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The Chahannur Lake Basin is a crucial component of the ecological security
barrier construction in northern China. Land use changes induced by high-
intensity human activities have increasingly triggered a series of ecological and
environmental issues, severely threatening the ecosystem health (EH) of the
basin. Understanding the impact of land use changes on ecosystem health is of
great significance for ecological conservation and territorial spatial planning. This
study took the Chahannur Lake Basin as study area, analyzed the spatio-temporal
evolution of land use over the past 30 years, systematically evaluated the EH level
based on the vitality-organization-resilience-services (VORS) framework, and
further revealed the impacts of land use structure and conversions between land
use types on EH. The results indicated that (1) the most prominent land use
changes were characterized by the continuous expansion of forest and
construction land, as well as the sustained contraction in farmland area from
1990 to 2022. (2) The ecosystem of the basin was generally at a moderate healthy
level, with a trend of first deteriorating and then gradually improving. The EH
demonstrated the strongest positive response to the conversion of farmland to
grassland, while grassland degradation and rapid urbanization were unfavorable
for the maintenance of high-level EH. (3) Grassland and farmland were identified
as the key land use types influencing EH, both exhibiting significant threshold
effects. The proportion of grassland area exerted a positive promoting effect, with
a threshold of 37.99%, beyond which the promoting effect would be
progressively weakened. Farmland, by contrast, exhibited dual effect on EH,
with its effect shifting from positive to negative beyond a critical threshold.
Strengthening grassland ecosystem protection and restoration, appropriately
promoting grassland area expansion, and restricting excessive farmland
development are the core strategies to improve EH of the basin. These
findings can provide scientific reference for ecological protection and
restoration, land use optimization management, and sustainable development
in ecologically fragile basin.
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1 Introduction

Natural ecosystems provide abundant material foundation and
ecological services for human survival and social development (Pan
et al,, 20215 Li et al., 2024b). Ecosystem health (EH) refers to the
capacity of ecosystems to maintain their structural integrity,
functional stability and to guarantee the sustainable supply of
ecosystem services in the face of natural or anthropogenic
disturbances (Ran et al,, 2023; Gu et al, 2024). Maintaining a
healthy ecosystem is fundamental to regional sustainable
development (Li et al., 2021; Liu et al., 2023; Zhang et al., 2023).
Land use change represents a primary pathway through which
human activities directly impact ecosystems (Fang et al.,, 2022).
Over the past decades, rapid socio-economic development and
escalating land demand have drastically altered land use patterns.
Natural ecosystems, particularly in fragile ecological regions, have
been plagued by recurring ecological and environmental issues -
such as land degradation, biodiversity loss, and decline in ecosystem
functions - thereby exacerbating ecosystem degradation and posing
severe threats to EH and sustainable development of human society
(Ouyang et al., 2021; Rios-Touma et al.,, 2022; Das et al., 2024).
Therefore, scientific assessment of EH and revelation of the impacts
of land use change on EH are crucial for optimizing territorial
spatial governance and promoting stable and healthy development
of ecosystem.

Establishing appropriate evaluation methods is crucial for
regional EH assessment (Vollmer et al., 2016; Chen et al., 2023).
Previous case studies on EH assessment primarily employed the
species indicator method and the index system method (Zhao et al.,
2019; Das et al, 2021). The former selects numerous typical
biological species or biochemical indicators to reflect ecosystem
health status (e.g., using fish, algae or waterfowl as biological
indicators for wetland health assessment), which is suitable for
evaluating specific natural ecosystem types (Xu et al., 2022; Huang
et al., 2024). However, this method relies on extensive field
monitoring data and proves challenging to apply at larger spatial
scales. Additionally, it focuses on the internal health of ecosystems
while rarely considering external influences (Luo et al., 2018). In
contrast, the latter emphasizes socio-ecological processes, reflecting
external pressures and threats to ecosystems. Owing to its
comprehensiveness and high applicability, it has been widely
adopted in practice, with the pressure-state-response (PSR) model
and vigor-organization-resilience (VOR) model being most
prevalent (Rapport and Singh, 2006; Khatun and Das, 2022). The
PSR model emphasizes the causal relationship between natural
environments and human society activities but fails to adequately
capture ecosystem integrity and natural status (Tang et al., 2018). In
1992, Costanza (1992) developed the VOR model through
integrating qualitative and quantitative analyses, which is suitable
for complex ecosystems. However, this traditional VOR model is
constrained by reflecting ecosystem natural attributes, insufficiently
considers the integrity of regional human-land composite systems,
and lacks effective linkage between ecosystems and social systems
(Shu et al,, 2021). With research advancements, ecosystem services
have been incorporated as a new dimension into EH assessment.
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Based on the VOR framework, a novel evaluation framework of
vigor-organization-resilience-services (VORS) has emerged (Bi
et al., 2024), enabling more comprehensive assessment of
ecosystem natural components and their capacity to meet human
needs (Pan et al., 2020). Current EH assessment studies have
gradually shifted from single ecosystems (e.g., wetlands, forests,
rivers and grasslands) (Xu and Guo, 2015; Lausch et al, 20165
Cheng et al, 2018; Chen et al, 2019) to complex regional
ecosystems (e.g., towns, cities, national scales) (He et al, 2019;
Zhou et al., 2022; Li et al.,, 2024a). Notably, however, small basin
ecosystems with fragile ecological environments
remain understudied.

