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Abstract: The Qin-Mang River Basin is an important biodiversity conservation area in the
Yellow River Basin. Studying the spatiotemporal changes in its ecosystem services (ESs)
and the trade-offs and synergies (TOSs) between them is crucial for regional ecological
protection and high-quality development. This study, based on land use type (LUT),
and meteorological and soil data from 1992 to 2022, combined with the InVEST model,
correlation analysis, and spatial autocorrelation analysis, explores the impacts of land
use/land cover changes (LUCCs) on ESs. The results show that: (1) driven by urbanization
and economic development, the expansion of built-up areas has replaced cultivated land
and forests, with 35,000 hectares of farmland lost, thereby increasing pressure on ESs; (2) ESs
show an overall downward trend, habitat quality (HQ) has deteriorated, carbon storage
(CS) remains stable but the area of low CS has expanded, and sediment delivery ratio (SDR)
and water yield (WY) fluctuate due to human activities and climate influence; (3) the TOSs
of ESs change dynamically, with strong synergies among HQ, CS, and SDR. However, in
areas with water scarcity, the negative correlation between HQ and WY has strengthened;
(4) spatial autocorrelation analysis reveals that in 1992, significant positive synergies existed
between ESs in the northern and northwestern regions, with WY negatively correlated
with other services. By 2022, accelerated urbanization has intensified trade-off effects
in the southern and eastern regions, leading to significant ecological degradation. This
study provides scientific support for the sustainable management and policymaking of
watershed ecosystems.

Keywords: ecosystem services; trade-offs and synergies; spatial heterogeneity analysis;
land use type transition; Qin-Mang River Basin

1. Introduction
Ecosystem services (ESs) refer to the direct and indirect benefits provided by natural

ecosystems to human society through various pathways. As an essential support system
for human survival and sustainable development, these services encompass multiple as-
pects, including resource supply and ecological regulation, and play an indispensable
role in regional ecological security and global ecological stability [1,2]. However, with the
intensification of climate change and the rapid development of human activities, approx-
imately 60% of global ecosystems have undergone degradation, posing a severe threat
to the stability and sustainability of ecosystems [3,4]. For instance, the shrinkage of wet-
lands not only leads to the deterioration of water quality but also significantly accelerates
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the loss of biodiversity [5,6]. This trend underscores the urgency of formulating scientif-
ically sound ecological protection and management policies, the effectiveness of which
depends on a comprehensive understanding of the dynamic changes in ESs and their
interrelationships [7].

As one of the global biodiversity hotspots, China’s ecosystems are under immense
pressure from rapid urbanization and economic growth. Land use/land cover changes
(LUCCs) have been widely recognized as the main drivers of dynamic changes in ESs [8]. In
response to this challenge, the Chinese government has implemented ecological protection
policies such as “Grain-for-Green” and “Ecological Protection Red Lines”. These measures
have alleviated ecological degradation to some extent, but regional imbalances between the
supply and demand of ESs remain prominent, especially in ecologically fragile areas and
regions undergoing rapid urbanization [9,10]. The Yellow River Basin, as a key ecological
barrier in China, maintains a close relationship between the spatiotemporal dynamics of
its ESs and human activities, making the study of ecosystem service changes in this area
highly significant [11].

The Qin-Mang River Basin is located within the biodiversity conservation area of
the Yellow River Basin and serves as a crucial part of the Yellow River wetlands with
key ecological functions. Its unique geographical location makes it of vital importance to
regional ecological protection. Existing studies primarily focus on the following aspects:
water resource protection, biodiversity habitat quality (HQ), and the impacts of LUCCs on
ESs. For example, previous studies have assessed the role of water resource management in
watershed ecological stability through hydrological models, revealing the impacts of climate
change and human activities on the water supply–demand balance [12]. Additionally,
studies have explored the effects of LUCCs on HQ using biodiversity indicators, finding
that urbanization significantly reduces HQ [13]. However, existing research lacks in-depth
exploration of the trade-offs and synergies (TOSs) between ESs, especially regarding the
systematic study of spatial heterogeneity and complex interaction mechanisms.

In response to the research gaps mentioned above, this study addresses the following
scientific questions: (1) what spatiotemporal changes have occurred in ESs in the Qin-
Mang River Basin over the past 30 years? (2) How have the TOSs between different
ESs evolved? (3) How have LUCCs affected the spatiotemporal distribution of ESs? To
address these questions, this study integrates land use type (LUT) data from 1992 to 2022,
combined with the InVEST model, correlation analysis, and spatial autocorrelation analysis,
to systematically evaluate the dynamic changes and spatiotemporal heterogeneity of ESs in
the Qin-Mang River Basin and reveal the TOSs between these services. This study focuses
on four main ESs: HQ, carbon storage (CS), sediment delivery ratio (SDR), and water
yield (WY). These services were selected based on their importance for regional ecological
security and their close relationship with LUCCs [14,15]. Through quantitative analysis,
this study reveals the spatiotemporal dynamic characteristics of these ESs and explores the
driving roles of urbanization and climate change on ESs.

The innovations of this study are reflected in the following aspects: (1) a systematic
study of the dynamic changes in ESs in the Qin-Mang River Basin, an important ecological
barrier region; (2) quantifying the TOSs between ESs using the InVEST model and spatial
analysis methods; (3) a detailed analysis of the impact of LUCCs on the spatial heterogeneity
and interaction mechanisms of ESs; (4) providing scientific support for optimizing regional
land use planning and formulating ecological protection policies, contributing to the high-
quality development of the Yellow River Basin. In conclusion, this study not only fills the
research gap on ESs in the Qin-Mang River Basin but also provides important theoretical
support and practical references for regional ecological protection and management.
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2. Materials and Methods
2.1. Study Area

