from agriculture,
forestry, livestock, and water resources in the study area exhibited
significant changes during the study period. The total value of the
material supply products peaked at CNY91.99 × 108 in 2020
(Figure 5), while it lowest in 2000, with a total value of
CNY14.16 × 108. Compared to 2015, the value of the supply
products increased significantly in 2020, by 87.5%. Specifically,

FIGURE 3
Changes in the transfer of land use in Zhongshan District from 2000 to 2020.

TABLE 6 Changes in land use area and dynamic degree.

Land
use
type

2000–2005 2005–2010 2010–2015 2015–2020 2000–2020

Area
(km2)

Dynamic
degree (%)

Area
(km2)

Dynamic
degree (%)

Area
(km2)

Dynamic
degree (%)

Area
(km2)

Dynamic
degree (%)

Area
(km2)

Dynamic
degree (%)

Dry land −0.45 −0.07 −0.11 −0.02 −0.26 −0.04 −1.63 −0.24 −2.44 −0.09

Grass land 0.39 0.05 −0.26 −0.03 −0.11 −0.01 0.12 0.01 0.13 0.00

Paddy field 0.04 0.41 0.01 0.05 0.02 0.16 0.07 0.66 0.13 0.33

Forest 0.13 0.01 0.06 0.00 −0.31 −0.01 −1.96 −0.09 −2.08 −0.02

shrubbery −8.81 −0.78 −3.28 −0.30 −6.62 −0.62 −4.20 −0.41 −22.91 −0.51

Urban 8.67 4.35 3.51 1.45 7.22 2.78 4.91 1.66 24.31 3.05

Wet land 0.02 0.36 0.08 1.19 0.06 0.81 2.69 35.50 2.86 10.58
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the increase in the value of the agriculture products was particularly
notable, with an increase of about 116%. In contrast, the values of the
forestry, livestock, and water resource products increased slightly, by
approximately 6.4%, 12.4%, and 21.4%, respectively, while the values
of the fishery products and biomass energy remained relatively
stable without significant fluctuations (Figure 6).

The value of the cultural services in the study area increased
annually from 2000 to 2020, and the growth rate was the fastest

(134%) from 2005 to 2010, followed by 32% from 2010 to 2015. The
rapid increase in the value of the cultural tourism during this period
was reflected in the dual benefits of the study area’s rich tourism
resources and the implementation of the poverty eradication
policies. The growth rate fell back to 21% during 2015–2020. The
decline in the growth rate was mainly attributed to the impact of the
COVID pandemic, which led to a decrease in the number of tourists
at popular attractions (Figure 6).

FIGURE 4
Spatial distribution pattern of GEP per grid (900m2/grid).

FIGURE 5
GEP accounting results for 2000, 2005,2010, 2015, and 2020.
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FIGURE 6
The values of various services in GEP for 2000, 2005, 2010, 2015, and 2020.

FIGURE 7
Left to right represents the rate of change in total GEP by county for 2000–2005, 2005–2010, 2010–2015, 2015–2020 and 2000–2020,
respectively. Note: Low to high indicates normalized values from 1 to 1.
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From 2000 to 2020, the spatial distribution of GEP changes in
the study area exhibited significant variation. During the period of
2000–2005, areas with declining GEP were predominantly located
around the central urban area, whereas regions with increasing GEP
were more evenly distributed. From 2005 to 2010, GEP reductions
were mainly observed in the southern parts of Dawan Town and
Jinpen Township, while increases were primarily concentrated in the
central urban area and Dahe town. Between 2010 and 2015, the
decline in GEP was mainly found in the southeast of the central
urban area, while growth areas remained relatively evenly
distributed. A similar spatial pattern persisted from 2015 to 2020.
Over the past 2 decades, the overall spatial pattern of GEP changes
indicates that the southeastern part of the central urban area and the
southern part of Dayuan town experienced concentrated declines,
whereas the northeastern regions of Dahe, Jinpen, Nankai, and
Qinglin Township were characterized by concentrated
increases (Figure 7).

3.3 Response of GEP to land use changes

To demonstrate the impact of the land use changes on the
GEP between 2000 and 2020, the research constructed a GEP
transfer matrix based on the land use transfer matrix accounting
(see Table 7 for details). Analysis of the matrix revealed that the
total area affected by the land use changes between 2000 and
2020 was 89.07 km2, accounting for 8.6% of the total area of the
study area. These land use changes resulted in a cumulative
increase in the GEP of CNY37.92 × 108 (before removing the
effects of inflation and currency depreciation). The increase in
the wetland area was mainly attributed to the construction of
artificial wetlands, accounting for 6.4% of the change volume in
the study area. This resulted in an increase in the GEP of
CNY17.77 × 108, which was the most significant increase in
the GEP compared to those caused by the other land use
types. Although the area of the dryland in the study area
decreased by 4.2%, the conversion of grassland, woodland, and
shrubland to cropland resulted in an increase in the GEP of
CNY15.2 × 108. In addition, the construction land increased by
61%, reducing the GEP byCNY0.79 × 108. Although the forest
area decreased, the conversion of the other land use types to
forest (mainly due to cropland replenishment and shrubland

conversion) contributed to a CNY1.02 × 108 increase in the GEP.
The impacts of the other land use type changes were not as
significant as those mentioned above.

