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Abstract: Water resource management is crucial for sustainable agricultural and ecological
development, particularly in regions with complex land use patterns and sensitive eco-systems. The
Bashang region of Zhangjiakou city, located in the agropastoral ecotone of northern China, is an
ecologically fragile area undergoing significant land use and climate changes. Despite the
importance of understanding the interplay between land use, climate change, and water
conservation, few studies have comprehensively evaluated their combined effects on regional water
resources. This study addresses this gap by investigating the spatiotemporal changes in water yield
(WY) and water conservation capacity (WCC) under different land use and climate scenarios for the
year 2035. The research employs the FLUS model to predict future land use and the InVEST model
to estimate WY and WCC under Natural Development Scenario (NDS), Agricultural Production
Scenario (APS), Ecological protection Scenario (EPS) and Land Planning Scenario (LPS). The results
reveal that WCC is primarily influenced by precipitation, land use, and topography. The study finds
that scenarios focusing on ecological protection and land use optimization, such as the EPS and LPS,
significantly enhance water conservation capacity. Notably, the LPS scenario, which limits urban
expansion and increases ecological land, provides the best balance between water yield and
conservation. The findings highlight the need for integrated approaches to land use and water
resource management, particularly in agro-pastoral transitional zones. The unique contribution of
this research lies in its comprehensive modeling approach, combining land use, climate data, and
water resource analysis, which provides valuable insights for sustainable land and water
management strategies.

Keywords: Water Conservation Capacity (WCC); land use change scenarios; Water Yield (WY);
sustainable agricultural development; irrigated land

1. Introduction

Water scarcity has emerged as a major global challenge, profoundly impacting ecosystems,
agricultural productivity, and development in society and the economy [1]. As population growth
and the demand for freshwater escalate, the consequences of water scarcity become increasingly
pervasive, manifesting in various forms, such as diminished agricultural yields and intensified
competition for limited resources [2,3]. Land use changes have a profound impact on the
spatiotemporal development of water source conservation, directly influencing processes such as
water storage, infiltration, evaporation, and replenishment, thereby altering the hydrological cycle
and water resource availability [4]. Changes in land use —especially the growth of agricultural zones,
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urban development, and the rising designation of land for industrial use—are driving a growing
disparity between water supply and demand, leading to intricate and shifting patterns in the
distribution and use of water resources [5-7].This problem is especially pronounced in agro-pastoral
ecotone, where land use exhibits obvious transitional and fluctuating characteristics and water
resource constraints are further compounded due to the frequent conversion of grasslands, forests,
and cultivated land [8]. In this context, a comprehensive investigation into the interrelationship
between land use change and water resources is imperative [9,10].

The WCC of an ecosystem refers to its capacity to maintain water volume under specific
temporal and spatial conditions. As a core mechanism for sustaining regional ecosystem functions
and maintaining hydrological balance, it plays a crucial role in flood retention, peak flow reduction,
water purification, and runoff regulation [11,12]. Ecosystems, including natural vegetation,
grasslands, and forests, can significantly enhance the storage capacity and utilization efficiency of
water resources through processes such as transpiration, soil moisture retention, and groundwater
recharge [13]. However, the irrational evolution of the land-use structure has led to a decline in WCC
and WY, resulting in increasingly prominent ecological and environmental problems [14-16].
Previous studies have shown that LULC significantly impact hydrological and ecological systems,
yet their effects vary across regions. For example, in China’s Sanjiangyuan region, land use practices
have led to grassland degradation, reducing the area’s capacity to intercept precipitation[17]. In arid
regions such as Iran’s Sirvan Basin, despite afforestation efforts, declining precipitation has
exacerbated water scarcity. In contrast, in the Yellow River Basin, a substantial reduction in
agricultural land, coupled with the large-scale implementation of the “Grain for Green” policy, has
notably enhanced WCC [18]. These regional disparities highlight the necessity of assessing the impact
of land use change on water conservation in specific policy and governance contexts [19]. However,
existing studies that simulate changes in WCC under future land-use scenarios predominantly focus
on natural development, ecological protection, and agricultural expansion. They often overlook
scenario designs that are tailored to regional land-use planning frameworks and strategic
development goals [20,21]. This gap limits the ability to comprehensively assess WCC in response to
policy-driven land-use transitions. Given the spatial heterogeneity of land-use patterns and the
divergent impacts of policy directives on land-use change, there remains a theoretical gap in
understanding how future land-use transformations under policy planning frameworks will
influence water resources in China’s northern agro-pastoral ecotone. Therefore, investigating the
complex interplay between spatial land-use planning and water resources is essential for formulating
effective water resource management policies and promoting regional sustainability.