As a bridge between ecosystem processes and human activities,
land use is increasingly recognized as a key driving factor of EH
(Liao et al., 2018; Ran et al., 2022; Li et al,, 2024a). Changes in land
use configuration (e.g., alterations in stability, connectivity and
integrity) and compositions (e.g., transitions between land use
types) can not only transform surface physical properties but also
affect material circulation and energy flow in ecosystems, thereby
inducing significant changes in regional climate, soil, biodiversity,
and hydrological water resources (Peng et al., 2019; Wang et al,,
20205 Xie et al, 2020; Davison et al., 2021). These changes
profoundly influence regional ecological processes and thus exert
direct or indirect impacts on ecosystem health status (Xie et al,
2021; Ma et al., 2022). Current studies have focused on the impacts
of natural factors (e.g., temperature, precipitation and topographic
variables like elevation and slope) and socioeconomic factors (e.g.,
population, urbanization, overgrazing, and regional policies) on
maintaining ecosystem health and stability (Shen et al., 2021).
However, the influence of land use structure and conversions
between different land use types on EH remains poorly
understood, which to some extent restricts the formulation of
ecological protection and territorial spatial planning policies.
Therefore, research linking land use change to EH is crucial for
developing sustainable land use management strategies and
facilitating the implementation of ecological adaptive management.

The agro-pastoral ecotone in semi-arid regions serves as a core
component of the ecological security barrier in northern China,
playing a pivotal role in safeguarding national ecological security
and facilitating the development of agriculture and animal
husbandry. However, with the long-term irrational utilization of
land resources, the region has been plagued by a series of ecological
issues such as land degradation, water scarcity, and the
deterioration of ecosystem service functions, posing serious
challenges to regional ecosystem health, ecological security and
sustainable development (Chen et al., 2022). The Chahannur Lake
Basin is a typical ecologically fragile area within the semi-arid agro-
pastoral ecotone, which is situated in the Beijing-Tianjin sandstorm
source region, acting as a critical barrier against the southward
expansion of the Otindag Sandy Land into the Beijing-Tianjin-
Hebei region. The basin hosts a unique integration of grassland,
wetland, and saline lake ecosystems, embodying a prominent
ecological strategic status. Over the past decades, driven by
accelerating socioeconomic development and increasingly
intensive exploitation of land resources, the basin has experienced
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FIGURE 1

Location of the Chahannur Lake Basin.

significant land cover transformations, manifesting as grassland
degradation, gradual shrinkage of lake area, wetland loss, declining
groundwater tables, and widespread land desertification and
salinization. These ecological issues have severely compromised
the basin’s ecosystem health and pose substantial threats to the
ecological security of the Beijing-Tianjin-Hebei region (Chen et al.,
2024; Xu et al,, 2025). The Chahannur Lake Basin has been a key
implementation area for ecological restoration programs since
2000s, such as the “Beijing-Tianjin Sandstorm Source Control
Grain for Green Program” (Wang et al., 2023). This
study takes the Chahannur Lake Basin as the study area, examining

» o«

Program”,

the spatiotemporal dynamics of land use change from 1990 to 2022,
conducting a quantitative assessment of EH status and its
spatiotemporal evolution patterns using a VORS model
framework, and systematically analyzing the impacts of land use
structure and conversions between land use types on EH. The
findings are expected to provide scientific insights for territorial
spatial planning, ecosystem conservation strategies, and sustainable
development policies in the semi-arid agro-pastoral ecotone.

2 Materials and methods

2.1 Study area

The Chahannur Lake Basin is located in the southeastern part of
Inner Mongolia Autonomous Region, serving as the key area for
territorial spatial ecological restoration in Inner Mongolia. The
basin covers approximately 5,561 km? spanning geographical
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coordinates 41°14'~42°06'N and 113°18'~114°32'E (Figure 1).
Landform types within the basin are predominantly low
mountains and hills, intermontane basins, valley depressions and
plains. The topography generally rises from the southeast toward
other directions, with elevations ranging from 1,252 m to 1,817 m.
The region is geographically distant from the ocean and belongs to
typical temperate semi-arid continental monsoon climate,
characterized by high temperature with concentrated precipitation
in summer and dry, cold, windy conditions in winter. The basin has
an annual mean temperature of approximately 4 °C, annual
precipitation of about 351 mm, and annual mean evaporation of
approximately 1,647 mm - nearly five times the precipitation
amount. Due to agricultural irrigation and excessive groundwater
extraction, water areas in the Chahannur Lake Basin have
significantly shrunk, imposing notable pressure on the

ecological environment.