The Qin-Mang River Basin, located in the northwest of Henan Province, refers to the
combined basin of the Qin River and its tributary, the Mang River, with a total area of
approximately 306,240 hectares. This basin is a key energy and chemical industry base
within the Yellow River Basin and is designated as the core area for the Ecological Protection
and Restoration Project for the Mountains, Rivers, Forests, Farmlands, Lakes, Grasslands,
and Deserts in the South Taihang region of Henan Province, playing a significant role
as an ecological barrier. Geographically, the basin spans from 112◦20′ to 113◦39′ east
longitude and from 34◦49′ to 35◦21′ north latitude. It connects the North China Plain with
the Loess Plateau and is located between the second and third geomorphic steps (Figure 1).
The climate in the region is classified as a warm, temperate semi-humid climate, with an
average annual temperature of approximately 14.6 ◦C and an annual precipitation of about
641.7 mm, concentrated primarily in the summer months. The basin is rich in vegetation
resources, home to 1609 species of higher plants, and supports several nationally protected
species. According to the “Ecological Protection and Restoration Plan for Mountains, Rivers,
Forests, Farmlands, Lakes, Grasslands, and Deserts in Henan Province”, the Qin-Mang
River Basin has been identified as a key area for ecological restoration, involving measures
such as forest management, soil and water conservation, and wetland protection. The
biodiversity and ESs in this region play a crucial role in ensuring regional ecological security.
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2.2. Data Sources and Preprocessing

This study’s analysis is primarily based on LUT, Digital Elevation Model (DEM),
administrative boundaries, natural environmental data, and socio-economic data. The
selected datasets are intended to comprehensively reflect the ecological and socio-economic
characteristics of the Qin-Mang River Basin and provide a reliable foundation for the
research. Data sources and preprocessing steps are detailed in Table 1. During the data
preprocessing phase, consistency in resolution and uniformity in the coordinate system
across different datasets were ensured to enhance the accuracy and validity of the analysis
results. All raster data were transformed into the WGS_1984_UTM_zone_49N coordinate
system and processed to a uniform spatial resolution. Specific preprocessing steps included
data clipping, resampling, reclassification, and spatial analysis operations.

Table 1. Main data sources.

Data Name Resolution Data Source Data Preprocessing

DEM 90 m
Geospatial Data Cloud

(http://www.gscloud.cn/,
accessed on 13 July 2024)

The ArcGIS Clip tool was used to
extract data for the study area and

generate slope and aspect data.

LUCCs 30 m

Resource and Environment
Science and Data Center
(https://www.resdc.cn/,
accessed on 19 July 2024)

The ArcGIS Reclassification tool was
used to reclassify land use data into
six categories based on the primary

land classification standards and
then clipped to the study area.

Precipitation, Temperature,
and Potential

Evapotranspiration Data
1 km

National Meteorological
Science Data Centre

(http://data.cma.cn, accessed
on 30 July 2024)

Monthly data were processed in
ArcGIS to obtain annual average data
and then clipped to the study area.

Soil Type, Vegetation Type,
and NDVI 1 km

The National Tibetan Plateau
Data Center (http:

//data.tpdc.ac.cn/zh-hans/,
accessed on 5 August 2024)

Data were clipped to the study area
using ArcGIS.

Nighttime Light Index,
GDP, and Population 1 km

Resource and Environment
Science and Data Center
(https://www.resdc.cn/,

accessed on 2 August 2024)

Data were clipped to the study area
using ArcGIS.

Railway, Water System,
and Administrative

Boundary Vector Data
-

National Catalogue Service for
Geographic Information

(https://www.webmap.cn/,
accessed on 10 July 2024)

The ArcGIS Clip tool was used to
extract the study area, and the

Euclidean Distance tool was applied
to calculate the distance to railways

and water systems.

2.3. Research Methods

This study established a comprehensive analysis framework to systematically assess
the impact of LUCCs on ESs in the Qin-Mang River Basin from 1992 to 2022, with a
focus on revealing the TOSs between ESs and their spatial characteristics. Through the
land use transfer matrix, this study quantified LUT transformation characteristics and
rates at different time periods, analyzing the driving forces of urbanization and economic
development on natural land. Coupled with the InVEST model, this study quantified the
spatiotemporal dynamics of key ESs such as HQ, CS, SDR, and WY, providing data support
for understanding the impact of LUCCs on ESs. Correlation analysis was used to reveal
the TOSs between ESs, and bivariate local Moran’s I (BLI) was employed to analyze their

http://www.gscloud.cn/
https://www.resdc.cn/
http://data.cma.cn
http://data.tpdc.ac.cn/zh-hans/
http://data.tpdc.ac.cn/zh-hans/
https://www.resdc.cn/
https://www.webmap.cn/
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spatial clustering and dispersion, identifying key hotspot and coldspot areas. The research
framework is shown in Figure 2.
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Figure 2. Research framework.

2.3.1. Land Use Transfer Matrix

The land use transfer matrix is used to quantify the patterns of LUT and their change
rates over different time periods, revealing the spatiotemporal dynamics of land use. In
this study, ArcGIS spatial analysis tools were employed to construct the land use transfer
matrix and analyze the trends in land use conversion across different time periods. The
calculation formula is as follows [16].

Aij =


A11 A12 · · · A1n

A21 A22 · · · A2n

· · · · · · · · · · · ·
An1 An2 · · · Ann

 (1)

Aij denotes the area of land type i transitioning to land type j. The i-th row corresponds
to the outflow from land type i, while the j-th column indicates the destination source,
representing the inflow to land type j.

2.3.2. PLUS Model

The Patch-generating Land Use Simulation (PLUS) model integrates the Land Expan-
sion Analysis Strategy (LEAS) module to assess the spatiotemporal dynamics of LUCCs
and simulate the potential for future land use expansion [17]. The LEAS module generates
suitability surfaces for LUT transitions using historical data and various driving factors,
representing the probability of transitions on a scale from 1 to 255. The input data includes
topographic factors (elevation, slope, aspect), socio-economic indicators (GDP, population,
nighttime light index), and environmental variables (average annual precipitation, soil
types, vegetation types, NDVI, distance to roads, distance to water systems). The data
were standardized and adjusted to a consistent spatial resolution to meet the model’s re-
quirements. The expansion probability map generated by the LEAS module was validated
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through visual analysis and found to be consistent with known urbanization and land
expansion trends, providing references for land management policies.

2.3.3. InVEST Model
Habitat Quality (HQ)

The HQ module of the InVEST model is commonly used to assess an ecosystem’s ability
to support species habitats. This module calculates the HQ index, reflecting the impact of
different LUTs and management scenarios on HQ. The formula is as follows [18,19].

Qxj = Hj

[
1 −

(
Dz

xj

Dz
xj + Kz

)]
(2)

Qxj represents the HQ index 0f grid cell x; Hj is the habitat suitability for the land
use type, ranging from 0 to 1; Z is the scaling constant, typically set at 2.5; K is the half-
saturation constant, which is 0.5 in this study; Dxj denotes the habitat degradation index,
indicating the extent of habitat degradation under stress conditions.