With the advancement of research and the continuous refinement of remote sensing
technologies, numerous quantitative methods for assessing water conservation capacity have been
developed. Conventional methods encompass the integrated water storage approach, the water
balance technique, the canopy interception method, soil water retention strategies, precipitation
storage methods, annual runoff assessments, and subsurface runoff evaluations. Furthermore, a
range of modeling approaches have been applied, including the Soil and Water Assessment Tool
(SWAT), the Integrated Valuation of Ecosystem Services and Trade-offs (InVEST) model, and the
Cellular Automata (CA) model [22,23]. Among these models, the INnVEST framework is particularly
popular because of its versatile data integration and robust ability to capture spatial variations.
Moreover, with the maturation of land use change prediction techniques, numerous predictive
models have been developed. Among the most widely applied at present are the Markov model,
system dynamics model, cellular automata, SLEUTH model, CLUE-S model, and FLUS model.
However, certain limitations persist[24]. The system dynamics and Markov models struggle with
spatial information processing and lack the capacity to effectively describe land use spatial patterns.
Cellular automata and the SLEUTH model, while useful, fail to account for the influence of
socioeconomic factors. The CLUE-S model can simulate multiple LULC change simultaneously but
overlooks the possibility of transitions among non-dominant land categories [25]. In contrast, the
FLUS model, integrating artificial neural networks (ANN), system dynamics (SD), and cellular
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automata (CA), introduces adaptive inertia coefficients and a roulette-wheel competition mechanism
to address the limitations of traditional linear regression methods in land use classification. This
makes it particularly well-suited for complex land use systems [26].

As a representative region of the agro-pastoral ecotone in northern China, the Bashang region
of Zhangjiakou city is characterized by an arid and semi-arid climate. Agriculture and animal
husbandry serve as the dominant industries, with water consumption in these sectors accounting for
over 70% of total water use [27]. In recent years, the region has faced mounting pressure from
population growth, economic expansion, and agricultural intensification, exacerbating the imbalance
between water supply and demand. Notably, the continuous expansion of cultivated land —an
increase of 1,434.99 km? between 1990 and 2020 —has led to a surge in irrigation water demand [23,28].
This trend not only constrains the region’s sustainable development but also profoundly alters local
hydrological processes and ecosystem service functions [29]. Moreover, climate change and
intensified human activities have contributed to a systematic decrease in WCC [30,31]. Therefore,
investigating the spatiotemporal evolution of water conservation functions under multiple land use
scenarios is essential for formulating scientifically sound water resource management policies and
fostering sustainable development.

This research primarily focused on (1) simulate LULC across four different scenarios: the Natural
Development Scenario (NDS), Agricultural Production Scenario (APS), Ecological protection
Scenario (EPS) and Land Planning Scenario (LPS) based on FLUS model, (2) assess the WCC of the
Bashang region in Zhangjiakou city using InNVEST model, and (3) examine the potential effects of land
use changes on the regional WCC function under various scenarios. By elucidating future trends in
water resource dynamics within the agro-pastoral transitional zone, this research offers a solid
scientific basis for policymakers to develop effective strategies for water resource management and
conservation.

2. Materials and Methods

2.1. Study Area

The Bashang region of Zhangjiakou city is situated at the intersection of the North China Plain
and the Inner Mongolia Plateau in the northwestern part of Hebei Province, China, between 113°48'E-
116°03'E and 40°43'N-42°10'N (Figure 1). The region comprises four counties—Kangbao, Shangyi,
Guyuan, Zhangbei, Saibei Management District and Chabei Management District—and serves as a
critical transportation hub connecting northeastern, northern, and northwestern China,
encompassing a total area of 13,761.32 km?2. It acts as a vital ecological barrier in China and represents
a strategic area for management of water resources and the environment protection in proximity to
the Chinese capital, Beijing. The region experiences a temperate continental monsoon climate,
characterized by an average annual rainfall of 447.07 mm, an average annual temperature of 3.05°C,
and an elevation range of 848 to 2,167 meters. The land-use pattern in Bashang region is dominated
by cropland, forest land, and grassland. However, the recent expansion of cropland has intensified
conflicts between land resource supply and demand, reduced the total area of forest and grassland
resources, and exacerbated overexploitation of groundwater. These changes in land use significantly
affect ecosystem structure, hydrological processes, and their associated functions.
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Figure 1. Geographical location of the Bashang region in Zhangjiakou city.

2.2. Data Sources

This study utilized diverse data sources, including land use and land cover (LULC), natural
environmental variables, socioeconomic indicators, and accessibility factors (Table 1). LULC data
were reclassified into seven categories: rain-fed land, irrigated land, forest, grassland, water, built-up
land, and unused land, using ARCGIS 10.5 software (Figure 2). Elevation data with a spatial
resolution of 30 meters were sourced from the Geospatial Data Cloud (https://www.gscloud.cn/), and
slope and aspect variables were subsequently derived from these elevation data. Climate data,
including average monthly precipitation, temperature, and potential evapotranspiration from 1990
to 2020 were sourced from the Tibetan Plateau Data Center (TPDC, http://data.tpdc.ac.cn/). Soil type
data from Resources and Environment Science Data Platform (https://www.resdc.cn/). The soil type

classifications for the Bashang region of Zhangjiakou are as follows: anthrosols, alfisols, primarosols,
semi-hydromophic soli, salinealkali soli, semi-luvisols and pedocal (Figure 3). Soil parameter data
were derived from version 1.2 of the Harmonized World Soil Database (HWSD) published by the
Food and Agriculture Organization of the United Nations (FAO, https://www.fao.org/) at 1000 m
resolution. The HWSD dataset includes soil composition parameters such as percentages of sand,
clay, silt and organic carbon. Based on these data, soil saturated hydraulic conductivity and plant-
available water capacity were calculated (PAWC). In addition, socio-economic data including 2020
population density and 2020 gross domestic product (GDP) were obtained from the Resources and
Environment Science Data Platform (https://www.resdc.cn/). Accessibility factors were obtained
from Geospatial data cloud (https://www.gscloud.cn), and the road network data were converted to
raster maps using the Euclidean distance analysis function of ArcGIS. All datasets were resampled
to 30 m resolution using ArcGIS 10.5 software for input into the FLUS and InVEST models.
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Figure 3. Distribution of soil types in Zhangjiakou Bashang region.
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Table 1. Sources of data acquisition.