2.2 Data source and pre-processing

The data employed in this study mainly include land use data
and natural environment data. (1) Land use data: 30 mx30 m spatial
resolution land use and land cover data were obtained from the
Resource and Environment Science Data Center of the Chinese
Academy of Sciences (https://www.resdc.cn/). (2) Natural
environment data: 30 mx30 m resolution digital elevation model
(DEM) and Landsat series remote sensing images were both
acquired from the Geospatial Data Cloud (https://
www.gscloud.cn/). Based on these remote sensing images, the
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Normalized Difference Vegetation Index (NDVI) was calculated
using the near-infrared and red bands. Meteorological data were
obtained from the annual spatial interpolation dataset of
meteorological elements in China, with a spatial resolution of 1
kmx1 km, provided by the Resource and Environment Science Data
Center of the Chinese Academy of Sciences (https://www.resdc.cn/).
All the above data were unified to the WGS_1984_UTM_Zone_49N
geographic coordinate system with the help of ArcGIS 10.8 software.
Low-resolution raster data were resampled to 30 mx30 m resolution.
The time series of dynamic data cover the years 1990, 2000, 2010
and 2022.

2.3 Methodology

2.3.1 Ecological carrying capacity assessment

Ecosystem health emphasizes not only the integrity of
ecosystem components, structure and functions, but also
encompasses the capacity to continuously provide ecosystem
services for human well-being. In this study, the “vigor-
organization-resilience-service” (VORS) model (Peng et al., 2017;
Wang et al., 2024) was adopted to construct an ecosystem health
assessment framework for the Chahannur Lake Basin. The
calculation formula is shown in Equation (1):

EHI = /EV x EO x ER x ES (1)

where EHI denotes the ecosystem health index; EV, EO, ER and
ES represent ecosystem vigor, organization, resilience and service,
respectively. To eliminate unit and dimensional discrepancies, each
indicator was standardized using the range normalization method,
with EV, EO, ER, and ES scaled to the range of 0~1. Currently, there
remains a lack of unified standards for ecosystem health assessment
classification. To accurately characterize ecosystem health status,
the natural break method was used to categorize EHI into five levels
from low to high (Zhu et al., 2023): weak (0~0.213), relatively weak
(0.213~0.353), moderate (0.353~0.504), relatively well
(0.504~0.651) and well (0.651~10.780).

2.3.1.1 Ecosystem vigor

Ecosystem vigor (EV) refers to the metabolism or primary
productivity of an ecosystem, typically characterized by the
Normalized Difference Vegetation Index (NDVI) (Shen et al,
2023) In this study, the maximum NDVI value during the peak
growing season (July-September) was selected to quantify the
ecosystem vigor index. The calculation formula is shown in
Equation (2):

EV(NDVI) = Nk @

10.3389/fevo.2025.1653000

where NIR is the near-infrared band, and RED is the red band.

2.3.1.2 Ecosystem organization

Ecosystem organization (EO) refers to the structural stability of
an ecosystem (Costanza, 2012). Generally, the more complex the
ecosystem structure, the healthier the ecosystem. In this study,
landscape pattern indices reflecting landscape heterogeneity,
connectivity, and morphology were selected to characterize EO.
Landscape pattern indices were first calculated using Fragstats 4.2
software, and then the EO index was derived via a weight coefficient
model. The calculation formula is shown in Equation (3):

EO=035%xLH+035x LC+0.3 xIC
= (0.2 x SHDI + 0.15 x SHEI)+

(0.15 x COHESION + 0.1 x LJI + 0.1 x CONTAG) + 0.3 x FRAC
(3)

where LH, LC and IC denote landscape heterogeneity,
connectivity and morphology, respectively; SHDI and SHEI
represent the Shannon Diversity Index and Shannon Evenness
Index, respectively; COHESION, LjI and CONTAG denote the
Cohesion Index, Interspersion and Juxtaposition Index, and
Contagion Index, respectively; and FRAC is Perimeter-Area

Fractal Dimension.

2.3.1.3 Ecosystem resilience

Ecosystem resilience (ER) refers to the capacity of an
ecosystem’s structure and functions to rebound to their original
state following natural or anthropogenic interferences (Zeng et al.,
2022), which can be described from two aspects: the ecosystem’s
resistance and resilience to external stressors. The former denotes
the ability of an ecosystem to resist external interferences, which can
maintain the stability of its structure and function through self-
regulation; the latter refers to the ability of an ecosystem to recover
its original state after the suffering severe damage (Pan et al., 2021).
Based on the contribution of each land use type to external
disturbances and ecological recovery (Peng et al., 2017), ecological
resilience and resistance coefficients were assigned to different land
use types (Table 1). ER was then calculated as the area-weighted
average of resilience and resistance coefficients for each land use
type. The specific calculation formula is shown in Equation (4):

ER = 0.6 X Resil + 0.4 x Resist

n n (4)
=0.6 x DA; x C,; +0.4 x DA; x C;

i=1 i=1
where Resil and Resist denote ecological resilience and
resistance, respectively; A; is the area of land use type i; n
represents the number of land use types; and C,; and C,; are

TABLE 1 Ecological resilience and resistance coefficient of different land use.