Based on previous research and the InVEST model user guide, and in combination with
the actual conditions of the study area, a habitat threat factor and threat level evaluation
table was constructed (Table 2), as well as a sensitivity evaluation table for LUTs to threat
factors (Table 3) [20–22].

Table 2. Threat factors and threat levels.

Threat Factors Farthest Threat
Distance Threat Degree Declining Type

Cropland 4 0.4 Linear
Impervious 8 0.8 Exponential

Railways 7 0.7 Exponential
Barren 5 0.5 Exponential

Table 3. Sensitivity to threat factors.

LUTs Habitat
Suitability Cropland Impervious Barren

Cropland 0.3 0 0.8 0.4
Forest 0.9 0.7 0.8 0.3

Grassland 0.9 0.5 0.7 0.6
Water 0.8 0.4 0.7 0.4

Impervious 0 0 0 0
Barren 0.4 0.4 0.6 0

Carbon Storage (CS)

CS is a key indicator of an ecosystem’s carbon sequestration and storage capacity,
reflecting its role in mitigating global climate change. This module reveals the potential
impact of LUCCs and management measures on CS. The formula is as follows [23].

Ctotal = Cabove + Cbelow + Csoil + Cdead (3)

Ctotal represents the total CS (Mg/ha); Cabove is the CS in aboveground biomass;
Cbelow is the CS in belowground biomass; Csoil is the CS in soil; Cdead is the CS in dead
organic matter.

This study constructed a carbon pool density table (Table 4) in consideration of the
actual conditions of the study area [24,25].



ISPRS Int. J. Geo-Inf. 2025, 14, 37 7 of 28

Table 4. Carbon pool density (Mg/ha).

LUTs C_Above C_Below C_Soil C_Dead

Cropland 4.85 0.92 58.2 2.84
Forest 20.92 7.53 67.3 54.2

Grassland 1.63 8.48 60.2 2.19
Water 0 0 62.1 0

Impervious 0 0 60 0
Barren 0 0 53.3 0

Sediment Delivery Ratio (SDR)

SDR is a key indicator in evaluating ESs, mainly measuring the ecosystem’s function
in preventing soil erosion and maintaining soil quality. The application of this module
helps analyze the ecosystem’s contribution to maintaining soil health and reducing water
and soil loss under different land management scenarios. The formula is as follows [26].

RKLS = R × K × LS (4)

USLE = R × K × LS × P × C (5)

SDR = RKLS − USLE (6)

RKLS indicates potential soil erosion, USLE indicates actual soil erosion, and SDR
indicates SDR; R represents the rainfall erosion factor, K indicates the soil erodibility factor,
LS denotes the slope length factor, P indicates the soil and water conservation measures
factor, and C indicates the vegetation cover and management factor.

Based on previous studies, ecological literature, and standard parameters from the
InVEST model, this research constructed vegetation cover factor C and soil conservation
factor P parameters (Table 5) [27] for the Qin-Mang River Basin.

Table 5. Vegetation coverage factor (C) and soil conservation measure factor (P).

LUTs usle_c usle_p

Cropland 0.06 0.4
Forest 0.04 1

Grassland 0.06 1
Water 0 0

Impervious 0 0
Barren 1 1

Water Yield (WY)

WY is an important indicator for assessing the water supply capacity of a region. The
WY evaluation comprehensively considers factors such as average annual precipitation,
potential evapotranspiration, effective vegetation water content, and soil depth, reflecting
the region’s water input, storage, and release processes. The assessment of WY helps
researchers to understand the impact of LUCCs on water resources. The calculation
formula is as follows [28].

Y(x) = (P(x)− AET(x))· 1
A

(7)

AET(x) = P(x)· PET(x)
PET(x) + P(x)PET(x)

(8)

Y(x) is the average annual WY for cell x; P(x) is the annual precipitation for cell x;
AET(x) is the annual actual evapotranspiration for cell x; A is the watershed area used to
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convert water quantity units to volume; and PET(x) is the potential evapotranspiration for
cell x; all units are in mm.

Based on previous research, the ecological literature, and standard parameters from the
InVEST model, this study constructed biophysical parameters for each LUT (Table 6) [29].

Table 6. Biophysical parameters for various LUTs.

LUTs Root_Depth Kc LULC_Veg

Cropland 2000 0.68 1
Forest 7000 0.95 1

Grassland 1700 0.62 1
Water 100 1 0

Impervious 300 0.2 0
Barren 100 0.2 0

2.3.4. Trade-Off and Synergy (TOS) Effect Analysis

The TOS effects of ESs refer to the relationships of mutual influence between different
services. The trade-off effect is characterized by an increase in one ES accompanied by a
decrease in another, such as agricultural expansion potentially leading to a decline in habitat
quality. In contrast, the synergy effect refers to the simultaneous increase or decrease in two
or more ESs, such as forest vegetation restoration, which can simultaneously enhance CS
and improve soil and water conservation [30]. This study explores the TOS effects between
ESs through Pearson correlation analysis and BLI analysis.

Pearson Correlation Analysis

Pearson correlation is a widely used statistical method for quantitatively assessing the
linear relationship between two variables. The correlation coefficient ranges from −1 to 1,
with a value of 1 indicating a perfect positive correlation, −1 indicating a perfect negative
correlation, and 0 indicating no correlation. Specifically, a larger positive correlation value
suggests the potential for a synergy effect between ESs, while a negative value indicates
the possibility of a trade-off effect. All correlation analyses were conducted using Origin
software, with the formula as follows [31].

r =

n
∑

i=1
(xi − x)(yi − y)√

n
∑

i=1
(xi − x)2.

√
n
∑

i=1
(yi − y)2

(9)

r is the Pearson correlation coefficient; xi and yi are the i − th data points of the two
variables; x, y are the means of the two variables; and n is the sample size.

Bivariate Local Moran’s I (BLI)

To further investigate the spatial distribution and interactions of ESs, this study em-
ployed BLI to explore spatial autocorrelation and clustering effects. Positive values in the
Moran scatter plot indicate the presence of synergy effects between services, suggesting
that they tend to increase or decrease together. Negative values, on the other hand, indicate
trade-off effects, where the enhancement of one service is associated with the decline of
another. The clustering map further reveals spatial aggregation effects and heterogene-
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ity patterns. All calculations were performed using GeoDa software, with the formula
as follows [32].

