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Abstract

Land use change profoundly impacts the trade-offs and synergies among ecosystem services in
ecologically fragile watersheds. Optimizing land use patterns based on ecological function zoning is
an important approach to coordinate multiple ecosystem services and promote sustainable
watershed management. This study focuses on the Wuding River Basin within the Chinese Loess
Plateau, using Self-Organizing Map (SOM), multi-objective genetic algorithms, and the Future Land-
Use Simulation (FLUS) model to explore land use optimization schemes. The results show that the
windbreak and sand fixation service (WS) in the Wuding River Basin presents a spatial pattern of
higher values in the northwest and lower values in the southeast, while the other six services exhibit
a pattern of higher values in the east and lower values in the west. Based on the ecosystem service
cluster characteristics, the basin can be divided into soil and water conservation zones, habitat
conservation zones, and ecologically fragile zones. The trade-offs and synergies between ecosystem
services within different zones differ significantly, with the trade-off between food supply (FS), soil
conservation (S5C), and habitat quality (HQ) being particularly prominent. After optimization, the FS
and SC in the soil and water conservation zones increased by an average of 0.63x104 and 1.94x10%,
respectively. The FS in the habitat conservation zones increased by 0.11x10%, while HQ remained
stable. In the ecologically fragile area, water production (WP) and carbon sequestration (CS) services
increased by an average of 0.26x104t and 0.58x10%, respectively. During the optimization process, the
reasonable allocation of grassland and unused land played a key role in balancing service conflicts.
This study provides a scientific basis for coordinating trade-offs in watershed ecosystem services and
achieving land use optimization management through the framework of service clusters, functional
zones, and multi-objective optimization.

Keywords: ecosystem services; ecological function zoning; multi-objective genetic algorithm; land
use optimization; Wuding River Basin

1. Introduction

The ecosystem services are the natural capital and foundation upon which human survival and
development depend, and their provision is crucial for achieving sustainable development [1,2].
However, since the mid-20th century, intense human activities have profoundly altered surface
landscape patterns and ecological processes, leading to a series of ecological degradation issues such
as soil erosion and biodiversity loss. These changes have weakened the continuous supply capacity
of ecosystem services in ecologically fragile watersheds and pose a potential threat to the long-term
development of human society [3-5]. In the context of global sustainable development, integrating
ecosystem services into regional planning and land management systems, and implementing
differentiated zoning management measures, is considered an important approach to coordinating
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economic development with ecological protection and promoting regional sustainable development
[2,6].

Ecological function zoning, as an effective policy tool for achieving spatially differentiated and
precise management, focuses on the reasonable division and integration of ecological regions and
units [7,8]. Traditional zoning methods mainly emphasize regional characteristics and natural
geographic factors [9], while recent research trends highlight the importance of considering the
balance between ecosystem service provision and human well-being needs [10,11]. In this context,
ecosystem service clusters provide a novel and powerful analytical perspective for zoning. A service
cluster refers to a group of ecosystem services that repeatedly occur together in space [12]. Identifying
service clusters not only reveals the dominant service functions within a region but also aids in the
comprehensive management of multiple ecosystem services. K-Means and Self-Organizing Maps
(SOM) are typical methods for clustering multiple ecosystem services to identify service clusters [13].
SOM networks are unsupervised, self-organizing, self-learning networks with strong memory,
robustness, nonlinear mapping ability, and self-learning characteristics [14]. Conducting ecological
function zoning based on service clusters allows for the delineation of spatial units with
homogeneous service provision and consistent management needs, thus providing a scientific basis
for zonal management and targeted interventions [15]. At the watershed scale, ecosystem services
often exhibit spatially dynamic changes. Using ecosystem service clusters helps promote
comprehensive watershed management, minimizing trade-offs between services and enhancing their
synergistic effects [16]. Therefore, ecological function zoning based on ecosystem service clusters is
crucial for improving ecosystem service governance effectiveness, promoting multifunctional
landscape management, and optimizing land use [17,18].

Land use patterns profoundly impact ecosystem services, and their planning and management
are directly related to the availability and quality of these services [19]. For a long time, humans have
adjusted land use patterns to meet their demands for land resources, and this process has
continuously altered the trade-offs and synergies between ecosystem services [20]. By assessing the
historical changes in land use, simulating future scenarios, and analyzing the relationship between
land use intensity and ecosystem service value [18,21], a solid foundation has been established for
understanding the interactive processes between human activities and the natural environment. In
terms of land use optimization, related research typically uses land use simulation models to set
future scenarios, simulating various scenarios such as natural development, economic growth, and
ecological protection, or predicting land use scenarios under CMIP climate models [22,23]. However,
existing studies mostly focus on single-objective optimization at a regional scale or global trade-offs
across all ecosystem services, lacking differentiated optimization strategies based on ecological
function zoning. This is especially true for addressing the most prominent service conflicts within
different functional zones, which limits the universality and practicality of optimization strategies.
Currently, research that organically integrates the identification of ecosystem service clusters, the
delineation of ecological function zones, and differentiated land use optimization within these zones
is still relatively rare [24]. From the perspective of multi-objective optimization, taking ecosystem
services under trade-offs as the goal, and incorporating government policy guidance to set reasonable
constraints, differentiated land use management optimization can not only improve land use
efficiency but also maximize and balance ecological services across different regions [25]. This
coherent optimization logic is key to enhancing the relevance, precision, and effectiveness of land
resource management measures [26].