Farmland Forest Grassland
Resilience coefficient 0.3 0.6 0.8 0.7
Resistance coefficient = 0.5 1.0 0.7 0.8
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Water body Wetland

Construction land Bare land
0.7 0.2 0.1

0.8 0.3 0.2
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resilience coefficient and resistance coefficient for land use type
i, respectively.

2.3.1.4 Ecosystem service

Ecosystem services (ES) refer to the capacity of ecosystems to
provide essential products and services for human society (Zhang
et al., 2025). Based on the basin’s characteristics and data
availability, four key ecosystem services were selected: soil
conservation, carbon storage, water yield, and habitat quality
maintenance. These services were quantitively assessed using the
InVEST model. To quantity the comprehensive ability of various
ecosystem services, the comprehensive ecosystem service index was
adopted (Laterra et al., 2012), calculated as the weighted summation
of each normalized ecosystem service. The specific calculation
formula is shown in Equation (5):

n
CESI = 3(P; x W) ©)
i=1
where CESI denotes the comprehensive ecosystem service
index; P; represents the standardized value of ecosystem service i;
and W; is the weight of ecosystem service i, which was determined
using entropy method (Wang et al., 2021).

2.3.2 Impact of land use change on ecosystem
health
2.3.2.1 Contribution of land use conversions to
ecosystem health

The method advanced by Li et al. (2022) was employed to
quantify the contribution degree of land use conversions to EHI
changes, which can effectively identify the dominant land use
transitions that exert positive or negative influences of on
ecosystem health across different stages. The specific calculation
formula is shown in Equation (6):

EHCI; = M; x S (6)

where EHCI;; denotes the contribution index of the transition
from land use type i to j to EHI change; M;; is the mean EHI change
value in resulting from the conversion from land use type i to j; AQ;
is the conversion area from land use type i to j; and AS is the total
conversion area. An EHCI>0 indicates a positive contribution to
EHI change, with the magnitude of the contribution increasing as
EHCI rises, conversely, EHCI < 0 signifies a negative contribution,
where the degree of negative impact intensifies with
decreasing EHCIL.

2.3.2.2 Identification of key land use types influencing
ecosystem health and their threshold effects

This study applied the random forest model to evaluate the
contribution of different land use types to ecosystem health and
identify key land use types at a 3 km x 3 km grid scale.
Subsequently, using RStudio, a piecewise linear regression model
was constructed with the average EHI as the dependent variable and
the proportions of key land use types as the independent variables.
This approach was used to determine the non-linear relationship
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between EH and the proportions of key land use types at the grid
scale, as well as to identify how EH responds to the proportions of
key land use types and their threshold values.

3 Results
3.1 Spatio-temporal changes of land use

As shown in Figure 2, farmland was the dominant land use type
in the Chahannur Lake Basin from 1990 to 2022, comprising over
50% of the total area, followed by grassland (>36%). These two types
exhibited a spatially interlaced distribution pattern. Construction
land accounted for 4.68%-5.75%, with a scattered distribution. Bare
land (3.17%-3.63%) was primarily concentrated in the central
region—particularly around water bodies—where saline-alkali
lands were largely distributed. Forest ranged from 2.07% to
2.56%, sporadically distributed in the central-southern area. Both
water body and wetland accounted for merely 1%, with minimal
fluctuations. Although the overall land use structure remained
stable during the study period, individual land use type showed
distinct changes. Notably, farmland area decreased most
significantly (100.00 km?®), dropping from 51.74% in 1990 to
49.94% in 2022—a trend reflecting the effectiveness of the
implementation of the “Grain for Green” Program. In contrast,
forest and construction land expanded (27.53 km? and 59.11 km?,
respectively), while grassland area remained nearly unchanged.
Wetland and bare land areas increased slightly, and water body
area displayed a trend of initial decline followed by recovery.

Figure 3 illustrates that land use transitions in the basin from
1990 to 2022 were dominated by conversions among farmland,
grassland and construction land. Farmland was the primary land
use type for out-transfers, with a cumulative area of 189.05 km?.
Reductions in farmland was mainly converted to grassland (132.48
km?), construction land (40.12 km?) and forest (13.33 km?).
Grassland primarily transitioned to farmland (80.49 km?®), bare
land (19.44 km?) and construction land (14.54 km?). However, the
implementation of ecological conservation projects promoted
substantial farmland-to-grassland conversions, making grassland
the main in-transferred type. Forest area expansion originated from
farmland and grassland conversions, with areas of 13.33km? and
21.17 km?®, respectively. Construction land expansion primarily
resulted from the occupation of farmland and grassland, with
areas of 40.12 km® and 14.54 km’, respectively.