Data Type Data Name Data Source

Resources and environment
LULC data LULC from 1990 to 2020 science data platform
https://www.resdc.cn/
Geospatial data cloud

Elevation (https://www.gscloud.cn)
Slope Extraction from elevation
Aspect

Average monthly temperature
Average monthly precipitation
Potential evapotranspiration

National Tibetan Plateau Data
Center

Natural environment
Food and Agriculture

Percentages of sand, clay, silt Organization of the United
and organic carbon Nations (FAO,
https://www.fao.org/)
Resources and environment
Soil Type science data platform
(https://www.resdc.cn/)

Distance from main
Geospatial data cloud

Accessibility factors road, distance from (https://www. gscloud.cn)

main railway

Population density, Resources and environment
Socioeconomic gross domestic product science data platform
(GDP) (https://www.resdc.cn/)

2.3. Land Use Change Analysis and Multiscenarios Prediction

2.3.1. Geoinformation Tupu Model Analysis

The geoinformation tupu model is a framework designed for modeling and analyzing complex
spatial information while representing multilevel geospatial information through cartographic
methods. This model facilitates the integration of temporal evolution and spatial distribution of land-
use maps into specialized maps[32]. Based on the evolutionary characteristics of LULC from 1990 to
2005 and 2020, the geoinformation tupu is categorized into five types: early-change type, later-change
type, repeated-change type, continuous-change type, and stable type[33]. The mathematical formula
for the geoinformation tupu is as follows:

T, = G, X 10" + G, x 1072 - G, x 10"™ 1)

where T; represents the value of pixel i in the map, G, represents the land use type in a period of n.

2.3.2. Multi-Scenarios Setting

Taking into account the current LULC status and future LULC development objectives of
Bashang region, four development scenarios were identified: Natural Development Scenario (NDS),
Agricultural Production Scenario (APS), Ecological protection Scenario (EPS) and Land Planning
Scenario (LPS) [34]. The formulation of land transfer rules under each scenario is informed by the
research results. The specific design rules for each scenario are as follows:

1. NDS (Natural Development Scenario): This scenario excludes the influence of anthropogenic
and socio-environmental factors. It forecasts land-use changes for 2035, relying exclusively on
the natural trends in land-use transformation observed between 1990 and 2020.

2. APS (Agricultural Production Scenario): In this scenario, the study region simulates the
maximum extent of arable land expansion under an agricultural development objective.
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Specifically, the conversion of unutilized land, forest and grassland into arable land is
promoted while ensuring that existing arable land (both irrigated and rain-fed land) remains
unchanged. Therefore, in the configuration of neighborhood weights, the transition probability
for irrigated land and rain-fed land were increased by 30%. Prohibitions were imposed on the
conversion of cultivated to other types.

3. EPS (Ecological protection Scenario): This scenario incorporates ecological conservation
objectives for the study area. The study proposes simulating the maximized expansion of
ecological lands, particularly forest and grassland. The framework emphasizes the dual
imperatives of protecting and enhancing ecological land resources. Under this configuration:
(1) Strict prohibitions were instituted against conversions of forest and grassland to other types
and transformations of unutilized land to cultivated areas; (2) Transition from rain-fed land to
irrigated land was restricted; (3) Neighborhood weights underwent strategic adjustments—
irrigated land weights decreased by 50%, rain-fed land weights reduced by 20%, while
grassland and woodland weights increased by 40%.

4. LPS (Land Planning Scenario): According to the Zhangjiakou Capital Water Conservation
Functional Area and Ecological Environment Support Area Construction Plan (2019-2035), the
objectives for 2035 are set as follows: The Bashang region of Zhangjiakou will progressively
transition irrigated land to alternative land uses while restoring abandoned land through grass
planting. Additionally, as stipulated in the Land Use Master Plan for Four Counties in the Bashang
Region of Zhangjiakou (2021-2035), the permanent basic farmland area in Zhangjiakou Bashang
is designated as 4,551.26 km?. Based on these planning targets, the LPS is defined as follows:
(1) Full conversion of irrigated to rain-fed land and strictly prohibit the transformation of other
land categories into irrigated land; (2) Reduce the transition probability of irrigated land by
50%, while increasing the transition probability of forestland and grassland by 20% and 40%,
respectively; (3) Ensure cultivated land area remains within the protection red line for basic
farmland; (4) Strictly prohibit the conversion of forestland and grassland to other categories.