In summary, this study takes the Wuding River Basin as a case example and constructs a service-
cluster-oriented land use optimization framework based on ecological function zoning. Through the
"diagnosis-zoning-optimization" research path, the aim is to provide scientific support and practical
reference for mitigating ecosystem service conflicts in the ecologically fragile watershed and
promoting sustainable land use management. The specific objectives are to (1) reveal the supply
capacity and spatial distribution characteristics of various ecosystem services in the watershed; (2)
perform ecological function zoning of the watershed through service cluster identification and clarify
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the trade-offs and synergies of ecosystem services within each functional zone; (3) explore
differentiated land use optimization solutions for the two core services with the most significant
trade-offs within each zone, providing feasible recommendations for watershed government land use
planning. The core contribution of this study lies in focusing on land use optimization for the two
most significant trade-offs in each ecological function zone, constructing a multi-objective function
based on ecosystem service material value, setting land use constraints that align with government
policy guidance, and using genetic algorithms to obtain feasible land use optimization solutions.

2. Materials and Methods

2.1. Study Area and Data Sources

The Wuding River Basin (37°14'N-39°35'N, 108°18'E-111°45E) is located in the northwest of the
Loess Plateau and serves as a first-level tributary of the middle Yellow River. It lies at the junction of
semi-humid and semi-arid areas, with a total basin area of 30,261km? (Figure 1). Climate change has
exacerbated ecological risks in the ecologically vulnerable watersheds.The Wuding River experiences
severe and complex soil erosion. The western part of the basin is the southern edge of the Mu Us
Desert, with relatively high but flat terrain, classified as a wind-sand area. Before large-scale sand
control projects were implemented, sand dunes were widely distributed, and wind erosion was the
dominant factor. The northwest and southwest areas have higher wind erosion intensity, with lighter
water erosion. Soil nutrient content is low, the sand layer is thick, vegetation is sparse, and arable
land is scarce. The southeastern part of the basin belongs to the Loess Plateau hilly and gully region,
where the elevation is lower than in the west, but the terrain is highly undulating with numerous
gullies, and the landscape is fragmented. Land use in this area is mainly cultivated land, with
frequent human activity, prominent water erosion, and severe soil erosion. Since 2000, thanks to the
implementation of grain-for-green and sand control projects [27], vegetation coverage in the basin
has improved, though the overall ecosystem remains fragile.

This study integrates various geographic information data, covering hydrology, meteorology,
soil, land use, and socio-economic aspects of the basin. A detailed description of the data and specific
sources can be found in Table 1.
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Figure 1. Location and land use of the Wuding River Basin (2020).

Table 1. Data sources.
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Data type Data description Source
. . . L Data Center for Resources and
Basic Administrative divisions and water system . .
geographic data vector map Environment, thnese Academy
of Sciences
Digital .
Elevation Spatial resolution 30mx30m Japan Aerospace Exploration
Data (DEM) Agency
Data Center for Resources and
Land use data Spatial resolution 30mx30m Environment, Chinese Academy
of Sciences
National road, provincial road, Data Center for Resources and
Road traffic data county road and railway Environment, Chinese Academy
of Sciences
. . . Harmonized World Soil
Soil data Spatial resolution 1kmx1km Database(HWSD)

Daily observed meteorological
element data (precipitation,

Meteorological . . National Meteorological Science
relative humidity, solar
data . . Data Centre
radiation, temperature, wind
speed, etc.) for 1990-2020
NDVI Spatial resolution 250mx250m National Aer(?n:alutlc?, and Space
Administration
Measured runoff data from the
. Baijiachuan hydrological station Yellow River Water Conservancy
Hydrological . o
data from 2008 to 2013, the measured sediment data Commission
from the Baijiachuan hydrological station from (YRWC)
2008 to 2018
Yulin City, Yan'an City, and
Food production County (district) data ulin ity, Yanan City, an

Ordos City Statistical Year book
Survey questionnaire data

Survey data collected from field visits

2.2. Simulation of Multiple Ecosystem Services

Based on the actual natural conditions of the Wuding River Basin and the availability of data in
the study area, this research selected seven types of ecosystem services for quantitative simulation:
water production (WP), soil conservation (SC), cultural services (CT), food supply (FS), carbon
sequestration (CS), habitat quality (HQ), and windbreak and sand fixation (WS), using data from
2020. Among these, WP and SC services were simulated using the SWAT model, which divides the
sub-basins based on topography and outputs the calculation results. To ensure spatial consistency
and comparability among different services, this study used sub-basins as a unified analysis unit to
spatially represent each ecosystem service. This generated spatial distribution patterns for the seven
ecosystem services in the Wuding River Basin, which were then used for ecosystem service cluster
identification and ecological function zoning analysis. The specific simulation methods for each
ecosystem service and the result verification process are detailed in Appendix.