Ii =

n(xi − x)
n
∑

j=1
Wij
(
xj − x

)
n
∑

i=1
(xi − x)2

(10)

Ii is the BLI index, n is the total number of spatial units, xi and xj represent the
ESs quantities of regions i and j, x is the mean of the observed values, and ωij is the
spatial weight.

3. Results and Analysis
3.1. Spatiotemporal Evolution of Land Use/Land Cover Change (LUCC)

LUCC in the Qin-Mang River Basin has significantly impacted the region’s ESs over
the past 30 years, particularly in terms of HQ and CS. This study analyzed LUT distribution
maps from six time periods between 1992 and 2022 (Figure 3) using ArcGIS, revealing
the spatiotemporal patterns of LUCC. The results indicate that the dominant LUTs in the
basin are cropland and forestland, which together account for over 74% of the total area,
while built-up land occupies approximately 10%. Notably, the expansion of built-up land
is a significant trend, mainly encroaching upon cropland and forestland, while changes in
water bodies are minimal. These changes reflect the profound impact of rapid urbanization
and economic growth on the land use pattern of the basin, especially the ecological effects
resulting from the expansion of built-up land.
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Corresponding to the spatial distribution changes in land use, the temporal evolution
of land use patterns also reveals spatial restructuring during the urbanization process. The
study shows that the expansion of built-up land is primarily concentrated in the north-
eastern and western regions of the basin. This pattern indicates that, with the acceleration
of economic growth and urbanization, these areas have transitioned from agricultural
land to urban land. The conversion of cropland and forestland has not only altered the
land use structure but has also had a profound impact on regional ESs, particularly in
terms of HQ and CS, reflecting the immense pressure that urbanization exerts on the
ecological environment.

Further analysis of the land use transfer matrix (Table 7) and Figure 4 reveal the
processes of LUT transitions between 1992 and 2022. Specifically, cropland decreased
by 35,000 ha, mainly being converted into built-up land, reflecting the dominant role of
economic development as a driving force behind LUCC. The loss of cropland resources
poses a potential threat to food security and reduces its function as a carbon sink. Forestland
area decreased by approximately 244.62 ha, particularly in the central and western regions,
leading to a significant decline in biodiversity and ecological functions, especially in terms
of forest ESs and species habitats. The Sankey diagram (Figure 5) clearly illustrates the
conversion trends of different LUTs through the width and direction of the flow, providing
a visual representation of the macro dynamics of LUCC.

Table 7. Land use transfer matrix for the study area from 1992 to 2022 (ha).

1992

2022

Cropland Forest Grassland Water Impervious Barren Total Transfer
Out

Cropland 195,899.40 1633.59 115.47 1238.85 34,946.28 4.77 233,838.36 37,938.96
Forest 5282.46 30,815.46 64.98 14.67 244.62 0 36,422.19 5606.73

Grassland 1859.31 320.76 173.52 14.58 201.06 0 2569.23 2395.71
Water 1008.72 12.96 3.78 832.77 808.83 0.09 2667.15 1834.38

Impervious 240.12 0.18 2.70 260.82 29,670.93 0.18 30,174.93 504.00
Barren 0 0 0 0 0.54 0 0.54 0.54
Total 204,290.01 32,782.95 360.45 2361.69 65,872.26 5.04 305,672.40 /

Transfer
In 8390.61 1967.49 186.93 1528.92 36,201.33 5.04 / /

Figure 6 displays the probability of future development for different land types, based
on predictions generated by the PLUS model and spatial analysis with ArcGIS, revealing
the trends in the expansion of different LUTs. The results show that, in the context of rapid
urbanization and economic growth, the probability of expansion of built-up land is high,
demonstrating the strong influence of the urbanization process on land use patterns. In
contrast, the probability of expansion of cropland and forestland is declining, indicating
that these natural land types will continue to face pressure from urbanization. Particularly
in areas of rapid economic development, the compression of cropland and forestland will
further intensify the impact on ecosystem service functions.

Figure 7a–c further illustrates the contributions of different regional characteristics
to the driving factors of newly developed land types. As shown in Figure 7a, in regions
with higher GDPs, the expansion of built-up land is most prominent, reflecting the strong
driving effect of economic development on land expansion. Figure 7b shows that, in flat
terrain areas, cropland expansion is most significant, while regions with steeper slopes
face land use bottlenecks due to topographic limitations. Figure 7c reveals that, in areas
with higher NDVI, forestland expansion is trending, reflecting the positive land restoration
trends in regions with better vegetation coverage, influenced by ecological restoration and
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environmental protection measures. Overall, the economic, topographic, and ecological
characteristics of different regions interact to shape the spatial patterns of LUT transforma-
tion.
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3.2. Spatiotemporal Evolution of Ecosystem Services (ESs)
3.2.1. Spatiotemporal Evolution of Habitat Quality (HQ)

Based on the InVEST model, the evaluation of HQ in the Qin-Mang River Basin from
1992 to 2022 (Figure 8) indicates a persistent decline in HQ across the basin. The HQ index
decreased from 0.34 in 1992 to 0.29 in 2022, with the spatial variation in HQ increasing, as
reflected by the rise in standard deviation from 0.16 to 0.19. This change reflects the overall
degradation of the ecological environment, particularly in the southern and eastern regions
where HQ deterioration is more pronounced. Figure 8 clearly illustrates this trend, with
some mountainous areas and nature reserves maintaining relatively good HQ, but with the
majority of regions, especially those experiencing rapid urbanization, showing significant
declines in HQ.
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The primary cause of this decline is closely linked to the accelerated urbanization
process and the expansion of built-up land. Specifically, urbanization has intensified
human interference with natural ecosystems, leading to the disruption of habitat continuity
and integrity, especially in ecologically fragile areas where degradation has significantly
accelerated. Additionally, LUCCs, particularly the conversion of agricultural and forested
lands, have further exacerbated the degradation of HQ. The relationship between the
reduction in agricultural land and the expansion of urban areas in the basin reflects the
direct impact of human activities on ecosystem health.