2.3.3. The FLUS Model

The FLUS model, proposed in 2017 by internationally renowned geo-simulation experts
Xiaoping Liu and Xia L4, is designed to simulate LULC driven by natural factors and human activities,
as well as to predict future LULC scenarios [26]. By improving the traditional cellular automata (CA)
approach, the model integrates the combined effects of natural and anthropogenic influences,
enabling the simulation and forecasting of diverse land-use changes. To ensure the predictive
effectiveness of the FLUS model, its accuracy must be verified against empirical data prior to making
future predictions [35]. For this study, the 2005 LULC map was utilized as the baseline spatial model,
while the 2020 LULC data was used to represent the demand for simulating the spatial distribution
of LULC in 2020. Simulation accuracy was evaluated by comparing the simulated results with actual
data, and optimal parameter settings were determined based on this assessment. Before simulating
the spatial distribution of LULC for 2035, the Markov model was applied to forecast future trends.
Using the 2020 LULC map as the baseline spatial pattern, the projected LULC area as the demand,
and incorporating factors such as land development probabilities and additional constraints, the
spatial distribution of LULC in 2035 was generated through spatial simulation.

2.4. Water Conservation Assessment

The assessment of WCC functions comprises two key components. First, the InVEST model is
applied to quantify spatial and temporal variations in WY across the study area. Based on these
results, the model further estimates WCC, analyzing both its spatial distribution and quantitative
changes for 2020 and under four LULC scenarios for 2035.

d0i:10.20944/preprints202503.2271.v1
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2.4.1. The InVEST Water Yield Model

The InVEST annual water yield model is a water balance-based tool designed to evaluate water
resource performance within a specific region [36]. This model aids decision-makers in
understanding the impacts of LULC on water availability and plays a critical role in valuing
ecosystem services. By simplifying complex hydrological processes, the model estimates the total
annual water yield (WY) for each pixel (x) within the watershed. This estimation is calculated by
subtracting the actual annual evapotranspiration (AET) from the total annual rainfall (P) within the
catchment (Zhang et al., 2004). The final output includes both the total and average water yield.

The WY model utilizes the Budyko curve and average annual precipitation to estimate the
annual WY for each pixel within the study area. The calculation is governed by the following formula:

(. AET(x)

Here, AET(x) represents the annual actual evapotranspiration of grid unit x, while P(x)
denotes the annual precipitation of the same unit. For vegetative LULC types, the evapotranspiration
component of the water balance, expressed as AET(x)/P(x) closely follows the Budyko curve
proposed by Zhang et al [37], This curve describes the relationship between potential
evapotranspiration and actual evapotranspiration (Equation 3).

AET(x) __  PET(x) PET(x)\"” w 3
P T TPw ‘[1 (P(x) )] v

In the formula, PET(x) represents the potential evapotranspiration, w(x) is a parameter that
characterizes the inherent climate-soil properties of the area. The parameter w(x) is empirically
determined in the model using the expression proposed by Donohue et al [38], as described by the
following equation:

AWC (x)

W(X)=Z XW

+1.25 @)

In this formula, Z is a constant, often referred to as the “seasonal factor,” which encapsulates
rainfall patterns and other hydrogeological characteristics of the region. Its values typically range
from 1 to 30. Based on the findings of Donohue et al [38], Z can be approximated as 0.2XN, where N
represents the total number of precipitation events per year. Additionally, AWC(x) denotes the
available water content within the plant, expressed in millimeters. This value is estimated as the
product of the plant-available water capacity (PAWC), the depth of rooting restriction, and the
minimum rooting depth of the vegetation.

AWC(x) = Min(Rest.layer.depth, root.depth) x PAWC (5)

Root depth refers to the soil depth where root growth is restricted by physical or chemical
barriers. Conversely, the rooting depth of vegetation is typically defined as the depth that contains
95% of the root biomass for a given vegetation type.

Additionally, the model requires a table of biophysical coefficients corresponding to each LULC
type, as detailed in Table 2. This table includes information on vegetation characteristics (LULC_veg),
plant evapotranspiration coefficients (Kc), and rooting depth specific to each LULC category used in
the model.

Table 2. Physiological coefficients for different land use types.

LULC LULC_veg Root_depth Kc
Irrigated land 1 300 0.954
Rain-fed land 1 300 0.865

Forest 1 3500 1.009

Grassland 1 500 0.8

d0i:10.20944/preprints202503.2271.v1
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Water area 0 0 1.05
Built-up land 0 1 0.2
Unused land 0 0 0.6

2.4.2. Calculation Method of Water Conservation

After calculating the water yield using the InVEST model, the results must be adjusted to
account for topographic index, flow velocity, and other influencing factors. The correction formulas
are presented below:

Retention — _(1 249 )x _(10.9><T1)>< .(1Ksat)xy .
etention = min Velocity min{1,— min { 1,05 (5)

Retention represents the WCC (mm), TI denotes the topographic index, Velocity is the velocity
coefficient, Ksat is the saturated soil hydraulic conductivity (cm/day), and Y is the WY calculated
by the model (mm).

2.4.3. Validation of INVEST Model Accuracy

Based on the WY coefficient data from the Zhangjiakou Bashang region reported in the 2020
Hebei Provincial Water Resources Bulletin, this study conducted iterative validation of the InVEST
model’s water yield estimation results. Through continuous adjustment of the Zhang coefficient in
the InVEST model for repeated simulations of the 2020 WY in the study area, the results demonstrated
that when Z = 1.5, the simulated water yield coefficient aligned precisely with the values documented
in the Hebei Provincial Water Resources Bulletin, and the value of WY coefficients is 0.09. This
congruence confirms the model’s validation through a rational verification process. Consequently,
the InVEST model parameterized with this Z-value demonstrates reliable applicability for simulating
WY in regions sharing similar geographical characteristics and hydrogeological conditions.