To quantitatively evaluate the impact of land use change on
GEP, this study introduces the elasticity coefficient of GEP in
relation to land use change. This coefficient enables quantitative
analysis of the relationship by calculating the percentage change in
the GEP caused by land use changes. The average values of the
elasticity coefficients of the GEP related to land use changes in each
time period from 2000 to 2020 were 5.04, 2.42, 3.52, and 21.62,
respectively (Table 8). The overall trend of the changes was
decreasing followed by increasing. The overall sensitivity
coefficient from 2000 to 2020 reached 35.13, indicating that for
every 1% change in the land use in the study area during this 20-year
period, the GEP changed by 35.13% on average. It is important to
focus on 2015–2020, during which the elasticity index increased by
more than four times compared to the previous two time periods,
proving that the impact of the land use changes on the GEP was
significantly higher during this period.

Regarding the sensitivity coefficients of each category, the
wetland elasticity index was the highest. After 2015, it reached
more than 100, implying that small changes would lead to
significant changes in the GEP. The 10.58% increase in the area
of the wetlands between 2000 and 2020 proves that the increase in
the wetlands was the main contributor to the increase in the GEP in
the study area. The sensitivity coefficients of the paddy fields and
shrubland were 17.17 and 13.99, respectively. These two types of
land use changes also had large impacts on the GEP. The sharp
increases in the elasticity coefficients of these types of land indicates
that a small change in the land use may lead to a significant change
in the GEP.

4 Discussion

4.1 Interactions among GEP changes and
ecosystem management policy

The results of our study reveal that in the study area, from
2000 to 2020, the GEP exhibited a general increasing trend,
indicating positive improvement of the ecological environment
and the ecosystem service functions. These results are related to

TABLE 7 Transition matrix of GEP between 2000 and 2020 in the research area. (108CNY).

Initial State (2000) Final State (2020)

Dry land Grass land Paddy field Forest Shrubbery Urban Wet land

Dry land 0.000 1.583 0.170 0.402 −0.007 −0.132 3.806

Grass land 6.648 0.000 0.072 0.310 −0.033 −0.160 2.921

Paddy field 0.151 0.021 0.000 0.003 0.000 −0.008 0.005

Forest 5.136 0.879 0.021 0.000 −0.215 −0.090 3.130

shrubbery 3.222 1.495 0.065 0.435 0.000 −0.398 7.916

Urban 0.530 0.189 0.053 0.009 0.037 0.000 0.032

Wet land −0.017 −0.021 −0.002 −0.136 −0.097 0.000 0.000
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the ecological protection policies implemented in the study area in
recent years. In recent decades, local governments have
implemented a series of major policies and ecological programs
that have had profound impacts on the ecosystem services in the
area. Since 2000, the Chinese government has implemented major
ecological projects in Southwest China (Zeng et al., 2024),
including rocky desertification control and returning farmland
to forest projects, which have promoted vegetation restoration
and management of degraded land in the study area (Ma et al.,
2019), thereby improving the stability of the ecosystems and
laying a foundation for the growth of the GEP in the area.
After 2009, the local government issued the Pilot Project
Management Measures for the Comprehensive Treatment of
Liupanshui City Rocky Desertification (Trial) and the
Liupanshui City 12th Five-Year Plan for Ecological
Environmental Protection, aiming to optimize the land use
structure of the study area and strengthen ecological
restoration and construction. Through the implementation of
measures such as rational land use planning, an ecological
maintenance strategy, and an ecological industry development
strategy, the government has changed the green ecological
development mode. In this context, the area’s economy,
society, population, resources, and environment have achieved
sustainable development, thereby optimizing the land use
structure, enhancing ecosystem services, and positively
affecting the GEP. After 2015, to promote the coordinated
development of the Pan-Pearl River Delta, the national
government introduced a series of important policies, including
the State Council’s Framework Agreement on the Implementation
of the Pan-Pearl River Delta. In this context, human activities
have also been greatly influenced. The local government utilized
economic incentives, such as the construction of an ecologically
clean sub-basin, to encourage people to participate in ecological
restoration efforts. As a result, ecosystem functions have been
further restored, and the supply capacity of ecosystem services has
been strengthened, thus promoting the growth of the GEP. In
conclusion, the growth of the GEP in the area of the upper Yangtze
River and Pearl River, which contains intersecting water systems,
has been closely related to the ecological protection policies and
major ecological projects implemented by the government.