3.2.2. Spatiotemporal Evolution of Carbon Storage (CS)

From 1992 to 2022, CS in the Qin-Mang River Basin exhibited significant spatial
variation (Figure 9). Overall, CS follows a “high in the northwest, low in the southeast”



ISPRS Int. J. Geo-Inf. 2025, 14, 37 14 of 28

distribution pattern. The northern and northwestern regions have higher CS, primarily
due to the good ecological conditions of the western Henan mountains and the Taihang
Mountains, coupled with higher vegetation coverage. In contrast, the southeastern region,
characterized by extensive built-up areas and water bodies, has lower CS, weaker vegetation
coverage, and a reduced carbon sequestration capacity. This spatial distribution difference
is closely related to both the natural conditions and the spatial distribution of human
activities in the basin.
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Time-series analysis shows that, while the CS in high-carbon areas remained stable, the
extent of low-carbon areas gradually expanded, particularly in regions with accelerating
urbanization. The trend in Figure 9 indicates that urban expansion has led to significant
LUCCs, particularly the continuous increase in built-up land, resulting in a reduction in CS
in some areas. Notably, in the central and southern regions, as built-up land expanded, areas
originally rich in CS were gradually transformed into low-carbon areas. This phenomenon
suggests that rapid urbanization not only altered land use patterns but also impacted the
spatial distribution of regional CS and ecological functions.

3.2.3. Spatiotemporal Evolution of Sediment Delivery Ratio (SDR)

SDR in the Qin-Mang River Basin exhibited significant spatial variability between
1992 and 2022 (Figure 10). Overall, the distribution follows a “high in the northwest, low in
the southeast” pattern. The southern section of the Taihang Mountains in the north, with
good vegetation and significant topographical variation, became a high-value zone for SDR.
In contrast, the southeastern plains, with a high degree of land development, exhibited
weaker SDR. The changes in SDR reflect the influence of different topographies and land
use practices on soil conservation functions.
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Time-series analysis shows that the volume of SDR initially increased and then de-
creased. From 1992 to 2016, the volume of SDR increased from 19,613.3 t/ha to 31,165.6 t/ha,
but by 2022, it had declined to 25,356.9 t/ha. This change is closely related to LUCCs,
topographical features, and vegetation cover. Particularly in the southeastern region,
rapid urbanization, the reduction in agricultural land, and the expansion of built-up land
severely impacted SDR. In contrast, the northwest region, with better vegetation protection,
maintained a relatively stable level of SDR.

3.2.4. Spatiotemporal Evolution of Water Yield (WY)

The WY from 1992 to 2022 in the Qin-Mang River Basin, calculated using the InVEST
model based on average annual precipitation, evapotranspiration, and root limiting layer
depth data, shows a “high in the southeast, low in the northwest” distribution pattern
(Figure 11). The southeastern region, with abundant precipitation and lower elevation, has
a higher WY capacity, while the northwestern mountainous areas, with high evapotran-
spiration and low precipitation, have a lower WY capacity. Although the overall spatial
distribution of WY did not change significantly, the rapid urbanization process, particularly
in the central region, has negatively impacted WY services.
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Time-series analysis (Table 8) shows significant fluctuations in WY across different
periods, with the highest yields recorded in 1998 at 796 million cubic meters and 831 million
cubic meters in 2016, but with a sharp decline to 400.45 million cubic meters in 2022. This
significant drop is closely related to changes in precipitation, increased evapotranspiration,
and inadequate water resource management. Figure 11 further illustrates the spatial
distribution of these changes and reveals the compressive effect of urban expansion on
water resource yields, particularly in areas with reduced agricultural land, where the
availability of water resources has been greatly impacted.

Table 8. ESs function quantities in the study area from 1992 to 2022.

Year HQ CS/106 t SDR/108 t WY/106 m³

1992 0.34 23.18 4695.05 460.39
1998 0.33 22.04 6924.59 796.06
2004 0.32 22.83 5738.28 594.28
2010 0.30 22.64 5677.55 620.46
2016 0.29 22.52 7723.19 831.17
2022 0.29 22.62 6470.34 400.45

Table 8 presents the trend in ecosystem service function changes from 1992 to 2022 in
the study area. The HQ index decreased from 0.34 to 0.29, reflecting the deterioration of



ISPRS Int. J. Geo-Inf. 2025, 14, 37 17 of 28

regional ecosystem health, which is closely linked to increasing human activities, urban-
ization, and LUCCs. CS remained between 22 and 23 million tons throughout the study
period, with minor fluctuations, but failed to return to 1992 levels, suggesting that, while
the region has some carbon sequestration capacity, its long-term low level may weaken its
ability to mitigate climate change. SDR fluctuated significantly from 1992 to 2016, peaking
at 69.24 million tons in 1998 and increasing to 77.23 million tons in 2016, but dropped
to 64.7 million tons by 2022, reflecting the negative impact of human activities on soil
quality. WY fluctuated greatly, reaching 796 million cubic meters in 1998 and 831 million
cubic meters in 2016, but falling sharply to 400.45 million cubic meters in 2022, reflecting
significant declines caused by changes in precipitation, increased evapotranspiration, and
inadequate water resource management.

3.3. Trade-Off and Synergy (TOS) Among Ecosystem Services (ESs)
3.3.1. Correlation Analysis of TOS in ESs

The changes in the correlation between ESs in the Qin-Mang River Basin from 1992
to 2022 reveal the dynamic processes of functional TOS (Figure 12). The study indicates
that, over time, the synergy between ESs gradually weakened in some years, while trade-
offs became more pronounced in certain regions. Specifically, in 1992, the correlation
coefficient between HQ and CS was 0.86, indicating a significant synergy; the correlation
coefficient between HQ and SDR was 0.66, also suggesting a strong synergistic relationship.
However, the negative correlation between HQ and WY (−0.20) indicated a potential
trade-off between ESs. In 1998, the correlation coefficient between HQ and CS increased to
0.91, suggesting an enhanced synergy. However, the negative correlation between HQ and
WY increased to −0.42, reflecting a clear trade-off between high HQ and low WY in some
areas. In the same year, the positive correlation between CS and SDR was 0.75, while the
negative correlation between CS and WY was −0.52, further illustrating the competition
between WY and CS.