2.3. Identification of Ecosystem Service Clusters and Ecological Function Zoning

The SOM model, proposed by Finnish scholar Kohonen [28], is capable of mapping high-
dimensional inputs to a lower-dimensional space while preserving the similarity of input signals,
ensuring that similar input signals remain adjacent in the mapped space. The SOM network consists
of two layers: an input layer and a mapping layer. The two-dimensional plane organization is the
most typical structure of the SOM network. Therefore, this study uses the SOM model for ecosystem
service cluster identification. The steps of the SOM learning algorithm are as follows:
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(1) Network initialization: Set the initial weights between the input layer and the mapping layer.

(2) Input vector: Input the vector into the input layer.

(3) For each input pattern, calculate the Euclidean distance between each neuron and the input
vector, select the neuron with the smallest distance as the winning neuron, and determine the
neighboring neuron set.

(4) Adjust the weights according to the following formula:

Awii =n(t) X Tjj0 (@) X (x; — wj;) (1)

In the formula, Awij represents the updated and adjusted weight, n)(t) is the learning rate, Tj,Ix(t)
is the topological neighborhood, xi is the input data, and wji is the weight vector between neuron j
and input data i.

(5) Repeat the above steps until the neural network converges.

This study applies the SOM algorithm for ecological function zoning. First, the seven different
types of ecosystem services are standardized, and then the SOM algorithm is implemented in Matlab
for spatial clustering of these services. In the experiment, the number of clusters is set to 2, 3, 4, and
5, and the spatial aggregation effect of ecosystem service clusters is analyzed under different
clustering numbers. The results show that when the number of clusters is set to 3, the spatial
aggregation of each cluster is relatively high, and the division of sub-basin quantities is reasonable,
with significant heterogeneity between categories. Therefore, the final number of ecosystem service
clusters is determined to be 3, and based on this, the final ecological function zoning is derived.

2.4. Trade-Offs and Synergies Among Ecosystem Services

To explore the trade-offs and synergies between various services within each ecological function
zone, this study uses Pearson correlation analysis to assess their relationships [29]. The specific
calculation formula is as follows:

Yo, X -X)(:-Y)

. Zm =T R, T

@)

In the formula, r is the correlation coefficient, Xi and Yi are the observation values of the two
services; Xand Y are the means of variables Xi and Yi respectively, and 7 is the number of
observations. In this study, when r > 0, it indicates a synergistic relationship between the two services;
when r <0, it indicates a trade-off relationship between them.

2.5. Land Use Optimization Based on Multi-Objective Genetic Algorithms

2.5.1. Multi-Objective Genetic Algorithm Configuration

The multi-objective genetic algorithm, based on genetic algorithms, introduces a multi-objective
optimization framework that can generate a set of Pareto solutions, providing multiple options for
land use optimization [30]. This method can flexibly handle trade-offs between different ecosystem
service objectives and achieve higher flexibility and precision in planning. In this study, multi-
objective functions are constructed based on the two ecosystem services with the greatest trade-offs
in each functional zone, exploring ecosystem service optimization solutions for different functional
zones.

The objective function for ecosystem service optimization is as follows:

6

Max(Y,) = Z a;x; (3)

i
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In the formula, Yx represents the material quantity of ecosystem service k; ai denotes the
coefficient of ecosystem service k for the 7 land use type; xi represents the area of the i land use type
(hm?), with the areas of cultivated land, forest land, grassland, waterbody, artificial land, and unused
land denoted as x1, x2, x3, x4, X5, and xs, respectively. Through ecosystem service simulation, the
coefficients ai for the target ecosystem services in the three ecological function zones of the Wuding
River Basin corresponding to each land use type are obtained, representing the ecosystem service
quantity per unit area. The specific objective functions for each function zone are as follows:

(i) The optimization objective function for the soil and water conservation zone is:

Max(Yy) =2.95x1 +0.2x3 + 0.5x4 (4)

Max(Y;) =86.35x; +21.20x, +11.50x3 +0.99x¢ ®))

In the formula, Y1 and Y: represent the food supply (t) and soil conservation (t) in the soil and
water conservation zone, respectively.

(ii) The optimization objective function for the habitat conservation zone is:

(0.40x1 +0.90x, +0.70x3 +0.79x4 +0x5 +0.1x¢)
Max(¥s) = 1 2 3 4 5 6 (6)

X1+ x5+ X3+ x4+ X5+ Xg

Max(Y4) =3.93X1 +0.08.X3 +O.ZX4 (7)

In the formula, Y3 and Y4 represent habitat quality (dimensionless) and food supply service (t)
in the habitat conservation zone, respectively.