3.2 Spatial patterns and evolution of
ecosystem health

The EHI for 1990-2022 was calculated using the VORS model.
As shown in Figure 4, the Chahannur Lake Basin generally
exhibited a moderate ecosystem health level. The EHI showed
spatially heterogeneous distribution patterns. Areas with well and
relatively well grades were mostly concentrated in the low
mountains and hills of the southern regions, as well as the
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FIGURE 2

Spatial pattern of land use in the Chahannur Lake Basin during 1990-2022.
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intermontane basins of the southern and northwestern regions,
where grasslands were largely distributed and vegetation coverage
was relatively high. In contrast, areas with weak and relatively weak
grades were scattered without obvious aggregation characteristics,
primarily dominated by saline-alkali lands and construction land,
where fragile ecological environments were highly vulnerable to
climate change and human disturbances.

Figure 5 shows the temporal dynamics of ecosystem health in
the Chahannur Lake Basin. Throughout the study period, the EHI
of the overall basin showed a fluctuating trend, with mean values in
1990, 2000, 2010, and 2022 were 0.337, 0.325, 0.361, and 0.363,
respectively, indicating an overall improvement in ecological
environment. Based on variations in EHI and the implementation
time nodes of ecological projects (various ecological conservation
programs have been implemented since 2000), the EHI evolution
could be divided into three phases: pre-implementation (1990-2000,
ecological degradation period), mid-implementation (2000-2010,
ecological recovery period), and post-implementation (2010-2022,
ecological stability period).

Specifically, during the ecological degradation period, the
basin’s EHI was largely declined, with the combined area of
relatively weak and weak health grades increasing from 21.78% in
1990 to 27.00% in 2000. This was primarily driven by the
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degradation of moderate grade areas, leading to a gradual
ecological deterioration. From 2000 to 2010, the basin’s ecological
health improved rapidly, with EHI increasing by 11.08% by 2010.
This suggests that the early-stage ecological projects had a
significant positive impact on the improvement of ecological
environment, substantially enhancing overall ecosystem health
level. During 2010-2022, the EHI continued its steady upward
trend, with the well grade area significantly increasing to 11.92%.
However, it is noteworthy that the weak grade area also increased
substantially, primarily due to construction land expansion
encroaching on natural landscapes, causing persistent health
decline in these regions. Concurrently, grassland degradation in
some areas further exacerbated a deterioration of ecosystem health.

3.3 Impacts of land use transitions on
ecosystem health

We assessed the contribution of land use transitions to
ecosystem health (Figure 6). Overall, the conversion of farmland
to grassland made the most substantial contribution to EHI change
during 1990-2022, displaying a positive impact (EHCI = 0.1346).
This finding highlights the effectiveness of the implementation of
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FIGURE 3

Land use transfer matrix in the Chahannur Lake Basin during 1990-2022.

ecological protection policies in improving the basin’s ecosystem
health. Additionally, transitions from bare land to farmland and
grassland also exhibited notable positive effects on EHI, with EHCI
values of 0.0117 and 0.0111, respectively. Conversely, although
transitions of grassland to bare land and construction land also
contributed largely to ecosystem health changes, they exerted
negative impacts, with EHCI values of -0.0252 and -0.0212,
respectively, followed by farmland-to-construction land
transitions (EHCI=-0.0211), indicating that grassland degradation
and rapid urbanization exacerbated ecological degradation and
were detrimental to maintaining high-level ecosystem health in
the basin.

3.4 Impact of land use structure on
ecosystem health

Figure 7 shows the contribution of different land use types to
ecosystem health, with grassland exhibiting the highest contribution
to the EHI, followed by farmland. Thus, grassland and farmland
were identified as the key land use types influencing ecosystem
health in the basin. Figure 8 reveals a significant non-linear
relationship between the EHI and area proportions of key land
use types. The grassland area proportion had a significant positive
effect on ecosystem health. When the proportion was below 37.99%,
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an increase in grassland area led to a rapid rise in EHI, however,
exceeding this threshold weakened the rate of EHI increase. The
farmland area proportion also had a threshold effect on EHI. When
the farmland area proportion was below 50.51%, expanding
farmland positively influenced EHI, conversely, exceeding this
threshold resulted in a negative impact of farmland expansion
on EHL