By 2004, the correlation coefficient between HQ and CS remained at 0.91, continuing
to show a strong synergy. However, the negative correlation between HQ and WY (−0.40)
began to strengthen. This trend indicates that, although the synergy between CS and
HQ persisted, the negative trade-offs between WY and other ESs were intensifying. In
2010 and 2016, the correlation coefficient between HQ and CS remained stable at 0.91,
and the synergy between HQ and SDR remained strong (0.71 and 0.68), but the negative
correlation between HQ and WY remained between −0.40 and −0.45, suggesting that
changes in WY had a significant impact on the relationships between ESs. By 2022, the
correlation coefficient between HQ and CS was 0.90, continuing to show a strong synergy.
However, the negative correlation between HQ and WY increased to −0.36, indicating that
the competitive relationship between ESs was more pronounced in certain regions. The
positive correlation between CS and SDR (0.73) and the negative correlation between CS
and WY (−0.41) continued to reflect the trade-offs between WY and other ESs.

Overall, as urbanization progresses and LUCCs increase in the Qin-Mang River Basin,
the synergy between ESs has gradually weakened, while trade-offs have become more
significant in certain areas. Specifically, between HQ, CS, SDR, and WY, the competitive
relationships between ESs have increasingly intensified over time, especially in areas
with WY stress. This change not only reveals the mutual constraints between ecosystem
service functions but also reflects the profound impact of LUCCs on ESs. To address this
challenge, it is urgent to optimize land use patterns, control urbanization, and promote
sustainable land management strategies to enhance positive synergies between ESs and
mitigate negative trade-offs.
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3.3.2. Spatial Distribution and Heterogeneity of TOSs in ESs

Figure 13 presents the BLI clustering map of ESs in the Qin-Mang River Basin in 1992,
while Figure 14 further reveals the spatial relationships between ESs through scatter plots.
The results indicate that there is a significant positive spatial autocorrelation between HQ
and CS (Moran’s I = 0.713), HQ and SDR (Moran’s I = 0.630), and CS and SDR (Moran’s
I = 0.702), while there is a significant negative spatial autocorrelation between HQ and
WY (Moran’s I = −0.331), CS and WY (Moran’s I = −0.407), and SDR and WY (Moran’s
I = −0.514). All Moran’s I values passed the significance test (P values were all less
than 0.05), and, through randomization tests, the probability of these clustering patterns
being generated was less than 1%, indicating the statistical significance of these spatial
autocorrelation relationships.
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The spatial analysis in 1992 showed that in the northern and northwestern parts of
the study area, HQ, CS, and SDR exhibited significant positive spatial autocorrelation,
forming high-value clusters of ecosystem service functions. The strong positive spatial
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autocorrelation indicates significant synergies between ESs in these regions, particularly
the high correlations between HQ and CS and CS and SDR. This phenomenon reflects
the relatively favorable ecological conditions in these areas, such as good vegetation
coverage and minimal ecological disturbance, which promote the mutual enhancement
and coordinated development of ESs. However, there was a significant negative spatial
autocorrelation between WY and HQ, CS, and SDR, indicating that, in some regions, higher
ecological service functions (e.g., HQ, CS, and SDR) were accompanied by lower WY.
This negative correlation reveals the spatial heterogeneity of ecosystem service functions,
particularly in areas with low WY, where high-value ecological functions such as HQ and
CS tend to concentrate in spatial units corresponding to lower WY.

The BLI clustering map further confirmed this spatial aggregation phenomenon. The
high-value regions in the study area were mainly concentrated in the northern mountainous
areas, while low-value regions were primarily distributed in the southeast. This spatial
pattern highlights the significant spatial heterogeneity of ecosystem service functions, par-
ticularly the contrast between high-value and low-value areas. Specifically, the ecosystem
service functions in the northern mountainous areas were stronger, reflecting the stability
of the natural ecological environment and the synergies between ESs in these areas. In
contrast, the southeastern region exhibited weaker ecosystem service functions due to
factors such as the expansion of construction land and a decline in vegetation coverage,
leading to a significant reduction in the synergies between services.

By 2022, the spatial distribution of ESs in the Qin-Mang River Basin had undergone
significant changes (Figure 15). Particularly in the southern and eastern regions, the trade-
off phenomena between ESs became more pronounced, with the negative correlations
between HQ and WY and between SDR and WY strengthening in these areas. The spatial
autocorrelation analysis in 2022 revealed an increase in the number of low-value regions,
where ESs experienced severe degradation, the synergies between services were signifi-
cantly weakened, and trade-off phenomena were significantly exacerbated. The BLI scatter
plot showed (Figure 16) that there was a significant positive spatial autocorrelation between
HQ and CS (Moran’s I = 0.731), HQ and SDR (Moran’s I = 0.643), and CS and SDR (Moran’s
I = 0.706), while significant negative spatial autocorrelation was found between HQ and
WY (Moran’s I = −0.366), CS and WY (Moran’s I = −0.405), and SDR and WY (Moran’s
I = −0.527). All results had P values less than 0.05, and, through randomization tests, the
probability of these clustering patterns being generated was less than 1%, confirming the
statistical significance of these spatial autocorrelation relationships.

In the spatial analysis of 2022, the spatial aggregation effect of low-value regions was
particularly prominent, reflecting the significant negative impact on ecosystem service func-
tions in these areas. This change is closely related to the accelerating urbanization process,
the expansion of construction land, and unsustainable land use patterns. Specifically, with
the acceleration of urbanization, the land cover types in the southern and eastern regions
have undergone significant changes, and the expansion of construction land and ecological
degradation have intensified the competition and conflicts between ESs.

This negative spatial aggregation effect poses a major challenge to the synergies of
ESs. In particular, the negative correlations between WY and HQ, CS, and SDR reveal the
mutual constraints between ESs in these regions. As ecological degradation intensifies, the
ecosystem functions in these areas further deteriorate, leading to the formation of distinct
low-value regions in the spatial distribution of ESs. This trend poses a severe challenge to
regional ecological stability and sustainable development.
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4. Discussion
4.1. Interpretation and Comparison of Results

This study demonstrates that LUT transformation in the Qin-Mang River Basin over
the past 30 years has been driven by urbanization and economic development, leading to
significant changes in the land use pattern of the basin. Although LUCC has stabilized in
recent years, the expansion of construction land remains the main trend, which is primarily
achieved through the reduction in cultivated land and forest areas. This trend highlights the
profound impact of urbanization on the ecological environment, resulting in the weakening
of critical ESs.