(iif) The optimization objective function for the ecologically fragile zone is:

Max(Ys) =143.27x; +215.36x; + 142.45x3 +0.11xs +11.35x5 +19.92x, (8)

Max(Ye) =305.59; + 142.80x, +164.33x3 +197.88x 9)

In the formula, Ys and Ye represent carbon sequestration service (t) and water supply service
(m?) in the ecologically fragile zone, respectively.

In setting the upper limits for variable constraints, this study takes into account the actual land
use planning of the Wuding River Basin as much as possible. Since the Wuding River is the mother
river of Yulin City, which occupies the largest proportion of the basin, the study refers to the land
use goals related to cultivated land, forest land, and grassland in Yulin City's 14th Five-Year Plan and
uses these as constraints. For land use types not clearly defined in the 14th Five-Year Plan, such as
waterbody and artificial land, the constraints are set based on historical data (e.g., statistical
yearbooks and land use data). The area of unused land is not allowed to exceed the existing area in
2020. For the lower bound constraints on the independent variables, based on the "cultivated land
red line" policy, the cultivated land area should not be less than the existing cultivated land area in
2020. The areas of forest land and grassland should not be smaller than the minimum area in 2000
and 2020, and the waterbody area should not be lower than the existing water body area in 2020.

2.5.2. Selection of Land Use Optimization Scenarios

Based on relevant literature and data, this study sets the population size of the genetic algorithm
to 100 and the maximum number of evolution generations to 1000 [31]. When the coefficient for the
optimal individual is set to 0.8, a relatively smooth and clearly trending Pareto curve can be obtained.
After solving with the algorithm, 80 predicted land use scenarios are generated for each ecological
function zone. To analyze the land use change trends in the scenarios and to simulate and visualize
the spatial distribution of land use types after objective optimization, this study selected three
scenarios from the 80 predicted ones and used the Future Land-Use Simulation (FLUS) model for
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land use simulation. The scenario selection method was based on assigning three sets of weights to
the two objectives of each ecological function zone, specifically: (I) the weight of target service 1 is
0.2, and the weight of target service 2 is 0.8; (II) the weight of target service 1 and target service 2 is
both 0.5; (III) the weight of target service 1 is 0.8, and the weight of target service 2 is 0.2.

2.6. Simulation of Land Use Patterns Based on the FLUS Model

The FLUS model is a land use simulation model that combines cellular automata and artificial
neural network algorithms [32]. It can simulate land use changes under natural conditions and
human activities, and can also simulate future land use spatial patterns based on land use demands.
After obtaining the land use optimization solutions for each ecological function zone using the multi-
objective genetic algorithm, it is necessary to visualize the land use optimization prediction scenarios
within each ecological function zone to present the spatial distribution of land use under each
scenario, providing more specific and clear guidance for land use planning and management. To this
end, this study uses the FLUS model to simulate the spatial distribution of land use types under
different optimization scenarios. By incorporating the land use type objectives corresponding to the
three sets of target weights for each ecological function zone into the FLUS model, land use
optimization spatial distribution maps were generated under the three weight configurations.

To ensure the accuracy of the FLUS model in simulating land use and to localize the model
parameters, this study performed accuracy evaluation and parameter adjustment of the FLUS
model's simulation results based on historical land use data. Specifically, two rounds of model
accuracy verification were conducted: one using 2000 as the baseline to simulate and predict land use
in 2010, and another using 2010 as the baseline to simulate and predict land use in 2020. Finally, the
simulated predictions for 2010 were compared with the actual land use map, yielding a Kappa
coefficient of 0.94; the simulated predictions for 2020 were compared with the actual land use map,
yielding a Kappa coefficient of 0.76. The higher the Kappa coefficient, the better the simulation
accuracy. Both validation accuracies were greater than 0.75, indicating that the FLUS model's
simulation performance is good and can be used for simulating and predicting different land use
scenarios in the region.