4 Discussions

4.1 Impacts of land use change on
ecosystem health

In this study, the VORS framework combined with integrated
indicators was employed to conduct a comprehensive assessment of
EH in the Chahannur Lake Basin, with a focus on exploring the
effects of land use change on EH. Previous studies have mostly
analyzed the driving factors of variation in EH from natural, social
and economic perspectives (He et al., 2019; Xiao et al., 2022; Xu
et al., 2022) and proposed optimization strategies. However, few
studies have systematically investigated how land use configuration
and transitions between land use types influence EH, which limits
the ability to inform land use and ecosystem management decisions.
Land use serves as a critical link between ecosystem processes and
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(a) Temporal variation of the ecosystem health index (EHI) in the Chahannur Lake Basin from 1990 to 2022. In the box plot, the solid line and dashed
line represent the median and mean values, respectively. (b) Area proportions of different EHI levels in the Chahannur Lake Basin from 1990 to 2022.
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FIGURE 6

The contribution index of land use conversions to ecosystem health during 1990-2022. The horizontal and vertical axes represent various land use
types in different years, respectively. FL, farmland; F, forest; GL, grassland; WB, water body; WL, wetland; CL, construction land; BL, bare land. 1990,
2000, 2010 and 2022 are labeled as "90", "00", "10" and "22" respectively on the axis of the figure.

human activities (Fang et al., 2022). Land use changes can impact
EH both positively or negatively by altering ecosystem structure and
function (Li et al., 2024a). The contribution index analysis revealed
that EH dynamics were closely associated with land use transitions
driven by human activities (Figure 6). Overall, EH in the basin
exhibited a trend of decline followed by recovery during 1990-2022.
The conversion of farmland to grassland made the greatest and
positive contribution to EH (EHCI = 0.1346), reflecting the
significant ecological improvement brought about by recent
ecological protection policies—particularly the “Grain to Green
Program”, which has enhanced the quality of ecological
environment. In contrast, grassland degradation into bare land
and urban expansion at the expense of farmland and grassland
exerted notable negative impacts on EH (Figure 6d).
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The findings further revealed the directions of land use
transitions and their contribution degree to EH vary across
different periods. Specifically, from 1990 to 2000, the EH of the
overall basin substantially declined (Figure 5), primarily driven by
rapid population growth and intensified natural resource
exploitation. These pressures altered original land use patterns,
with extensive grassland conversions to farmland and bare land
(Figure 2 and Figure 3), severely disrupting natural ecosystems,
compromising their carrying capacity, and exacerbating ecological
degradation, thus imposing severe negative impacts on EH in the
basin. To mitigate ecological degradation from decades of
socioeconomic expansion, multiple ecological protection and
restoration programs have been launched in the Chahannur Lake
Basin since 2000s (Yin et al, 2018). Our results show that EH

frontiersin.org


https://doi.org/10.3389/fevo.2025.1653000
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org

Zheng et al.

Farmland A |

Forest

Grassland

Water body -

Land use type

Wetland

Construction land

Bare land

a e

20 30
Importance

f=}

40

FIGURE 7
Identification of key land use types affecting ecosystem health.

significantly improved during 2000-2010 (Figure 5), attributed to
the “Grain to Green Program”. The expansion of ecological land
and large-scale increase in vegetation coverage enhance the vigor of
ecosystems as well as their ability to resist external interferences and
improve critical ecosystem services provisioning capacity (Liu et al.,
2019), which played an effective role in alleviating socioeconomic
pressures on natural ecosystems to some extent. Such ecological
gains persisted through 2010-2022, with EH showing steady
improvement (Figure 5). However, ecological restoration also
faced challenges: intensified urban expansion encroached on the
surrounding original productive and ecological lands to meet
housing and transportation demands. Transfer of farmland to
construction land increased farmland fragmentation and reduced
connectivity (Chen et al., 2023), while conversions of grassland and
wetland to construction land fragmented continuous natural
landscapes, disrupting structural connectivity and stability of
ecosystem (Rahman and Islam, 2021). Additionally, human-
induced grassland degradation (e.g., overgrazing-driven
transitions to bare land) also exerted persistent pressures on EH,
contributing to localized health declines during this period.
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FIGURE 8

