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Abstract

In the water-stressed Yellow River Basin (YRB), land-use intensification (LUI) severely threatens
water-related ecosystem services (WRES) critical for regional aquatic integrity. This study evaluates
the spatiotemporal patterns and drivers of Habitat Quality (HQ, reflecting watershed regulation)
and Biodiversity Conservation Function (BCF, indicating freshwater ecosystem health) from 2008
to 2023. Using the Integrated Valuation of Ecosystem Services and Trade-offs (InVEST) model, net
primary productivity (NPP)-based assessment, Standard Deviational Ellipse (SDE), and in combination
with eXtreme Gradient Boosting (XGBoost) and Shapley Additive Explanation (SHAP) analysis, we
found that (1) while HQ remained stable (0.68-0.70), BCF exhibited a “southeast high, northwest low”
gradient, (2) NPP, temperature, and precipitation are the primary natural drivers, and (3) a significant
“water-ecological function mismatch” exists in the middle S-shaped bend due to water scarcity.
The findings provide a scientific basis for prioritizing ecological compensation and balancing land

pressure with aquatic conservation in arid and semi-arid regions.

Keywords: Yellow River Basin (YRB), water-related ecosystem services (WRES), land-use intensification
(LUI), eXtreme Gradient Boosting (XGBoost), water-ecological function mismatch

Introduction

The YRB is a vital ecological corridor and water
source, yet its integrity is increasingly compromised by
LUI [1-4]. While LUI drives socioeconomic growth, it

*e-mail: fx2010@nxu.edu.cn
0009-0002-0321-7574

alters hydrological regimes [5-7], degrading two pillars
of WRES: HQ and BCF. HQ is not only a prerequisite
for biodiversity but also forms the basis for ecosystem
service provision, including water purification,
flow regulation, and sediment retention [8-10]. BCF
reflects the capacity of an ecosystem to maintain
genetic, species, and ecosystem diversity [11, 12],
which is fundamental for freshwater ecosystem stability
and resilience [13, 14]. Despite their importance,
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the integrated spatiotemporal relationship between LUI
and these services remains insufficiently explored.

To fill this gap, this study utilizes the InVEST model
[15-17] and NPP-quantitative evaluation to analyze
HQ and BCF dynamics from 2008 to 2023 [18-20]. By
incorporating SDE spatial analysis and an interpretable
XGBoost-SHAP framework, we aim to: (1) analyze how
LUI influences the spatiotemporal patterns of WRES,
specifically HQ and BCF; (2) identify the key drivers,
with a focus on hydro-climatic factors, shaping these
patterns using interpretable machine learning; and (3)
provide insights for integrated watershed management
that harmonizes land-use planning with the conservation
of aquatic ecosystems and sustainable water resource
utilization.

Materials and Methods
Research Area Overview

Fig. 1 shows the geographical scope and land
use types in the YRB. The YRB originates from the
Qinghai-Tibet Plateau, which lies between 32°-42°N
and 96°-119°E [21]. It passes through nine provinces
and autonomous territories as it flows eastward: Inner
Mongolia, Qinghai, Gansu, Ningxia, Shaanxi, Shanxi,
Sichuan, Henan, and Shandong. The drainage basin is
5,464 km long and covers 790,000 km? [22].

Encompassing China’s three major topographic
terraces, the YRB has an average annual rainfall of

approximately 473.99 mm [23], with significant spatial
climatic variability. The west is dry, and the east is
humid, due to air circulation and monsoons. The upper
sections of the Yellow River traverse the Qinghai-Tibet
Plateau, a region abundant in hydropower resources
and an essential water source [24]. The middle reaches
traverse the Loess Plateau and the Hanzhong Plain,
where significant soil erosion occurs. The lower reaches
are home to vast wetland ecosystems rich in biological
diversity [25]. With a land area of 19%, the YRB is the
second largest river system in China [26]. As a crucial
water source region and ecological functional area, it
is an important strategic zone for China’s high-quality
growth and ecological conservation [27]. Its ecological
functions are of great importance for the establishment
of China’s ecological civilization and high-quality
development of arid and semi-arid regions [28, 29].
China published the “Ecological Conservation and
High-Quality Development Plan for the Yellow River
Basin” in 2021, establishing systematic governance
and development to promote coexistence among the
environment, population, and resources within the
basin. The basis and prerequisite for both conservation
and superior economic development is ecology [30].
Positive results have been obtained from long-term
ecological governance and construction; nonetheless,
enduring issues like water shortage, ecological fragility,
soil erosion, and competition for land resources in the
context of socioeconomic development along the river
still exist [31]. Simultaneously, the growing demand for
ecological advantages necessitates the improvement of
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ecological services and infrastructure to ensure high-
quality growth [32, 33]. The main factor influencing
changes in ecosystem service values is LUI [34-
36]. Discovering how LUI in the YRB is changing in
relation to its water-related ecosystem service values
and aquatic biodiversity conservation function has
critical implications for watershed ecological security
and sustainable water resource management. This
study offers valuable insights for enhancing freshwater
biodiversity, realizing the value of WRES, and
guiding basin-wide land use planning that prioritizes
hydrological process protection.