3. Results

3.1. Spatial Patterns of Ecosystem Services in the Wuding River Basin

In 2020, the total CS service in the Wuding River Basin was 378.84x10¢t, with high-value areas
concentrated in the southeastern part of the basin. Low-value areas were mainly located in the
northwest and central regions, where the northwest had a higher distribution of unused land, and
the central area had a higher proportion of artificial land, resulting in overall weaker carbon
sequestration capacity. The WS service exhibited a spatial distribution pattern of higher values in the
west and lower values in the east. In the western region, due to stronger wind erosion, the ecosystem's
windbreak and sand fixation function was more pronounced. The HQ index, with values greater than
0.6, was mainly distributed in the upper and southern parts of the basin. The upper region is
primarily grassland, with relatively low human activity disturbance, while the southern region has
concentrated grassland and forest areas with low human activity intensity, resulting in overall higher
HQ. Areas with a HQ index below 0.5 were mainly concentrated in the southeastern part of the basin,
where cultivated land is the dominant land use type, and human activity disturbance is relatively
high. High FS service value areas were mainly located in the southwest and southeast of the basin,
while the northwest had relatively weak food supply capacity, due to limited precipitation, infertile
soil, and a dominance of grassland with little cultivated land. The total WP was 1.69x10°m?, with a
spatial distribution pattern of higher values in the southeast and lower values in the west. Some sub-
basins with larger areas exhibited high values. SC in the basin showed significant spatial differences.
The northwest, located in the transition zone of the Mu Us Desert, receives relatively little
precipitation and has a flat terrain, resulting in overall low SC. The middle and lower reaches,
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dominated by cultivated land and grassland and with better precipitation conditions, exhibited
higher potential and actual erosion and stronger soil conservation capacity. The CT service mean
value index showed a decreasing spatial distribution from southeast to northwest, with high-value
areas concentrated along the riverbanks and urban areas, while low-value areas were mainly in the
northwest and southwest of the basin.

Carbon sequestration(t/hm?) Windbreak and sand fixation(kg/m?) Habit quality Food supply(t/hm?)
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Figure 2. Spatial pattern of ecosystem services in the Wuding River Basin.

3.2. Trade-Offs and Synergistic Relationships Among Ecosystem Services Across Ecological Functional
Zones

Hot point and cold point analysis can provide a reference for the spatial clustering of ecosystem
service clusters. The study found significant differences in the spatial distribution characteristics of
the seven ecosystem services in the Wuding River Basin (Figure 3). Except for WS service, the spatial
distribution of the other services mainly exhibited insignificant regional characteristics. Specifically,
the hot point sub-basins for CS service are mainly located in the lower reaches of the basin, while the
cold point sub-basins are concentrated in the central and northern parts. The hot point sub-basins for
WS service are mainly located in the northern and southwestern parts of the basin, particularly in the
Yuyang District, northern Wushen Banner, and southern Jingbian County, while the cold point sub-
basins are distributed in the central part of the basin, covering Wushen Banner, Yuyang District, and
Jingbian County. The hot point sub-basins for HQ are mainly located in the southern part of Wushen
Banner and the eastern part of Jingbian County, while the cold point sub-basins are concentrated in
the southern part of Yuyang District, the western part of Hengshan District, and the eastern part of
Zizhou County. The hot point sub-basins for FS service are mainly distributed in the southern part
of Yuyang District, the eastern part of Hengshan District, and Mizhi County, while the cold point
sub-basins are located in the central and southern parts of Wushen Banner. The hot point sub-basins
for WP service are more scattered, concentrated in the northern part of Yuyang District near the
Wushen Banner border, the southern part of Hengshan District, the southern part of Zizhou County,
and the northern part of Qingjian County, while the cold point sub-basins are mainly located in the
southern part of Wushen Banner. The hot point sub-basins for SC service are mainly concentrated in
the lower reaches of the basin, with no significant cold point sub-basins. The hot point sub-basins for
CT service are distributed in the eastern part of Zizhou County, the western part of Suide County,
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and the northern part of Qingjian County, while the cold point sub-basins are mainly located in the
southern part of Jingbian County, and the central and southern parts of Wushen Banner.

N (d) FS

mWs

Legend

I Extreme cold point**
[ Significant cold point*
| Cold point
Non-significant
| Hot point
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I Extreme hot point**
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Figure 3. Spatial distribution of hot point and cold point of ecosystem services in the Wuding River Basin.

Based on the strength of ecosystem services within the ecosystem service clusters, the differences
in dominant ecosystem services, and the regional characteristics of each cluster, this study divides
the Wuding River Basin into three main ecological function zones: soil and water conservation zone,
habitat conservation zone, and ecologically fragile zone (Figure 4). The soil and water conservation
zone is located in the lower reaches of the basin, primarily covering sub-basin areas in Zizhou
County, Mizhi County, Suide County, and Qingjian County. The habitat conservation zone is situated
in the central part of the Wuding River Basin, mainly including Hengshan District, the northern part
of Jingbian County, the southern part of Wushen Banner, and the southern part of Yuyang District.
The ecologically fragile zone is located in the northern and southwestern parts of the Wuding River
Basin, primarily covering sub-basins in Yuyang District, the northern part of Wushen Banner, and
Jingbian County.
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Figure 4. Spatial distribution of ecological function zoning in the Wuding River Basin.