4.2 The impact of the implementation of
poverty alleviation policies on GEP

The GEP reflects the overall health of the ecosystem. Its
assessment enables decision makers to accurately identify
growth points in the value of ecological products and provides
a scientific basis and guidance for the formulation and
implementation of relevant policies by government
departments. The research found that the main contributor to
the GEP growth during 2000–2020 was the increase in the value
of the product provision services. The main contributing factors
are the significant increase in the value of AG due to the rise in
both their output and unit price, as well as the increase in the
value of WR resulting from the expansion of wetland areas. The
period from 2015 to 2020 was a crucial time for the
implementation of China’s poverty alleviation strategy. During
this period, the agricultural planting structure in Liupanshui
City, Guizhou Province, to which the research area belongs,
underwent significant changes. It vigorously developed
mountainous characteristic planting industries such as kiwi,
tea, walnut, rosa roxburghii and flue-cured tobacco, as well as
breeding industries such as Nubian sheep, beef cattle, and
undergrowth in the forest. In addition, there are conventional
planting industries such as vegetables, tea, Chinese medicinal
materials and potatoes, forming 15 agricultural base of over
10,000 mu and 282 over 1,000 mu (The Lecturer Group of the
CPC Guizhou Provincial Committee, 2018). The high value
added by these agricultural products increased the value of the
products in the GEP.

The development of rural tourism is the main factor driving the
growth of ECV in the study area, which in turn has increased the
total amount of GEP. By the end of 2021, among the
18,091 administrative villages in the province, approximately
3,500 had developed rural tourism initiatives. There were
23 provincial-level or higher key towns for rural tourism and
300 key villages, including 38 national-level key villages for rural
tourism, ranking third nationwide in terms of the number of selected
villages. In 2019, rural tourism in the province attracted 515 million
visitors and generated revenue of CNY 278.416 billion, accounting
for 45.4% and 22.6% of the total number of tourists and tourism

TABLE 8 Elasticity of GEP with respect to land use/cover change in the research area.

Land use type Elasticity of GEP in relation to LUCC

2000–2005 2005–2010 2010–2015 2015–2020 2000–2020

Dry land 4.40 0.73 0.08 2.01 7.13

Grass land 2.52 0.74 0.04 2.07 4.27

Paddy field 5.40 2.20 0.18 5.90 17.17

Forest 3.73 0.58 0.13 2.50 4.14

shrubbery 9.16 1.08 0.05 6.57 13.99

Urban 3.99 0.49 6.01 2.16 3.40

Wet land 16.17 15.83 25.21 173.37 266.06

Mean 5.04 2.41 3.52 21.62 35.13

Frontiers in Environmental Science frontiersin.org14

Ma et al. 10.3389/fenvs.2025.1611457

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2025.1611457


revenue in the province, respectively. Since 2016, approximately
1,138,000 individuals registered under the poverty alleviation
program have benefited from these efforts (Yang, 2019).

4.3 Planning and suggestions

Policymakers can utilize the results of GEP accounting and the
driving factors behind GEP changes to identify the types of
ecosystem services that have the greatest impact on human
wellbeing. This helps in determining which ecosystem service
functions require protection and enhancement (Ouyang et al.,
2020). As can be seen from the analysis in Sections 4.1,4.2, the
changes in GEP in the study area are the combined result of natural
and socioeconomic factors. Vegetation restoration, development of
agriculture, forestry, and animal husbandry, and an increase in
wetland areas are the main reasons for the improvement of
regional GEP. Based on this, optimized land-use measures for
maximizing GEP in the study area are clearly identified:

1. Vegetation restoration mainly targets land use types such as
forestland, shrubland, and grassland. However, combined with
regional land use change analysis, it is evident that the areas of
forestland, shrubland, and grassland in the study region have
slightly decreased from 2000 to 2020. In response to this
situation, the study area must strictly abide by the ecological
protection red line, tightly control the conversion of ecological
land into production and residential land, and strengthen
ecological conservation efforts for forest and grassland
resources. It is necessary to further improve vegetation
coverage in forestland, shrubland, and grassland areas. For
scattered farmland with slopes exceeding 25°, efforts should be
made to implement reforestation and grassland restoration
programs. Additionally, land rehabilitation and greening work
should be strengthened to enhance the value of ecosystem
services such as water conservation, air purification, and
carbon sequestration and oxygen release.