Data Sources and Processing

To demonstrate the connection between HQ,
WRES, and BCF within the YRB, this study employs
the basin as its research unit. It integrates natural and
socioeconomic demographic data, such as elevation,
NPP, and LUI. Landsat TM remote sensing imagery from
2008-2023 is used to evaluate land use data; additional
data sources are provided in Table 1. ArcGIS 10.8
software was used to resample and project all the data,
resulting in a single spatial resolution of 1 km x 1 km
in the WGS 1984 Albers coordinate system.

Research Methods
HQ Assessment — Invest Model

By evaluating HQ using LUI as a basis [37], the
InVEST model assesses HQ based on LUI patterns [38-
40]. It can reflect varying degrees of HQ and biodiversity
abundance. The method is based on regional land use
patterns and integrates the relative impact of each
biodiversity threat, the relative sensitivity of different
habitat types to threats, and the distance between habitat
grids and threat sources. This method determines

Table 1. Data sources and description.

each landscape’s suitability, the sensitivity to various
hazards, and the distance and weight of threat sources.
The research area’s HQ index is then determined, and
an HQ map is produced. Thus, among regional land
use types, HQ is a dimensionless function of habitat
appropriateness and habitat degradation degree [41, 42].
The habitat degradation level represents the degree of
degradation caused by habitat danger factors, which are
as follows:

(D
R Y
w .
ij = Z <R—rw> rylrxyﬁxsjr
r=1y=1 \&r=1%r 2)
d
irxy =1- —
drmax 3)

Here, r stands for the habitat’s threat source, y
for the grid cell inside threat source 7, w_for the r-th
threat source’s weight, » for the r-th threat source’s
intensity inside grid cell y, i, for the r-th threat source’s
influence attenuation function on grid cell x within
grid cell y, and g for the accessibility of grid cell x.
S, indicates how sensitive land use j is to threat source
7, d}_y is the separation between grid cell x (habitat) and
grid cell y (threat source), and d_  is the threat source
r’s maximum influence range.

The study region identified agriculture, urban
land, rural residential land, industrial/mining and
transportation land, and unutilized land as threat factors
based on pertinent research and the Yellow River’s
actual conditions [43, 44]. They were identified by their
spatial decay types, weights, and maximum influence
distances. Parameters, including habitat suitability and

Data Type Data Source res]c?laut ?ion
el K B S — e

Net Primary Productivity (NPP) https://www.resdc.cn/ (CAS) 1 km*1 km

Elevation https://www.resdc.cn/ (CAS) 1 km*1 km

Slope Calculated from elevation data 1 km*1 km

Precipitation National Earth System Science Data Center (https://www.geodata.cn/) | 1 km*1 km

Air temperature

National Earth System Science Data Center (https://www.geodata.cn/) | 1 km*1 km

NDVI National Earth System Science Data Center (https://www.geodata.cn/) | 1 km*1 km

Population density World pop website (http://www.worldpop.org/) 1 km*1 km

Regional Gross Domestic Product Data Center for Resource? and Environmental Science, Chinese 1 km*1 km
Academy of Sciences (http://www.resdc.cn)

Road OSM website https://www.openstreetmap.org / 1 km*1 km
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susceptibility to threat variables, were then determined
(Fig. 2 and Fig. 3). The HQ of the YRB was assessed by
extracting threat factor layers. (Table 2)

BCF Index

Following the technical guidelines for ecological
protection redlines and building on studies by Zhang
and Li [45, 46], this study employed an NPP quantitative
method to assess the BCF [47-49]. This index is designed
to reflect the capacity of an ecosystem to maintain
freshwater biodiversity and ecological integrity,
integrating variables central to the hydrological and
ecological cycle:

Sp =NPP X F, X Fy x (1 —F,) )

Here, S, denotes the BCF index, NPP represents net
primary productivity of vegetation (linked to vegetation
water use and carbon sequestration), F indicates annual
precipitation (direct water input), F, signifies annual
mean temperature (regulating evapotranspiration
and water balance), and F, reflects the altitude factor.
A higher BCF index indicates greater potential for

sustaining aquatic biodiversity and associated WRES.
Standard Deviational Ellipse (SDE)

Lefever proposed the SDE in 1926 to analyze the
directional features of spatial distribution. The element’s
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Table 2. Threat factor attributes.

Threat factor Maximum effective range /km Weight Decay Type
Arable land 6 0.6 Linear
Urban Land 10 1 Index
Rural residential areas 8 0.8 Index
Industrial, Mining, and Transportation Land 9 0.9 Index
Unutilized land 4 0.4 Linear

principal spatial distribution range is represented by the
SDE’s distribution range, and its mean center functions
as the element’s spatial distribution center of gravity
[50, 51]. Important traits, including the aggregation
center, evolutionary dynamics, and spatial orientation,
are correlated with the ellipse’s center position, area
size, and rotation angle [52], respectively. To investigate
the geographical evolution patterns of BCF in the YRB,
the following methodology uses SDE:

X, - D Wi X v - e Wi i

2?21 Wi v

Yiz1 Wi (5)

2.2 ) 2.2 2. 9\? 2:2-2
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(6)
|2 (wix; cos O — w;y; sin )2
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2 (wix; sin @ — w;y; cos 6)2
Oy n 2
i=1 Wi
(7
S = moyo, )

Here, the centroid coordinates are represented
by X w and Y w in Equations (5) to (8); the weight is
represented by w; the elliptical azimuth is represented
by 6; the coordinate deviations from the mean center for
each study object are indicated by ¥, and y, respectively;
the standard deviations along the x-axis and y-axis
are indicated by ¢_and o, respectively; and S is the
elliptical area. This analysis reveals how the core spatial
distribution of this water-linked ecosystem service has
shifted in response to environmental and anthropogenic
changes, providing insights into the evolving spatial
relationship between ecological function and water
resource availability.

Xgboost Machine Learning
Based on the gradient boosting architecture,

XGBoost is a potent machine learning algorithm created
especially to improve prediction accuracy [53]. It excels

at handling large datasets, shows exceptional capabilities
in regulating model complexity and reducing overfitting,
and gradually builds a series of weak learners to improve
model performance. This study uses the XGBoost model
to accurately identify the intricate driving processes
controlling the BCF in the YRB [54]. In particular:

Vi = rIY=1fn(xi):fn SH 9

Here, the expected value of BCF in the YRB is
represented by the equation’s y,. The feature vector of
sample 7, represented by x, includes various factors that
affect the BCF. The predicted value of the n-th base
learner for sample x, is f (x). The set of all potential base
learners is represented by H, while the total number of
base learners is represented by M.

The following objective function, which focuses on
reducing model error while managing complexity, is
optimized to accomplish model training:

T =210y, 9) + ZL.0(f) (10)

Here, the error function in the equation, /(y, 7),
quantifies the difference between the expected value
¥, and the actual coupling coordination degree y. The
regularization term €(f) is intended to limit the base
learner’s complexity to avoid overfitting and improve
the model’s performance on unknown inputs.

Shapley Additive Explanation of the Xgboost
Algorithm, Interpreted Using SHAP Values
(Xgboost-SHAP Framework)

The precise direction and magnitude of each driver’s
influence on BCF cannot be intuitively explained by the
XGBoost model. To understand the XGBoost model’s
black-box nature, the SHAP approach is presented.
The Shapley value in game theory serves as an inspiration
for SHAP, which evaluates the relative significance of
individual characteristics in machine learning models.
To determine the final effect value, weighted averaging
is used to calculate the marginal contribution of each
characteristic across various combinations [55]. Because
it may be applied to both local and global explanations,
this approach is a very interpretable research tool [56].
The formula for calculation is as follows:
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SI'(|H| = |S|—1)!
@i = Zscuy 51t ||H||! =D (t(Su{iH —t(9)

(11)

Here, the contribution of driving factor i to the final
prediction is represented by the SHAP value, ¢, in the
formula. H is the total set of all features, S is a subset of
H that does not include feature i, and #(S) is the model
prediction result for the combination of features in
subset S.