3. Results

3.1. Geoinformation Tupu of LULC

Conflicting interests among stakeholders regarding the manner and extent of land use often
result in land use conflicts. The evolution of LULC can be viewed as the spatial manifestation of these
conflicts over time. Analysis of LULC evolution from 1990 to 2020 reveals that land use change is
predominantly characterized by stable types, followed by early-change types, while repeated-change
types account for the smallest proportion of the area (Figure 4). This indicates that most land use has
remained static, though a substantial portion underwent significant transformation during an early
phase. Furthermore, it highlights the difficulty of reverting land to its original use once it has
changed. In the early-change category, transitions primarily included ‘grassland-rain-fed land-rain-
fed land’ (30.18%), ‘rain-fed land-grassland-grassland’ (12.78%), ‘woodland-rain-fed land-rain-fed
land” (11.99%), and “woodland-grassland” (11.60%). For later-change types, notable transitions were
‘woodland-forestland-rain-fed land’ (22.84%), ‘woodland-forestland-grassland’ (18.53%), ‘grassland-
grassland-rain-fed land’ (13.08%), and ‘rain-fed land-rain-fed land-forestland’ (9.85%). The Bashang
region of Zhangjiakou city, as a region heavily focused on agriculture and animal husbandry, has
experienced extensive conversion between cropland (both irrigated and rain-fed land) and forest or
grassland since 1990. By 2020, 2,933.99 km? of forest and grassland had been reclaimed for cropland,
while 1,478.79 km? of previously cropland land was converted back to forest and grassland. This
dynamic has resulted in spatial competition among arable land, forest, and grassland, with the latter
two categories ultimately losing ground (Table 3). This phenomenon underscores the growing
dichotomy between the imperative for environmental conservation and the continuous expansion of
agricultural and animal husbandry activities
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This section may be divided by subheadings. It should provide a concise and precise description
of the experimental results, their interpretation, as well as the experimental conclusions that can be
drawn.

[0 The stable type

I The repeated change type

B The later change type

pn 5 " p— The earlylr change type
N N [T The continuous change type

Figure 4. Distribution of transfers by land use type, 1990-2020.

Table 3. Land-use transfers as a percentage, 1990 — 2020.

Geoinformation Tupu

Area/Km? Proportion Characteristics
Type
The LULC remained
The stable type 6023.9727 43.78% unchanged
from 1990-2020
The continuous-change The LULC changed in
type 1334.3436 9.70% 1990-2005/2005-2020
without repeated types
The LULC changed in the
The repeated-change 943.029 6.85% early stages as oiposed to
type the later stages
The later-change type 1628.1585 11.83% Theple‘gjdco("fhza;ggog‘othe
The LULC changed from
The early-change type 3828.9078 27.83% 1990 to 2005 but did not
change from 2005 to 2020

3.2. Multi-Scenario LULC Simulation

The FLUS model was utilized to simulate LULC scenarios by predicting the spatial distribution
for 2020 based on historical trends and subsequently validating these predictions against observed
changes. With a kappa coefficient of 0.81, the FLUS model demonstrates a high level of reliability in
simulating land use patterns in the Bashang region. Using the validated 2020 LULC raster data as
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inputs, coupled with the Markov module, the FLUS model projected the spatial distribution of land
use types under the NPS, APS, EPS, and LPS scenarios for 2035 (Figure 5). The projections indicate
that the most substantial changes are anticipated in cultivated land, grassland, and forest areas.

In the NDS, cultivated land —particularly irrigated land —exhibits a trend of expansion, with
irrigated land increasing by 203.31 km? by 2035. In contrast, other land use types experience
contraction, with forest and grassland areas shrinking by 174.43 km? and 94.99 km?, respectively.
Spatial distribution analysis reveals that cultivated land expanded primarily outward from its 2020
distribution, notably in the northern and central regions of Guyuan County, the central and eastern
parts of Zhangbei County, and the central-southern areas of Kangbao County. This expansion
predominantly encroached upon grassland and forest land, driven primarily by socio-economic
development and the growing demand for construction land.

In the APS, the goal is to secure food production and sustain farmers’ livelihoods while
maximizing the potential for cultivated land expansion. Compared to 2020, this scenario leads to a
reduction of 1,703.92 km? in ecological land use types such as forest, grassland, and water bodies,
along with a 9.01 km? decrease in unused land. In contrast, the area of irrigated and rain-fed land
increases by 1,688.43 km?. Spatially, significant expansion of cultivated land, predominantly dry land,
occurs in the central and northern parts of Guyuan and Zhangbei County. Furthermore, there is a
notable shift from forest and grassland to irrigated land in the northwestern part of Shangyi County
and the central-southern areas of Kangbao County.

In the EPS, the focus is on the preservation of ecological land, with a primary emphasis on
promoting the expansion of forests, grasslands, and water bodies. Under this scenario, the expansion
of cultivated land is effectively curbed. Compared to 2020, all 867.08 km? of irrigated land are
reduced, and dry land decreases by 603.77 km?, which constitutes 30% of its original area. In contrast,
the total area of forest, grassland, and water bodies expands by 1,477.51 km?2. From a spatial
perspective, compared to the NDS, ecological land in the Bashang region of Zhangjiakou city has
largely been restored. Grassland recovery is particularly prominent in the southwestern part of
Guyuan, the northeastern part of Zhangbei, and the southern part of Shangyi County. Forest
restoration is most noticeable in Kangbao County and the northwestern part of Shangyi County.