The effects of key land use types on ecosystem health and their thresholds.
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Furthermore, this study identified key land use types affecting EH
of the basin and revealed their threshold effects, providing a scientific
basis for optimizing land use patterns to improve regional EH level.
Results showed that grassland exerted a positive influence on EH,
attributed to its relatively high productivity, resistance and resilience.
As a highly multifunctional ecosystem, grassland provides diverse
ecosystem services for humans, greatly contributing to ecological
balance and ecosystem stability (Bengtsson et al,, 2019). However, the
influence of grassland area proportion on EH exhibited a significant
threshold effect, exceeding the threshold would weaken the rate of
EHI increase. This phenomenon can be primarily ascribed to the fact
that water resources act as a pivotal limiting factor for the ecosystem
in the Chahannur Lake Basin. When grassland area is relatively small,
the shallow groundwater and seasonal precipitation can fully meet
the water demands of the vegetation. As the continuous expansion of
grassland area, the total water consumption of the vegetation will rise
rapidly, which may approach or even exceed the water resource
carrying capacity of the basin. This, in turn, imposes constraints on
vegetation growth, thereby compromising the long-term
sustainability of the grassland ecosystem. Therefore, expanding
grassland area within suitable thresholds can effectively improve
EH. In contrast, farmland exhibited dual effects on EH, with its
influence shifting from positive to negative beyond a critical
threshold. Farmland not only fulfills its basic productive functions
but also provides ecosystem services like water conservation and soil
retention (Hu et al, 2023). However, excessive expansion at the
expense of natural ecosystems for agricultural production would
adversely affect EH. Moreover, excessive groundwater extraction for
agricultural irrigation persists in the Chahannur Lake Basin, resulting
in a dramatic decline in the regional groundwater table, accompanied
by the shrinkage or even complete desiccation of major lakes within
the basin. This phenomenon not only impairs the intrinsic ecological
functions of lake and wetland ecosystems, but also induces
degradation of surrounding grasslands, which are exhibiting a
tendency toward desertification and salinization (Xu et al, 2025;
Zhu et al,, 2022). Consequently, the EH of the basin has been severely
compromised. In the future, balancing grassland protection with

0.6 . ,=0.001x + 0314
L ¥a=—0.005x + 0.662

R*=0.386

0.4
T
[a)
0.2F
" 5051
0.4 75 30 75 100

Proportion of farmland (%)

frontiersin.org


https://doi.org/10.3389/fevo.2025.1653000
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org

Zheng et al.

agricultural production is pivotal to achieving synergistic
improvement in ecological health and food security.

4.2 Suggestions on ecological protection
and land use planning

The analysis of effects of land use change on EH could provide
scientific guidance for resolving conflicts between agricultural and
ecological spaces, formulating rational territorial space layouts, and
implementing major ecological conservation projects (Kroll et al.,
2012; Pan et al,, 2021). Our findings highlight that optimizing land
use patterns and strengthening ecological protection and
restoration should be prioritized for long-term ecosystem health
management in the Chahannur Lake Basin.

Given the significant positive impact of grasslands on EH,
relying on the key ecological projects such as the Beijing-Tianjin
Sandstorm Source Control Program, fenced protection should be
implemented for protecting existing grasslands with high-level
healthy ecosystem - particularly those distributed in the low
mountains and hills of the southern regions, as well as the
intermontane basins of the southern and northwestern regions.
For the saline-alkali lands around water bodies, measures such as
fenced enclosures and artificial planting with native adapted grass
species according to local conditions should be carried out to restore
degraded and salinized grasslands, thereby improving the decline in
EH level caused by grassland degradation and salinization.
Furthermore, with the relentless advancement of urbanization,
the expansion of construction land is inevitable. However,
grasslands can alleviate the negative impacts of urban expansion
to some extent. Therefore, policymakers should not only control the
disorderly expansion of construction land, but also attach great
importance to the construction of urban green spaces. In addition,
the spatially scattered distribution of the population, their living
patterns, and production activities within the basin exerts enormous
pressure on the natural ecological environment and inflicts damage
upon it. By contrast, the geographical concentration of the
population constitutes an optimal strategy for improving the
ecological environment. Therefore, efforts should be made to
promote the appropriate concentration of both population and
residential land.

Considering the dual impacts of farmland proportion on EH in
the Chahannur Lake Basin, it is recommended to appropriately
adjust the extent of farmland to mitigate the adverse effects of
excessive reclamation on EH. Furthermore, in view of the severe
impacts of over-exploitation of groundwater for agricultural
irrigation on regional lakes, wetlands and their adjacent grassland
ecosystems, it is necessary to reduce agricultural water
consumption, strengthen the construction of dryland agriculture,
and promote the conversion of paddy fields to drylands. The
cultivation of high-water-consuming crops such as potatoes
should be reduced, while the planting of low-water-consuming
and drought-tolerant crops - including silage corn and dryland
wheat, which are suitable for local natural conditions - should be
expanded in an orderly manner. For the existing low-quality and
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low-yield farmlands with low-level EH and unsuitable for
cultivation, efforts should be intensified to implement the national
policy of converting farmland to grassland in conjunction with local
livestock development objectives. Measures such as cultivation of
high-quality forages (e.g., oats, forage green naked oats, alfalfa, etc.),
artificial reseeding, or natural restoration should be employed
according to local conditions, which can not only expand
grassland areas, but also synergize with the development of forage
processing industry, thereby achieving a win-win situation of
ecological and economic benefits. Concurrently, the ecological
compensation mechanism for farmland abandonment and
grassland restoration should be enhanced to prevent farmers from
recultivating fallow lands due to subsidy reductions. For high-
quality farmlands, it is suggested to alleviate environmental
pollution from agricultural fertilizers and pesticides, adjust the
structure of the planting industry and reduce the cultivation of
high-water-consuming crops, and promote efficient water-saving
irrigation to optimate the protection effectiveness and improve
agricultural production capacity, which not only foster green
agricultural development but also ensure the long-term
sustainable utilization of farmland resources.