Results and Discussion
Characteristics of HQ Changes in the YRB

To assess the spatial variation, HQ was categorized
into five classes: very low (0.00-0.15), low (0.15-0.43),
medium (0.43-0.70), high (0.70-0.89), and very high
(0.89-1.00). This classification was performed using
the natural breaks method in ArcGIS 10.8. For the
analysis of LUI in the YRB spanning 2008-2023,
the intermediate year 2018 served as the baseline for
applying this classification scheme. The distribution is
shown in Fig. 4.

The YRB maintained generally satisfactory HQ,
with an average score consistently above 0.68 from
2008-2023. The trend showed fluctuations around a high
baseline. While the share of lower-grade areas fell by
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1.1 percentage points, the proportion of low-grade areas
climbed progressively from 3.2% to 5.34%. There was
a 1.76 percentage point increase in the percentage of
medium-grade areas. While the percentage of high-grade
areas fell from 47.67% to 43.53%, the area designated
as a very high grade increased from 11.95% to 13.27%.
The decline in high-grade areas was primarily
concentrated in eastern Qinghai Province, near the
source of the Yellow River, where water-ecological
functional zone conservation efforts have produced
notable outcomes.

The HQ exhibited a distinct “higher in the west, lower
in the east” gradient. High-HQ clusters in the western
headwaters are crucial for water conservation and
retention, whereas low-HQ areas in the eastern plains
correlate with intensive human activity and heightened
risks to water quality. The Qinghai Province and the
Qinghai-Sichuan border region contain most areas with
high and moderately high HQ. There is limited variety
in the land use categories, which primarily consists
of water bodies, grasslands, and forests, with notable
ecological conservation benefits. Areas with average
HQ, commonly found in patchy distributions within
grasslands and undeveloped areas, are distributed on
the Loess Plateau. The YRB’s winding bends, southern
Shaanxi Province, Shanxi Province, Henan Province,
and Shandong Province are the main locations for areas
with low to very low HQ. These areas consist mainly of
agricultural and construction land. The kind and degree
of land use change have an impact on HQ. Forested and
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Fig. 4. Spatial Differences in HQ in the YRB from 2008 to 2023. a) HQ in 2008, b) HQ in 2013, ¢) HQ in 2018, and d) HQ in 2023.
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grassland regions help improve HQ, while higher land
use intensity leads to lower HQ.

Characteristics of Changes in BCF
Spatio-Temporal Patterns of BCF

Fig. 5 illustrates the NPP quantitative evaluation
method analysis of BCF in the YRB from 2008 to 2023.

Overall, from 2008 to 2023, the BCF index of the
YRB showed an upward-downward-upward trend, with
annual average values increasing sequentially to 0.061,
0.072, 0.073, and 0.079. The boundary between weak
and strong conservation functions became increasingly
distinct, and the BCF in the basin’s lower reaches
demonstrated a consistent rising trajectory.

Characteristics of regional variation: The YRB’s
BCF is distributed spatially in a manner that is “low
in the northwest and high in the southeast”. Most of
the regions with high maintenance function indices
are found in central Shandong Province, northwestern
Henan Province, southern Shaanxi Province, and
southern Shanxi Province. With relatively low elevations
(100-1,500 m) and high net primary productivity, these
areas benefit from milder temperatures, abundant
precipitation, and consequently, more accessible water
resources. Most areas with low maintenance function
indices are found in southern Gansu Province, all of
Ningxia, eastern Qinghai Province, and the southwest
portion of Inner Mongolia. These areas are ecologically

- 0.46208
. o

(c)

0 200 km
[—

. o

- 0.448513

fragile, with minimal resource availability for organisms
due to temperature and precipitation limitations on net
primary productivity. For example, eastern Qinghai has
lower temperatures and high elevations between 3,500
and 6,100 m. The availability of resources for organisms
is impacted by poor net primary productivity and
low average monthly precipitation in southern Gansu
Province, Ningxia, and southwestern Inner Mongolia.

Changes in BCF Throughout Time and Space

Using ArcGIS 10.8, index difference maps for
different periods were generated by subtracting the
spatial distribution maps of BCF across years. A
difference of one level indicates a minor change, while
a difference of two or more levels indicates a significant
change. According to Table 3 and Fig. 6, this method
divides changes in the watershed’s BCF between 2008
and 2023 into five categories: unchanged, slightly
reduced, significantly reduced, slightly increased, and
significantly increased.