Under the LPS, cultivated land within the study area undergoes consolidation, with scattered
irrigated land gradually transitioning to rain-fed land. Water bodies in the western part of Zhangbei
County and the northwestern part of Shangyi County expand outward from their centers. Grasslands
are primarily concentrated in the southwestern region of Shangyi, the western part of Zhangbei, and
Guyuan County, showing gradual expansion towards the northwest. In Kangbao County, there has
been a notable transformation of forest land into grassland, largely due to the sparsely distributed
trees and grasses within the forest. The sparse forests in the Bashang region of Zhangjiakou city are
unable to thrive in the region’s arid and semi-arid conditions, leading to their gradual transformation
into grassland. Overall, this scenario strikes a balance between ecological protection and agricultural
development, effectively curbing ecological degradation, optimizing agricultural structures, and
playing a crucial role in the ecological construction and sustainable socio-economic development of
the Bashang region of Zhangjiakou city.
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Figure 5. 2035 land use change for the four scenarios of Bashang region.

As illustrated in Figure 6, significant variations in LULC evolution emerge across the four
development scenarios for 2035. NDS follows historical land use trends with-out policy constraints.
Consequently, irrigated and rain-fed land expand significantly, increasing by 23.45% and 1.29%,
respectively, compared to 2020. However, this growth comes at the expense of forest and grassland,
which decline by 4.32% and 2.14%, respectively. The continuous expansion of agricultural and
residential areas encroaches on ecological zones, including forests, grasslands, and water bodies,
thereby threatening long-term ecological security. This pattern highlights risks associated with
ecosystem service degradation, which could undermine regional socio-economic and environmental
sustainability. Designed to prioritize agricultural expansion, APS enforces strict farmland protection
policies, leading to a substantial 34.00% increase in cropland compared to 2020. However, these
measures accelerate the conversion of forests and grasslands into agricultural land, exacerbating the
competition between agricultural production and ecological conservation. EPS emphasizes forest and
grassland restoration, with both land types increasing by 13.01% and 4.87%, respectively, compared
to 2020. However, the significant decline in arable land underscores a key limitation of the ecology-
first approach—insufficient synergy between ecological conservation and food security, which may
challenge sustainable land management. LPS aligns with future development policies by balancing
policy objectives with environmental constraints. It promotes the conversion of irrigated land to rain-
fed land, which subsequently transitions into forest and grassland. Total cropland remains stable at
4,551.27 km?, adhering to the red-line policy for permanent farmland protection. Notably, grassland
expands significantly, increasing by 27.00% compared to 2020. By maintaining a balanced
distribution of forest, grassland, and cropland, LPS supports both agricultural productivity and
ecological sustainability, making it a more pragmatic and resilient land-use strategy for the agro-
pastoral transition zone.
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Figure 6. Percentage of different scenarios of LULC in 2020 and 2035.

3.3. Evaluation of Water Conservation Based on InVEST and Main Driver Analysis

The InVEST model was used to calculate water production for the year 2020, revealing a gradual
increase in annual WY from the northwest to the southeast across the study area (Figure 7). A
comparison of the average WY and total water production in the sub-basins indicated that the highest
WY was observed in Guyuan and the northern part of Zhangbei County. This can be primarily
attributed to the region’s high precipitation levels, extensive grassland areas, and the limited
interception capacity of grassland, which together enhance surface runoff and, in turn, increase water
production. In contrast, water-producing areas in the northwestern parts of Kangbao and Shangyi
counties, which are characterized by higher forest vegetation cover and lower proportions of arable
land, show different hydrological dynamics. The forest canopy, along with the deciduous layer and
soil layer, plays a significant role in intercepting precipitation, reducing surface runoff, and
influencing the overall water production levels.
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Figure 7. Status of water yield and LULC in the sub-basin in 2020.

The WCC of the Bashang region was calculated using Equation 6, with the mean value for the
entire raster cell ranging from 0 to 82.71 mm. As shown in Figure 8, the overall low WCC in the
Bashang region is evident. The spatial variation in this capacity follows the general pattern of water
yield distribution, with higher values observed in the southeastern part of the region. Areas
exhibiting high WCC are characterized by factors such as high precipitation, low evapotranspiration,
shallow soil depths, high altitudes, and high values of saturated hydraulic conductivity. To assess
the correlation between water conservation capacity and these driving factors, the Spearman
correlation coefficient was calculated (Figure 9). The statistical analysis revealed a significant positive
correlation between water conservation capacity and precipitation (0.51), elevation (0.55), and
evapotranspiration (0.46). In contrast, negative correlations were observed between water

conservation capacity and soil depth (-0.30), evapotranspiration (-0.46), soil permeability (-0.20), and
the topographic index (-0.16).
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Figure 9. Correlation analysis of drivers of water conservation capacity.