In the soil and water conservation zone, wind erosion is minimal, and the WS service is almost
zero. However, except for the WS service, the standardized values of the other six ecosystem services
are relatively high (Figure 5). Among them, CS service is dominant, followed by CT and WP services,
with average values exceeding 0.65. SC, FS, and HQ have average values of 0.48, 0.37, and 0.36,
respectively. This region provides a relatively high level of food supply, but due to frequent human
development activities, it also faces corresponding environmental issues. In the habitat conservation
zone, CS service is also dominant, with an average value of 0.78, followed by HQ with an average
value of 0.69. CT, WP, FS, WS, and SC services are relatively low, with average values of 0.48, 0.31,
0.18, 0.02, and 0.003, respectively. The western part of this zone is semi-arid and wind-sand prone,
with a relatively gentle slope, while the eastern part is semi-humid and characterized by hilly and
gully areas with steeper slopes. In the ecologically fragile zone, CS service also shows strong
performance, with an average value of 0.62, and HQ has an average value of 0.61. The standardized
average values for WS, CT, WP, FS, and SC services are 0.51, 0.44, 0.34, 0.19, and 0.006, respectively.
Compared to other function zones, the WS service stands out in this zone because it is located at the
southern edge of the Mu Us Desert, an area prone to wind and sand, and is semi-arid, with relatively
high wind erosion.

(a) Soil and water conservation zone (b) Habitat conservation zone (c) Ecologically fragile zone
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Figure 5. Cluster structure of ecosystem services.

Based on the ecological function zones, the trade-offs and synergies between ecosystem
services are shown in Figure 6. In the soil and water conservation zone, the strongest synergies are
observed between CS and HQ services, and between CS and SC services, with a correlation coefficient
of 0.37. A relatively smaller synergy exists between CT and WP services, with a correlation coefficient
of 0.10. On the other hand, the strongest trade-off is between SC and FS, with a correlation coefficient
of -0.65, while the smallest trade-off is between WP and CS services, with a correlation coefficient of
-0.11. In the habitat conservation zone, the strongest synergy is between WP and SC, with a
correlation coefficient of 0.49, while the weakest synergy is between WS and CS services, with a
correlation coefficient of 0.03. In the trade-offs, HQ and FS show the strongest negative correlation,
with a correlation coefficient of -0.54. This reflects the inverse relationship between cultivated land,
human activity impacts on food supply, and habitat quality. The trade-off between CS and WP is the
smallest, with a correlation coefficient of -0.01. The habitat conservation zone, located between the
soil and water conservation zone and the ecologically fragile zone, has lower values for SC and WS
services, resulting in lower trade-offs between the two. In the ecologically fragile zone, the strongest
synergy is observed between CS and HQ, with a correlation coefficient of 0.69, while the weakest
synergy occurs between CT and WS services, with a correlation coefficient of only 0.05. Regarding
trade-offs, HQ and FS show the smallest trade-off, with a correlation coefficient of -0.03, while the
largest trade-off is between WP and CS services, with a correlation coefficient of -0.67. The strong
trade-off between CS and WP services can be explained by the fact that forest land has a much higher
carbon sequestration capacity than other land types, while the reverse is true for WP services, as
forest land has strong water retention capacity, whereas unused land has the poorest ability to
intercept and absorb precipitation.

(a) Soil and water conservation zone (b) Habitat conservation zone (c) Ecologically fragile zone
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Figure 6. Correlation of ecosystem services in different ecological function Zoning.

3.3. Multi-Objective Optimization of Land Use Based on Ecological Functional Zoning

Based on the multi-objective genetic algorithm, the Pareto optimization curves for different
services in each ecological function zone are shown in Figure 7. In the soil and water conservation
zone, as FS service increased from 1.24483x10¢t to 1.24495x106t, the SC service, which are in trade-
off, decreased from 3.75559x107 t to 3.75548x107 t. Compared to 2020, FS service increased by an
average of 0.63x10*t, while SC service increased by an average of 1.94x105t, achieving the maximum
possible increase in FS service while maintaining the existing soil conservation capacity in the
Wuding River Basin. In the habitat conservation zone, as HQ increased from 0.57019 to 0.57031, FS
service decreased from 1.29357x10¢t to 1.29210x10¢ t. Compared to 2020, HQ increased from 0.56985
in 2020 to an average of 0.57025, while FS service increased by an average of 0.11x104t, indicating that
the multi-objective genetic algorithm optimization could maximize food supply while maintaining
the current habitat quality index. In the ecologically fragile zone, as WP service increased from
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2.37773x108m? to 2.37891x108m?, CS services decreased from 1.52775x108t to 1.52746x108t. Compared
to 2020, WP services increased by an average of 0.26x10*m?, while CS services increased by 0.58x105

t compared to 2020.
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Figure 7. Pareto frontier curves of ecosystem services in different ecological functionzoning.(a) Soil and water

conservation zone. (b) Habitat conservation zone. (c) Ecologically fragile zone.