The expansion of construction land encroaching on cultivated land and forests indi-
cates a close relationship between urbanization and LUT transformation. These transfor-
mations have significantly impaired the region’s ecosystem service capacity, particularly in
terms of HQ, CS, and SDR. The decline in HQ is directly related to the conversion of natural
land types to urban areas, and this finding is consistent with research conducted in other
urbanized regions [33,34]. This study further confirms the negative impact of urbanization
on ecosystem functions, particularly in other regions of the Yellow River Basin, where
trends of habitat degradation and decreased CS have also been validated [35]. These studies
suggest that urbanization not only leads to the loss of natural habitats but also exacerbates
habitat fragmentation, which further affects biodiversity and ecosystem resilience [36].

In terms of spatial distribution, this study found significant regional differences in ESs
within the basin, particularly in the northwest and southeast. The northwest region has
stronger ecological service functions, while the southeast region is more vulnerable. This
disparity suggests that future land management and conservation policies should consider
local differences and develop specific strategies [37]. For example, ecological protection
measures should be prioritized in the high-ecological-value areas of the northwest, while
ecological restoration should be strengthened in the urbanized areas of the southeast to
mitigate the negative impacts of urbanization on the ecosystem.

The results of this study further emphasize that policymakers should integrate eco-
logical restoration measures, such as forest rehabilitation and soil and water conservation,
into urban planning to achieve a sustainable balance between urbanization and ecosystem
integrity. Additionally, considering the importance of spatiotemporal dynamics in land
use and ecosystem service management is crucial. The Qin-Mang River Basin, as a key
ecological region, plays an irreplaceable role not only in biodiversity conservation but also
in maintaining regional ecological stability. Therefore, regional management strategies
should place a high priority on the sustainability of ESs to ensure the long-term health and
stability of ecosystems.

4.2. Mechanisms of Trade-Offs and Synergies (TOSs)

This study delves into the impact of LUCCs on the TOSs between ESs. Correlation
analysis reveals that there are complex interactions between Ess, such as HQ, CS, SDR,
and WY, and these relationships dynamically change with shifts in land use. Specifically,
there is a positive correlation between HQ and CS, indicating that healthy habitats help
enhance carbon sequestration, thereby boosting ecosystem CS. This finding is consistent
with studies from other regions, where large-scale ecological restoration or forest protection
projects typically improve both HQ and CS [38].

However, excessive water resource development significantly affects the synergy and
trade-off relationships between ESs. While water resource development may enhance WY
services in the short term to support agricultural, industrial, and urban needs, long-term
overexploitation leads to habitat degradation, increased soil erosion, and reduced CS,
resulting in ecological degradation. When water resource development intersects with
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LUCCs, it often exacerbates ecological degradation, such as the drying of water bodies and
reduction in wetlands, which affects biodiversity and ecosystem restoration capacity. The
negative correlation between water resource development and other ecological functions,
such as HQ and WY, has been validated in studies of multiple river basins [39].

As urbanization accelerates, the synergy between ESs weakens, and trade-off rela-
tionships become more pronounced. Particularly in areas of construction land expansion
and reduction in cultivated land, CS and SDR continue to decline, while WY fluctuates in
some regions. This trade-off mechanism is especially evident in areas where urbanization
is intensifying, highlighting the pressure urban expansion places on the multifunctionality
of ESs. Similar conclusions have been found in both domestic and international studies,
where rapid urbanization in the Yangtze River Basin and the Brazilian Amazon has led to
negative trade-offs between ESs [40].

This study also analyzes the impact of urbanization on the synergy between WY
and CS. As urbanization accelerates, the expansion of built-up areas reduces the amount
of green land and forests, which in turn diminishes the capacity for water source con-
servation, thereby affecting WY. Simultaneously, the decrease in land permeability not
only reduces groundwater recharge but also exacerbates soil erosion, further weakening
SDR functions [41]. These cumulative effects lead to a gradual reduction in the synergy
between water source conservation and CS, particularly in highly urbanized areas such
as the southeastern part of the Qin-Mang River Basin, where a clear trade-off relationship
emerges. As green land area shrinks and water source conservation zones decrease, the
negative trade-off between WY and CS becomes more pronounced. This trend is commonly
observed in other watersheds with similar urbanization backgrounds, indicating that the
question of how to coordinate the joint enhancement of water source conservation and CS
remains a key issue for future urban development.

4.3. Spatial Heterogeneity and Scale Effects

This study found that the impact of LUT transformation on ESs exhibits significant
spatial heterogeneity. This variability is closely related not only to the type and intensity
of land use but also to regional natural environmental conditions and socioeconomic
development. The presence of spatial heterogeneity indicates that ESs show marked spatial
distribution differences across regions. For example, in the northern mountainous areas of
the basin, due to the higher vegetation cover, ESs such as SDR, CS, and HQ are stronger. This
is closely related to the lower level of urbanization and relatively intact natural ecosystems
in the region. In contrast, in the southeastern areas, urbanization has accelerated, leading
to significant expansion of construction land, resulting in a marked decline in services like
HQ, SDR, and CS, demonstrating weaker ecological service functions.

Spatial heterogeneity not only reflects the direct impact of different land use patterns
on ESs but is also constrained by various factors such as topography, climate conditions, and
population density and economic development. For instance, the northern mountainous
areas, with their higher altitude and complex terrain, are more resilient to external distur-
bances, and their ESs remain stable. In contrast, the lowland plain areas in the southern
and eastern parts of the basin, characterized by flat terrain and convenient transportation,
experience higher levels of urbanization. LUCCs in these areas have more significant
impacts on ESs, particularly in terms of habitat fragmentation and ecosystem degradation.
This conclusion is consistent with findings from other studies, such as those in the Yangtze
River region, where areas with higher urbanization levels also show significant declines in
ecosystem service functions [42].

Building on this, this study further explores the impact of temporal and spatial scales
on ESs. Through spatiotemporal scale analysis, it was found that the trend of ecosystem
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service changes is not only closely related to spatial location but is also significantly
influenced by changes in the temporal scale. Over shorter time scales (e.g., within 10 years),
LUCCs have a more direct impact on ESs, particularly during urbanization, where the
expansion of construction land has a significant negative effect on HQ and CS. Meanwhile,
over longer time scales (e.g., 30 years or more), changes in ESs show more complex dynamic
characteristics, closely related to long-term LUT transformation and policy interventions.