It is worth noting that the “thresholds” derived from this study
represent theoretical values established based on statistical
correlation between land use and EH. In practical application, it
is essential to take full account of the specific challenges of the basin
to formulate more reasonable land use regulation policies.
Additionally, in our pursuit of improvements in EH, the local
government should also take regional development goals as
guidance and comprehensively weigh economic, ecological and
social benefits to formulate land use planning and regulation to
determine optimal composition ratios of land use types.

4.3 Limitation and future work

This study assessed the status of EH in the Chahannur Lake Basin
and its response to land use changes, providing important scientific
insights for basin-scale ecological protection and sustainable
development. However, several limitations and uncertainties in this
research require further investigation. First, although this study
incorporated the supply capacity of ecosystem services into EH
evaluation and improved the reliability of the assessment results,
the range of ecosystem service types considered remained insufficient
due to limitations in data acquisition and evaluation methodologies.
Although soil conservation, carbon storage, water yield, and habitat
quality maintenance are the most representative regulating services in
the Chahannur Lake Basin, this does not imply that other services
such as supporting and cultural services are not important. Future
research should therefore include a broader spectrum of ecosystem
services to more comprehensively and accurately reflect the
ecosystem status of the basin. Additionally, this study lacked
quantification of human demand for ecosystem services. In the
future, efforts should be made to deeply explore methods for
measuring human demand for ecosystem services, and to further
expand the breadth and depth of EH assessment from the
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perspectives of human-land coupling and supply-demand balance.
Second, this study focused primarily on the impacts of land use
change on EH during the historical period (i.e., 1990-2022), ignoring
future trends and dynamic evolution of both land use and EH. Given
the uncertainties of future land policies and the complexity of
environmental changes, EH simulations should be carried out by
integrating multiple climate change and land use policy scenarios in
the future to better support ecosystem management and policy
formulation. Third, the evolution of EH is driven by the combined
effects of climate change (e.g., rising temperature, increased CO,
concentration, and precipitation changes) and human activities
including land use changes (Li et al., 2024a). This study only
examined the impact of different land use changes on EH, without
simultaneously considering climatic factors or other key human
activity factors (e.g., grazing intensity). Future research should thus
integrate multiple influencing factors to enhance the understanding
of the relationship between EH and land use changes. Finally, studies
on the impact of land use structure on EH exhibit certain limitations.
On one hand, while this study identified the effects of key land use
types on EH and their thresholds, it did not explore scale effects on
these relationships. Future research should investigate how multi-
scale processes influence the dynamics of land use-EH thresholds. On
the other hand, although grassland and farmland have been identified
as the key land use types affecting EH, no further exploration has been
conducted into the differential impacts on EH among distinct
grasslands types (e.g., those with varying community compositions)
and farmland types (e.g., drylands versus paddy fields), which also
requires in-depth investigation in future research. Moreover, given
the importance of water resources in the basin, future study should
additionally focus on the relatively weak EH status of wetlands and
waterbodies themselves.

5 Conclusions

This study analyzed the spatio-temporal change of land use
within the Chahannur Lake Basin, Inner Mongolia, from 1990 to
2022, then systematically evaluated the EH level of the basin
through the construction of VORS framework, and further
explored the impacts of land use structure and conversions
between different land use types on EH. The main findings can be
summarized as follows: (1) Farmland and grassland were the
dominant land use types. Forest and construction land aeras
continuously expanded, while farmland area reduced, primarily
converting to grassland and forest. (2) The basin ecosystem was
generally at a moderately healthy level, showing a trend of initial
deterioration followed by sustained improvement. High-level EH
regions were predominantly concentrated in the low mountains and
hills of the southern areas and intermontane basins of southern and
northwestern areas, whereas low-level EH regions were scattered
without obvious clustering patterns. (3) The conversions of
grassland to bare land and construction land were the main
driver of deterioration in EH in areas with land use change, while
the return of farmland to grassland had the greatest and positive
impact on EH. (4) Grassland and farmland were identified as the
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key land use types influencing EH, both exhibiting significant
threshold effects. The grassland area proportion exerted a positive
promoting effect on EH, with a threshold of 37.99%. Beyond this
threshold, the positive promoting effect would be progressively
weakened. Conversely, the impact of farmland area proportion on
EH showed contrasting effects across the threshold: when the
proportion was below 50.51%, it had a positive effect on EH, but
a significant negative effect emerged upon exceeding this threshold.
To sum up, policy-makers should appreciate the role of land use
structure and conversions on EH when formulating ecological
protection and land use optimization policies. Strengthening
grassland ecosystem protection and restoration, appropriately
expanding grassland area, and restricting excessive reclamation
activities are the core strategies to enhance EH of the basin.
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