2. The development of agriculture, forestry, and animal
husbandry primarily targets land-use types such as
forestland, grassland, and cropland. When the availability of
these three land-use types is decreasing, it is essential to strictly
control the conversion of basic cropland into construction
land, and to strengthen cropland protection. Within the
carrying capacity of farmland, diversified cropping patterns
should be enhanced to increase the planting area of specialty
crops such as kiwifruit, prairie tea, and flue-cured tobacco. As
developing distinctive local industries is more beneficial for
synergistic improvements in ecological and production
performance (Zhang et al., 2025), efforts should persist in
transformation to promote development, and in development
to advance conservation. On the basis of actively protecting
forestland and increasing vegetation coverage, industries such
as under-forest animal husbandry and the cultivation of
traditional Chinese medicinal herbs should be promoted.

3. Natural wetlands should be strictly protected, while the area of
artificial wetlands should be appropriately expanded. The
conversion of pond wetlands to other land use types must
be strictly controlled. Given that the value of wetland

ecosystem services is closely linked to both water quality
and quantity, it is essential to enhance the supply of
wetland water resources while maintaining stringent control
over water quality. This will improve the environmental
carrying capacity of wetland ecosystems and fully realize
their critical ecosystem services, including water supply,
water purification, and flood regulation (Chen et al., 2020;
Twery et al., 2005).

4. Reasonable urban planning and improved transportation
infrastructure can effectively enhance regional GEP (Zhang
et al., 2024). Therefore, during the process of urban expansion,
ecological vulnerable areas should be avoided as much as
possible to minimize ecological damage. Strengthening
regional transportation infrastructure not only provides
transportation support for the development of agriculture,
forestry, animal husbandry, and tourism, promoting the
growth of EPV and ECV values, but also facilitates the
implementation of ecological restoration projects, thereby
increasing ERV value.

4.4 Limitations of the study and plans

Although this study has revealed some valuable insights, it is
still necessary to recognize some of its limitations. First, in this
study, we mainly focused on the area in the upper reaches of the
Yangtze River and the Pearl River with intersecting water systems
and examined the GEP and its responses to land use changes in
this area. However, it is important to recognize that ecosystem
services may be subject to the influences of factors outside the
study area, such as human activities outside the administrative
area, transboundary impacts, and interregional interactions.
Future studies should consider expanding the study area to
include the entire Pearl River and Yangtze River basin areas,
thus covering a broader ecological and socio-economic context.
Second, the analysis only explored the response of the GEP to
land use changes, while the influences of other factors (e.g., GDP
and population density) were not analyzed. In the future, analysis
should be conducted on the factors influencing the changes in the
GEP from multiple perspectives, i.e., by systematically
identifying the variables controlling the changes in the
ecosystem quality. In addition, the trend of future GEP
changes should be predicted through simulation.

5 Conclusion

In this study, to systematically explore the spatiotemporal
evolution characteristics of the GEP in the area of the upper
Yangtze River and Pearl River, which contains intersecting water
systems, from 2000 to 2020, we used the elasticity index model
to analyze its response to land use changes. The results show that
the land use changes significantly affected the GEP.
Therefore, this study suggest that more attention should be
paid to the effects of factors such as ecological governance
policies and agricultural cultivation structure on the
ecosystem services in the study area. The main research
results are summarized below.
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1. The temporal characteristics of the land use changes in the
study area from 2000 to 2020 exhibited a remarkable pattern.
The expansion of the urban land occurred at the fastest rate, the
area of the water sources also expanded considerably, and the
area of the shrubland decreased the fastest. The changes in the
areas of the dryland, grassland, and forest were small.

2. From 2000 to 2020, the GEP in the study area exhibited and
increasing trend overall. In terms of the structure of the GEP,
2000–2015 was dominated by regulating services, mainly
manifested in climate regulation, soil and water
conservation, flood regulation, storage, and water
containment; while 2015–2020 was dominated by product
provision services, mainly manifested in agricultural products.

3. In 2000–2020, the land use changes that made the greatest
contributions to the GEP growth were the increase in the
wetland area and the conversion of forest, grassland, and
shrubland to cropland. Quantitative analysis of the elasticity
coefficient revealed that small changes in the wetlands and
cropland may lead to significant changes in the GEP.

In conclusion, by studying the response of GEP to land-use
change, we can enhance our understanding of the driving factors
behind ecosystems in the ecotone of the Yangtze River and Pearl
River basins. By identifying the differences in management
requirements based on the contributions of various land-use
types to changes in GEP, this study ultimately proposes targeted
measures to improve the ecosystem quality of the core area of the
Yunnan-Guizhou-Sichuan-Chongqing ecological barrier and to
maximize GEP functionality.
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