The YRB’s BCF has generally improved. The main
trend in BCF between 2008 and 2023 was a minor
rise, encompassing 62.73% of the region. The Yellow
River estuary in Shandong Province, the eastern part of
Gansu Province, central and southern Ningxia, central
and northern Shaanxi Province, southwestern Shanxi
Province, western Henan Province, and the Yellow
River headwaters in Qinghai Province were the main
locations of this improvement. Significantly improved

(b) &

- 0.552886
o

- 0.538386
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Fig. 5. The YRB’s BCF spatial distribution, 2008-2023. a) BCF in 2008, b) BCF in 2013, ¢) BCF in 2018, and d) BCF in 2023.
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Table 3. Variations in the levels of BCF between 2008 and 2023.

Rank Change 2008~2013 2013~2018 2018~2023 2008~2023
Significantly reduced 1.08% 0.20% 0.01% 0.05%
Slightly reduced 19.85% 32.77% 57.98% 25.03%
Unchanged 9.74% 5.28% 7.73% 8.21%
Slightly increased 68.68% 61.10% 33.15% 62.73%
Significantly increased 0.65% 0.65% 1.14% 3.98%

areas made up 3.98% of the total, mostly in the Qin Ling
Mountains region near the intersection of the provinces
of Shaanxi, Shanxi, and Henan. Areas that had a minor
decrease, 25.03%, were mostly found in the Inner
Mongolia portion of the Loess Plateau’s “U-shaped
bend”, the junction of Henan and Shandong provinces,
and the junction of Qinghai and Gansu provinces.
Areas exhibiting a notable decline made up the smallest
percentage during the 15-year period.

An analysis by phase reveals that between 2008 and
2013, minor increases predominated, primarily in the
Gansu sector of southeast Qinghai Province, parts of
Ningxia outside the Ningxia Plain, Shaanxi Province, the
Shanxi region, and southeast Inner Mongolia. Regions
experiencing minor declines included northeastern
Qinghai Province, the Ningxia Plain, northwest Inner
Mongolia, the Henan area, and the Shandong section,
with the Shandong region in particular experiencing
significant declines. Between 2013 and 2018, areas
that had previously seen minor declines experienced
significant growth, forming a general “sandwich”
pattern, while moderate rises remained prevalent,
characterized by losses in the center and gains on the
sides. In contrast to the previous phase, the subsequent

period (2018-2023) saw notable increases in the Ningxia
Plain, Henan region, Shandong section, northern
Qinghai Province, and northwest Inner Mongolia,
alongside modest decreases in Shanxi and Shaanxi.
Overall, between 2018 and 2023, the percentage of areas
with minor declines was higher than in the preceding
two periods. The overall pattern showed modest rises
in the southeast and mild declines in the northwest,
with 57.98% of the area experiencing slight decreases,
including the southwest region of Shandong.

Evolutionary Trajectory of BCF

We investigated the geographical development
patterns of BCF in the YRB between 2008 and 2023
using center-of-gravity shift analysis and SDE. As seen
in Fig. 7, the results demonstrate notable variations in
spatial clustering features throughout the course of the
15-year timeframe.

Throughout the study period, the YRB’s overall BCF
increased, as seen in Fig. 7. The BCF’s SDE in the lower
reaches, on the other hand, shows that the ellipticity
declined yearly between 2008 and 2013, hitting its
lowest point in that year. Between 2013 and 2018, it had
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Fig. 6. Variations in the Levels of BCF between 2008 and 2023. a) Variations in the levels of BCF between 2008 and 2013, b) Variations
in the levels of BCF between 2013 and 2018, c) Variations in the levels of BCF between 2018 and 2023; (d) Variations in the levels of

BCF between 2008 and 2023.
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Fig. 7. The Geographical development patterns of BCF in the YRB between 2008 and 2023. a) The geographical changes of BCF in 2008,
b) The geographical changes of BCF in 2013, c) The geographical changes of BCF in 2018, and d) The geographical changes of BCF in
2023, as well as the SDE and the center-of-gravity migration model for BCF in the YRB from 2008 to 2023.