3.4. Multi-Scenario Water Conservation Simulation

This study analyzes WY under different LULC scenarios in 2035 (Figure 10). Using the InVEST
model within the 2020 environmental context, we simulated water yield for 2035 under four
scenarios: NDS, APS, EPS, and LPS, Spatially, the water yield under different scenarios in 2035
exhibited a pattern of lower values in the northwest and higher values in the southeast, consistent
with the spatial distribution trend observed in 2020 (Figure 7). The descending order of water yield
was LPS > NDS > APS > EPS (Table 4), with all scenarios exceeding 2020 levels. The mean grid cell
water yields were 35.066, 33.362, 32.885, and 32.741 mm/pixel respectively, indicating that spatial
land use planning significantly impacts water yield. Under LPS, the complete retirement of irrigated
cropland reduced water consumption demand, thereby in-creasing water yield. NDS followed
natural development trends of LULC, where di-minished surface interception capacity from reduced
forest and grassland coverage, combined with cropland expansion increasing water demand,
paradoxically resulted in higher WY compared to 2020. APS showed the most significant cropland
expansion, with irrigated and dryland areas increasing by 583.41 km? and 849.52 km? respectively
compared to NDS, leading to elevated water demand and consequently lower water yield than both
NDS and LPS. Under EPS, enhanced surface infiltration and interception capacities from restored
forest and grassland ecosystems resulted in reduced WY.

(b) APS

(d) LPS

j! ﬁt‘r‘&
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Figure 10. Spatial variation of WY across the four scenarios in 2035.

Based on the projected WY for 2035 under different LULC scenarios, we calculated the WCC for
NDS, APS, EPS, and LPS by integrating the topographic index, flow velocity coefficient, and
saturated soil hydraulic conductivity (Figure 11). The ranking of WCC across these scenarios was as
follows: EPS > LPS > NDS > APS. The mean grid cell water conservation capacities were 3.990, 3.875,
3.801, and 3.418 mm/pixel, corresponding to total water conservation volumes of 28.464 x 106, 27.701
x 106, 26.556 x 10¢, and 24.031 x 10 m3, respectively. Notably, EPS and LPS exhibited higher WCC
than in 2020, whereas NDS and APS showed declines. Despite having the lowest WY, EPS achieved
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the highest WCC due to the superior rainfall interception capabilities of forests and grasslands
compared to other land types. The substantial expansion of forest and grassland in EPS (significantly
exceeding that in other scenarios) enhanced its water conservation potential. Conversely, APS
exhibited the lowest WCC due to cropland expansion, which not only in-creased water consumption
but also encroached upon forests and grasslands, thereby reducing surface interception capacity.
While LPS demonstrated higher WCC than NDS and APS, it remained lower than EPS. This pattern
resulted from frequent land conversions under LPS, particularly large-scale forest-to-grassland
transitions. Given that grasslands have weaker interception capacity than forests, LPS yielded the
highest WY but failed to surpass EPS in WCC.

Overall, NDS, following natural development trends, would gradually degrade WCC, posing
risks to regional ecological security. APS, prioritizing agricultural production, severely compromises
water conservation functions and disrupts ecological balance. While EPS maximizes water
conservation capacity, it overlooks future food security needs under national spatial planning and
socioeconomic development, potentially jeopardizing long-term stability. LPS, constrained by policy-
driven spatial planning, maintains a relative equilibrium between cropland and ecological land
(forest/grassland), enhancing both water yield and conservation capacity. This balance makes LPS a
viable reference for future spatial planning and water resource protection. However, its suboptimal
water conservation capacity compared to EPS underscores the critical impact of forest-grassland
conversion dynamics. Therefore, future land use planning should strategically regulate transitions
between forests and grasslands to optimize ecosystem services.

(c) EPS

(d) LPS

' 40 20 o 40
Water Conservation [l 0 - 3,92 3.93-10.77 [ 10.78-23.18 00 23.19-4571 [ 45.72- 8320 I T

Figure 9. Spatial distribution of WCC for the different scenarios in 2035.

Table 4. Total water yield, average water yield and water conservation capacity for different scenarios in 2035.

Scenario Water Yield Water Conservation Capacity
Mean(mm/pixel) Total(106 m» Mean(mm/pixel) Total(10¢ m?3)

2020 32.720 446.063 3.820 27.027

2035 NDS 33.362 454.808 3.801 26.556

2035 APS 32.885 448.317 3.418 24.031
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2035 EPS 32.714 446.328 3.875 28.464
2035 LPS 35.066 478.092 3.990 27.701

4. Discussion

4.1. Effects of LULC on Water Conservation Function

This study employed the FLUS model to forecast future LULC trends in the Bashang of
Zhangjiakou city for 2035, taking into account four different scenarios. The analysis revealed
significant variations in the projected distribution of cultivated land, forest areas, and grasslands
across these scenarios [39]. Subsequently, the INVEST model was employed to calculate WY and
estimate WCC. The findings suggest that land use changes exert complex and multifaceted effects on
water retention, particularly in ecologically sensitive agro-pastoral transition zones. A comparison of
water retention capacities across different land types showed the following order: forest > grassland
> dryland > irrigated land > built-up areas > unused land > water bodies (Figure 12). Changes in
LULG, such as cropland expansion, urbanization, deforestation, and grassland restoration, directly
influence the runoff, retention, and recharge capacities of water resources [40-42]. Alterations in
vegetation types affect water interception and soil moisture retention, with reductions in forests and
grasslands leading to decreased retention capacity and increased runoff [43,44]. Urbanization further
impacts soil permeability, with an increase in impervious surfaces reducing groundwater recharge
[45]. The spatial and temporal distribution of water resources is significantly influenced by LULC.
For instance, the expansion of agricultural activities has been shown to increase seasonal water
demands, exacerbating flood risks and reducing watershed water storage [46].
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Figure 10. The average WCC across different land-use types for the different scenarios in 2035.