Under the three selected scenarios from the predicted 80 scenarios, the trade-offs and synergies
between two services in each ecological zone showed good optimization effects. In Scenario I, when
the weights of FS and SC services in the soil and water conservation zone were 0.2 and 0.8,
respectively, the FS service was 1.24485x10¢ t, and the SC service was 3.75557x107 t. In the habitat
conservation zone, when the weights of HQ and FS services were 0.2 and 0.8, respectively, the HQ
index was 0.57021, and the FS service reached 1.29329x10¢ t. In the ecologically fragile zone, when the
weights of WP and CS services were 0.2 and 0.8, respectively, the WP service was 2.37797x108t, and
the CS service was 1.52770x108 t. In Scenario II, when the weights of the objective functions were both
0.5, the FS service in the soil and water conservation zone was 1.24489x106 t, and the SC service was
3.75554x107 t. In the habitat conservation zone, HQ increased to 0.57025, and the FS service decreased
to 1.29281x10¢ t. In the ecologically fragile zone, the WP service reached 2.37832x108 t, and the CS
service decreased to 1.52761x108 t. In Scenario III, when the weights of WP and SC services in the soil
and water conservation zone were 0.8 and 0.2, respectively, the FS service was 1.24493x10¢ t, and the
SC service decreased to 3.75551x107 t. In the habitat conservation zone, when the weights of HQ and
FS services were 0.8 and 0.2, respectively, the HQ was 0.57028, and the FS was 1.29239x10¢t. In the
ecologically fragile zone, when the weights of WP and CS services were 0.8 and 0.2, respectively, the
WP service was 2.37867x108 t, and the CS service was 1.52752x108 t.

Analysis of predicted land use changes under different scenarios reveals the following (Figure
8). From Scenario I to Scenario 11, in the soil and water conservation zone, as the weight of the FS
service objective increases and the weight of the SC service objective decreases, the area of cultivated
land increased by 11.0 hm?, the area of forest land changed minimally, increasing by only 4.9 hm?,
the area of grassland decreased by 162.1 hm?, the area of waterbody increased by 148.4 hm?, artificial
land decreased by 161.3 hm?, and unused land increased by 159.0 hm?2. The increase in cultivated land
and waterbody facilitated the improvement in grain and aquatic production, thereby contributing to
the increase in FS service. As the weight of the SC service increased, the expansion of grassland and
the full utilization of unused land helped to enhance SC service. For the habitat conservation zone,
from Scenario I to Scenario III, as the weight of the HQ objective increased and the weight of the FS
service objective decreased, the area of cultivated land decreased by 232.4 hm?, grassland increased
by 242.7 hm?, and other land use types changed minimally. Among these, forest land and waterbody
increased, while artificial land and unused land decreased. There is still a large area of unused land
that remains underutilized in the habitat conservation zone, mainly because cultivated land and
grassland have a significant impact on the trade-off between HQ and FS services, while the influence
of other land use types is relatively small. In the ecologically fragile zone, as the weight of the WP
service objective increased and the weight of the CS service objective decreased, the area of unused
land increased by 500.4 hm? while areas of other land use types generally decreased. The rational
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utilization of unused land is key to land use optimization in this zone. This is mainly because unused
land has poor ability to intercept and absorb precipitation and weak carbon sequestration capacity.
Further development of unused land utilization will help improve ecosystem services in this region.
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Figure 8. Optimized land use in different ecological function zoning of the Wuding River under various

scenarios.
4. Discussion

4.1. Ecological Function Zoning Based on Ecosystem Service Cluster Identification

The SOM was used to identify ecosystem service clusters in the Wuding River Basin, and by
comparing the service cluster structures laterally, the basin was divided into three ecological function
zones. Compared with traditional zoning methods that mainly rely on regional characteristics and
natural geographic factors, this method not only considers geographical and natural conditions but
also comprehensively reflects the ecosystem service supply capacity and spatial composition
characteristics within the basin [33,34]. As a result, the delineation of the ecological function zones is
more closely aligned with the actual functional layout of ecosystem services within the basin.

The ecological function zones under the service clusters have distinct characteristics . In the soil
and water conservation zone, SC and WP services are particularly prominent, mainly due to the
relatively abundant precipitation and good water resource conditions in the area. However, as this
region is predominantly agricultural, with cultivated land accounting for 67.1% of the area and
located in the Loess Plateau hilly and gully region, it has a steep slope, numerous gullies, and loose
loess structure. The summer rainfall is concentrated, leading to severe soil erosion [35]. Therefore,
strengthening soil and water conservation remains a key task in this area. Additionally, the main
river of the Wuding River flows through this region, providing abundant water resources. This
ecological function zone also includes the Wuding River Wetland Provincial Nature Reserve in
Shaanxi. The presence of wetlands makes CS and HQ services particularly prominent in this zone.
The habitat conservation zone is located in the central part of the basin, and the status of ecosystem
services within it is of great significance for the stability of the entire Wuding River Basin ecosystem.
As an important support for ecological functions in the basin, the ecosystem services in this zone
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directly affect the ecological quality of the Wuding River Basin and play a fundamental role in
biodiversity and ecological restoration [36]. In the ecologically fragile zone, although significant
progress has been made in the management of the Mu Us Desert in recent years, with a substantial
decrease in wind erosion, the core urban area of Yulin City is located within this functional zone. The
area is industrialized, densely developed, with frequent human activities and a high proportion of
unused land, while also facing water shortages. As a result, the ecological environment remains
fragile. Therefore, adjusting the land use distribution, maintaining the current sand control
achievements, and continuously expanding windbreak and sand fixation efforts, while
simultaneously enhancing other ecosystem services, will remain the key tasks for the future of the
ecologically fragile zone.