Specifically, over the past 30 years, the HQ and CS in the Qin-Mang River Basin have
shown a significant declining trend, which is not only due to intensified urbanization but
also the reduction in agricultural land and the decline in forest cover. In the short term, the
expansion of construction land may lead to a rapid decline in ESs. However, in the long
term, ecological restoration measures (such as converting farmland to forests and wetland
restoration) can mitigate the trend of ecological degradation to some extent, as seen in
preliminary ecological restoration projects in the central and eastern parts of the basin.

Moreover, scale effects are also particularly pronounced in spatiotemporal scale anal-
ysis. At larger scales (regional scale), the impact of LUCCs is more pronounced, and the
interrelationships between ESs are more complex. At smaller scales (such as at the local
watershed level), changes in ESs are more influenced by local environmental conditions [43].
Therefore, when formulating land use planning and ecological restoration policies, it is
essential to consider the influencing factors at different scales and adopt corresponding
management measures.

4.4. Policy Recommendations and Practical Implications

This study provides theoretical foundations and practical guidance for land use policy
and management. As urbanization progresses, the spatiotemporal variability of ESs requires
policymakers to carefully consider regional differences and their impacts on ecological
functions in planning. In areas with high ecological value (such as the northern mountainous
regions of the basin), priority should be given to protecting natural ecosystems, restricting
excessive development, and preventing the expansion of construction land as well as
irrational agricultural and industrial development to ensure that ecological functions remain
intact. Special emphasis should be placed on the protection of key ecological resources, such
as forests, grasslands, and wetlands, to maintain regional ecosystem stability.

In the central, southern, and eastern parts of the basin, where urbanization is accelerat-
ing, ecological degradation is becoming more severe. There is an urgent need to implement
strict ecological red-line protection policies to prevent further exacerbation of ecological
degradation. In already degraded areas, large-scale ecological restoration measures, such
as afforestation, converting farmland back to forests, and wetland restoration, should be im-
plemented to enhance CS, water conservation capacity, and biodiversity. These efforts can
be combined with ecological engineering techniques, such as the construction of ecological
barriers and soil moisture management, to further improve ecological restoration outcomes.

This study emphasizes the necessity of region-specific land use policies through
spatiotemporal scale analysis. Considering the regional differences in ESs, future land
use policies should adopt more precise regional strategies to ensure a reasonable balance
between land use and ecological protection needs in different ecological environments. For
instance, in regions with higher ecological value, stricter ecological management measures
should be implemented. In more urbanized areas, green infrastructure construction and
ecological restoration measures should be adopted to gradually achieve a win-win situation
for both ecology and economy.

Beyond existing ecological protection and restoration policies, this study also recom-
mends the incorporation of innovative policy tools to enhance ESs. Ecological compensation
mechanisms, for example, could incentivize land developers or urban planners to compen-
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sate for the loss of ecological functions, thereby assisting in the restoration of the ecological
value of affected areas. Furthermore, the implementation of green infrastructure (such as
urban greenbelts, ecological parks, and rooftop greening) could effectively enhance urban
ecological functions and mitigate the pressures of urbanization on ecosystems. While these
policy measures contribute significantly to the enhancement of ESs, local governments may
face challenges such as economic constraints, limited management capacity, and public
awareness. Therefore, future policy-making should emphasize interdepartmental collab-
oration and increased public participation to foster a shared commitment to ecological
protection, helping to address the challenges posed by rapid urbanization.

4.5. Research Limitations and Future Approaches

Despite this study’s in-depth exploration of the impact of LUCCs on ESs, some limi-
tations remain. First, the land use data used in this study have relatively low resolution,
which may affect the results of local scale analyses. Second, this study did not explore the
impact of other factors, such as climate change, on ESs. Future research could integrate
climate change considerations into the assessment framework for ESs.

Future research could focus on the following aspects: first, improving data resolution
for more refined spatial analyses; second, examining the combined impacts of climate
change and other stressors on ESs; and third, conducting long-term dynamic monitoring to
identify long-term trends and patterns in ecosystem service changes.

5. Conclusions
This study evaluated the impact of LUT transformation on ESs in the Qin-Mang River

Basin using multiple methods, revealing the spatiotemporal dynamics between LUCCs and
ESs, along with the driving mechanisms behind them. The main conclusions are as follows:

(1) The LUCCs in the Qin-Mang River Basin have significantly affected ESs. In recent
years, the expansion of built-up land has primarily encroached upon arable land and forests,
reflecting the close relationship between urbanization and economic development. Over
the past 30 years, the area of arable land has decreased by 35,000 hectares, which were
converted into built-up land. This change is primarily driven by economic development,
posing significant threats to food security and ecosystem service functions. The LUT
transition matrix analysis further reveals that the probability of future expansion of built-up
land is relatively high, while the probability of expansion for arable land and forests is
relatively low, reflecting the immense pressure of urbanization on natural land.

(2) LUCCs have significantly affected ESs, exhibiting certain TOSs. Over the past
30 years, the overall trend of ESs has been in decline. HQ has continuously deteriorated,
especially in areas with rapid urbanization. CS has remained stable, but low-CS areas have
gradually expanded, indicating that regional carbon sequestration potential still exists.
SDR has fluctuated significantly, reflecting the negative impact of human activities on
soil quality. WY has also experienced significant fluctuations, influenced by changes in
precipitation, increased evapotranspiration, and inadequate water resource management.

(3) Correlation analysis reveals the dynamic evolution of synergies and trade-offs
among ESs. HQ and CS have maintained a strong synergy in most years, while the negative
correlation between HQ and WY has gradually intensified, especially in areas experiencing
water scarcity. This suggests that, with the progress of urbanization and LUCCs, the
competition between ESs, particularly the conflict between water resources and other
ecological functions, has become more pronounced, reflecting the profound impact of
human activities on ESs. As built-up land expands, the negative trade-offs between ESs
become more significant.
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(4) This study shows that, in 1992, the HQ, CS, SDR, and WY in the northern and
northwestern regions of the Qin-Mang River Basin exhibited significant positive spatial
autocorrelation, demonstrating strong synergies. However, by 2022, the ESs in the southern
and eastern regions have gradually shown clear trade-offs, with the negative correlations
between HQ and CS and between SDR and WY strengthening. This change is primarily
attributed to the impact of urbanization on the ecosystem’s structure and functions, leading
to a reduction in natural land and an increase in conflicts between ESs, especially in
resource-limited areas where the mutual constraints among ESs become more pronounced.
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