4.2. Climate Impacts on WCC

A comparative analysis of spatial distributions between water conservation capacity and
precipitation patterns across 2020 and the four 2035 scenarios (Figures 7 and 10) reveals strong spatial
consistency, indicating a close correlation between climate evolution and water conservation
capacity. Previous studies have demonstrated that precipitation serves as the primary driver of WCC
functions, directly governing the supply and regulation of water resources. Moderate and evenly
distributed rainfall facilitates soil absorption and groundwater recharge, thereby enhancing water
conservation capacity. In contrast, heavy rainfall can increase runoff, reduce infiltration, and
potentially lead to flooding and soil erosion, thereby weakening water conservation functions [47].
The temporal and spatial distribution of rainfall significantly impacts water resource availability
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across different seasons and regions, with vegetation playing a key role in moisture retention through
the absorption and regulation of rainfall [39,48]. Although ecosystem models simplify complex
processes, their uncertainties can affect the accuracy of simulation results. Future research will
prioritize optimizing ecohydrological process representations in the model through experimental
and field-based observations, aiming to enhance simulation accuracy and reduce uncertainties.
Concurrently, this work will integrate future scenario datasets to simulate water resource dynamics
under varying climatic scenarios, thereby improving predictive capabilities for sustainable water
management under global change pressures.

4.3. Limitations and Future Works

The FLUS model was used in this study to forecast future LULC patterns and evaluate changes
in water conservation across different scenarios. Although valuable conclusions were reached, the
study has several uncertainties and limitations. In simulating future land use scenarios, the study
primarily focused on current trends in land use and climate change factors, without fully accounting
for potential changes in future socio-economic conditions and their impacts on land use. Factors such
as population growth, economic development, and policy adjustments could significantly influence
land use patterns, yet they were not included in this analysis. Furthermore, the study concentrated
on the spatiotemporal evolution of WCC under different scenarios, without examining the potential
effects of water conservation changes on future ecosystem services and environmental quality [49].
The ability to conserve water is essential for the sustainable management of regional water resources
and plays a crucial role in preserving ecosystem stability and biodiversity [50]. Therefore, integrating
regional water resource management with the flow of ecosystem services and quantitatively
evaluating the effectiveness of various mitigation strategies would enhance the comprehensiveness
and applicability of the research [51,52]. Future research should include a broader array of socio-
economic and climate change scenarios to assess their impacts on land use, as well as their joint effects
on water conservation and ecosystem services. The integration of spatial simulation with ecosystem
service function evaluation would facilitate the quantification and comparison of different mitigation
strategies, providing policymakers with a more scientifically grounded basis for promoting
sustainable agricultural growth and long-term ecological conservation.

5. Conclusions

This study examines LULC evolution in the Zhangjiakou Bashang region from 1990 to 2020,
revealing frequent transitions. Between 1990 and 2005, land use changes accounted for 27.83% of the
total area, whereas from 2005 to 2020, this figure declined to 11.83%. Using the InVEST model, the
study estimates the WY and WCC for 2020 at 446.063 x 10° m?® and 27.027 x 10¢ m3, respectively.
Furthermore, by integrating the FLUS and InVEST models, the study simulates spatial land use
dynamics and water conservation variations under four future development scenarios for 2035.The
results indicate significant differences in LULC changes across scenarios. In the NDS, irrigated and
rain-fed farmland expand substantially by 23.45% and 1.29%, respectively, compared to 2020, while
forest and grassland decline by 4.32% and 2.14%. The APS exhibits a pronounced expansion of
cropland, increasing by 1,688.43 km? (34%) relative to 2020. In contrast, the EPS prioritizes forest and
grassland restoration, leading to increases of 13.01% and 4.87%, respectively. The Land Planning
Scenario (LPS) maintains cropland at 4,551.27 km?, adhering to the red-line policy for permanent
basic farmland, while grassland expands significantly by 27.00%. Projected changes in water yield
and conservation capacity vary across the four scenarios. In terms of WY, the ranking follows LPS >
NDS > APS > EPS, whereas for WCC, the order is EPS > LPS > NDS > APS. Although EPS exhibits the
lowest water yield, it achieves the highest water conservation capacity due to the large-scale
conversion of irrigated and rain-fed farmland into forest and grassland, which reduces water
consumption while enhancing surface water retention and infiltration. Consequently, EPS surpasses
LPS in water conservation. However, EPS does not fully align with regional development policies,
particularly regarding the balance between cultivated and ecological land, potentially posing
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challenges for future urban expansion and food security. In comparison, the LPS scenario offers a
more balanced land use strategy, aligning with policy objectives for 2035. It achieves the highest
water yield while maintaining a relatively high WCC, second only to EPS. Thus, LPS serves as a viable
reference for future land use planning in agro-pastoral transition zones. However, further land use
adjustments are needed to align with local development policies and ensure a sustainable balance
between ecological conservation and water resource management.
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