4.2. Predictive Scenarios and Optimization Recommendations for Multi-Objective Land Use Optimization

For the two most significant trade-off services in each ecological function zone, this study
constructs a multi-objective optimization function and sets land use constraints based on the five-
year planning goals and historical statistical data. Multi-objective genetic algorithms are then used to
explore land use optimization scenarios. In the optimization scenarios for the habitat conservation
zone and the ecologically fragile zone, there remains a large area of unused land that has not been
effectively utilized. The constraints on the most dominant land types, such as cultivated land and
grassland, are restrictive and cannot expand without limitation. This is partly due to the area
constraints on cultivated land and grassland, and partly because, in the habitat conservation zone,
the greatest trade-off is between HQ and FS. In this ecological function zone, the trade-off relationship
between cultivated land and grassland for HQ and FS services has a significant impact, and the
change in area is more pronounced compared to other land use types. As a result, unused land has
not been more extensively utilized [37,38].

Based on the research findings, the following land use optimization recommendations are
proposed for each ecological function zone. In the soil and water conservation zone, the configuration
of cultivated land, grassland, water bodies, and unused land should be coordinated. When the area
of cultivated land and water bodies increases, improvements in grain and aquatic production can
boost food supply. Meanwhile, the expansion of grassland and full utilization of unused land can
enhance SC services. In the habitat conservation zone, due to the unfavorable natural conditions such
as precipitation and soil quality for large-scale afforestation, it is necessary to focus on adjusting the
proportion of cultivated land and grassland. This will ensure food supply while maintaining high
habitat quality, and strengthen the systematic management and ecological utilization of existing
unused land. In the ecologically fragile zone, unused land management should be prioritized. This is
not only directly related to alleviating the trade-off between WP and CS services but also crucial for
consolidating windbreak and sand fixation achievements and enhancing the overall quality of
regional ecosystem services. Therefore, it is recommended to incorporate comprehensive unused
land management into the regional ecological management policy system, gradually promoting its
ecological restoration and rational utilization.

4.3. Limitations and Future Perspectives

This study has several limitations that warrant further exploration in future research. First, in
quantifying the various services, multiple models, including SWAT, SolVES, In'VEST, RWEQ model,
and statistical models, was employed. While these models provided strong support for service
quantification, there remains some uncertainty during the simulation process. Although the study
ensured global accuracy through comparisons with previous studies and some measured data, this
validation was limited to the overall model accuracy and did not delve into the details of the model.
Furthermore, in setting up the land use optimization scenarios, only three out of 80 predicted
scenarios were subjectively selected for simulation and prediction. This selection did not fully
showcase the optimal outcomes across all possible scenarios. Future research could attempt to use
more objective modeling methods to select predicted scenarios, or conduct a comprehensive analysis
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of all predicted scenarios to obtain more precise and comprehensive optimization results. This would
help provide a more comprehensive basis for land use optimization decisions.

5. Conclusions

Based on the organic integration of three key components: the identification of ecosystem service
clusters, the delineation of ecological function zones, and the differentiated land use optimization
within these zones, this study conducted ecological function zoning for the Wuding River Basin and
constructed a multi-objective optimization model targeting the core trade-off services of each zone,
proposing differentiated land use optimization solutions. The study found that the trade-off and
synergy relationships between ecosystem services differ significantly across different zones. In the
soil and water conservation zone, the strongest trade-off is observed between SC and FS. In the
habitat conservation zone, the most prominent conflict is between HQ and FS, while in the
ecologically fragile zone, the intense trade-off is primarily between CS and WP. After optimization,
the FS and SC in the soil and water conservation zone, as well as the WP and CS in the ecologically
fragile zone, were synergistically enhanced. The optimization process revealed that in the soil and
water conservation zone, there is a need to coordinate cultivated land and forest-grassland areas; in
the habitat conservation zone, moderate increases in grassland should be made to balance HQ and
FS; and in the ecologically fragile zone, the key is to regulate unused land reasonably to alleviate the
conflict between WP and CS services. The study confirms that the framework based on service cluster
identification, function zoning, and differentiated optimization can effectively coordinate ecosystem
service trade-offs at the watershed scale through land use structure adjustments, providing
actionable planning guidance for the sustainable development of ecologically fragile areas.
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FS Food Supply

Cs Carbon Sequestration

HQ Habitat Quality

WS Windbreak and Sand fixation
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