a minor recovery. It has since declined yearly because of
outside influences like building and land development.
Fig. 8 illustrates how the primary axis’s length
varied greatly from year to year, showing a pattern
of first shortening, then lengthening, and eventually
shortening once more. Compared to the major axis, the
minor axis’s length fluctuated less and generally showed
an approximate shrinking trend, but with a significantly
lesser amplitude. The major and minor axes’ overall trend
shows that the elliptical range is progressively getting

smaller, with a notable shrinkage from 2008 to 2013
and a steadier pace after that. Additionally, as shown in
Fig. 7, the elliptical range varies from year to year, often
exhibiting a propensity to migrate southeastward while
the overall range continues to shorten. The YRB’s BCF
hub has been alternating between Shaanxi Province’s
Luochuan County and Fuxian County. This center has
shifted from the top left to the bottom right over the
last fifteen years. The distribution of BCF generally
exhibits a southwest-to-northeast trend centered on
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Fig. 8. Analysis of changes in major and minor axes and ellipticity.
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Shaanxi Province, suggesting that the conflict between
ecological conservation and economic development is
still significant in the YRB’s middle reaches. Ecological
preservation and economic development compete for
land use. The overall spatial aggregate of these functions
migrated southward and shrunk considerably in
comparison to 2008. This spatial shift demonstrates the
effectiveness of ecological conservation and governance
measures by indicating that the Qinling Mountains and
Guanzhong Basin’s capacity to conserve biodiversity
has steadily increased at a quicker rate than in other
areas.

Analysis of the Functional Driving
Mechanisms for BCF in the YRB

Contribution of Driving Factors

This study combines economic and resource
characteristics with previous research to examine
important elements impacting BCF in the YRB [57-59].
Using the XGBoost model and SHAP interpretability
analysis, ten driving factors were selected from natural
environment and socioeconomic dimensions (Fig. 9).
These factors included net primary productivity
(X1), annual mean temperature (X2), annual mean
precipitation (X3), elevation (X4), slope (X5),
Normalized Difference Vegetation Index (NDVI) (X6),
HQ (X7), population density (X8), road network density
(X9), and Gross Domestic Product (GDP) (X10). The
method quantifies the contribution of each variable to the
BCF capacity, thereby ensuring the model captures the
fundamental interplay between water cycle components,
vegetation dynamics, and human pressure.

npp23 -
tmp -

pre -

dem -
GDP -
ndvi -
Shengjing -
slope -
Luwang -

Renkou -

Based on the SHAP value analysis, the results
indicate that among the natural environmental factors,
net primary productivity (X1), annual mean temperature
(X2), and annual mean precipitation (X3) were the most
significant and highest-weighted drivers influencing
the BCF. This finding underscores the dominant
role of hydro-climatic processes and fundamental
components of the regional water and carbon cycles in
shaping the capacity for BCF. Subsequently, elevation
(X4), GDP (X10), NDVI (X6), and HQ (X7) showed
notable contributions, reflecting the important effects
of topographic conditions, vegetation vigor, and
socioeconomic development. In contrast, variables
such as slope (X5), road network density (X9), and
population density (X8) had relatively weak impacts on
the model output, with their SHAP contribution values
mostly concentrated below 0.001, indicating minimal
perturbation to the BCF predictions.

Cellular Analysis

According to the SHAP distribution features
(Fig. 10), temperature, precipitation, and net primary
productivity all show a broad distribution of SHAP
values in addition to high contribution values,
demonstrating a definite beneficial impact. In other
words, increased precipitation, warmer temperatures,
and higher net primary productivity all support the
conservation of biodiversity.

In low-value zones, GDP has a beneficial impact,
but in high-value zones, it has no discernible effect.
This suggests that places with lower GDP also have
weaker BCF. Positive SHAP values are correlated with
high NDVI values, suggesting that regions with a lot of

L
0.02 0.03 0.04

mean(|SHAP value|)

Fig. 9. Ranking of SHAP value contributions for the YRB’s principal BCF drivers.
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Fig. 10. SHAP distribution of various driving factors affecting BCF in the YRB.

vegetation frequently have stronger BCF. In the zero-
value region, HQ parameters exhibit overlapping high
and low values, indicating the coexistence of both
positive and negative associations. Improving HQ is a
prerequisite for increasing biodiversity, as evidenced by
the expansion of high HQ values on both positive and
negative sides.

In conclusion, the fundamental drivers of BCF are
the natural environmental variables of net primary
productivity, temperature, and precipitation. Slope and
several socioeconomic factors have comparatively little
effect. The purpose of this study is to offer quantitative
support for the later identification of important protected
areas and the optimization of spatial arrangements for
the maintenance of biodiversity.

Discussion

The HQ in the YRB remained at a relatively high
level (0.68-0.70 on average) but showed a clear “higher
in the west, lower in the east” pattern. High-HQ areas
were concentrated in the upstream water source regions
of Qinghai, dominated by forests and grasslands with
critical water conservation functions. Low-HQ areas
coincide with intensive agricultural and urban land
in the eastern plains, where LUI poses higher risks of
non-point source pollution and reduced hydrological
connectivity.

In contrast, the BCF showed a distinct “high in the
southeast, low in the northwest” spatial disparity, which
aligns closely with the basin’s precipitation and available
water resource gradient. High-BCF areas were identified
in the humid Qinling Mountains and Shandong

hilly regions, which are essential for freshwater
habitat provision. The SDE analysis confirmed this
trend, showing the spatial centroid of BCF migrated
southeastward toward these more humid areas, while the
ellipse’s orientation highlighted a southwest-northeast
spatial alignment influenced by topography and moisture
transport pathways.

The  XGBoost-SHAP  analysis  quantitatively
identified net primary productivity (NPP), annual mean
temperature, and annual mean precipitation as the three
most influential natural drivers (Fig. 9 and Fig. 10). This
result underscores that water availability and energy
inputs — the core of the regional hydro-climatic system
— are the primary determinants of the basin’s capacity
to provide WRES. Precipitation is the direct source of
water, temperature governs evapotranspiration and soil
moisture conditions, and NPP reflects the integrated
outcome of water and energy use by vegetation. Their
combined effect forms the foundational control on the
spatial pattern of BCF.

The observed paradox in the middle S-shaped
bend, characterized by high HQ but low BCF, can
be reinterpreted as a “water-ecological function
mismatch”. This region, despite having fair vegetation
cover (which supports HQ), is likely constrained by
limited soil moisture availability, deep groundwater
tables, or pronounced seasonal water stress, which
restrict the actual water supply to ecosystems. These
constraints limit their ability to support complex aquatic
communities; a limitation reflected in the low BCF. This
finding underscores that in arid and semiarid basins,
effective ecological function is not determined by land
cover alone but is critically governed by the actual



12

Xiao Feng, et al.

hydrological conditions that regulate water accessibility
for ecosystems.

Conclusions

This study demonstrates that the spatial patterns of
key WRES (HQ and BCF) in the YRB are fundamentally
shaped by hydro-climatic gradients, with precipitation,
temperature, and NPP being the dominant drivers.
The identified “water-ecological function mismatch”
reveals a critical limitation imposed by water scarcity
on ecological performance. These findings imply that
effective watershed management must transition from
a land-centric to a water-centric approach. Ecological
conservation and restoration strategies should be guided
by the principle of “water-determines-ecology”. This
involves:

(I) Water conservation and ecological recharge
projects should be prioritized in areas with high habitat
potential but limited water availability.

(2) Arecas where high WRES (both HQ and BCF)
overlap must be strictly protected, as they constitute the
core of watershed ecological security.

(3) To improve water-related ecosystem monitoring,
early warning, and adaptive capabilities and increase
“ecological resilience”, future initiatives must bolster
the use of digital technologies in water resources
management and watershed sustainability.

Therefore, moving towards integrated land-water-
ecosystem management is imperative. Future strategies
should adopt a “water-determines-ecology” principle,
prioritizing ecological recharge in water-limited areas
with high habitat potential and strictly protecting core
zones where high WRES (e.g., water conservation,
purification, and biodiversity support) overlap, as
these areas are critical for watershed ecological
security and sustainable water supply. This work not
only provides a novel framework for water resources
management and watershed sustainability in arid and
semi-arid regions but also offers a replicable model for
freshwater ecological conservation applicable to diverse
geographical contexts.

Abbreviations

The following abbreviations are used in this
manuscript:

YRB Yellow River Basin

WRES Water-related ecosystem services

LUI Land-use intensification

HQ Habitat Quality

BCF Biodiversity Conservation Function

IVEST Integrated Valuation of Ecosystem Services
and Trade-offs model

NPP Net Primary Productivity

SDE Standard Deviational Ellipse

XGBoost eXtreme Gradient Boosting

SHAP Shapley Additive Explanation

GDP Gross Domestic Product

NDVI Normalized Difference Vegetation Index
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