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Abstract

Current research on the relationship between land use change and habitat quality and the driving
factors, interactions, and future changes under multi-scenarios remains limited, especially in the
ecologically fragile Yellow River Basin (YRB). Using the 2000, 2010, and 2020 land use data,
we coupled FLUS with the InVEST model to analyze the relationship between land use change and
habitat quality and predict habitat quality under 4 development scenarios. The driving factors were
quantitatively identified by their interactive effects by utilizing Geodetector. The results showed that:
(1) Overall, habitat quality of the YRB was moderate with an improving trend but exhibited significant
spatial heterogeneity. The spatial distribution of habitat quality aligned closely with land use patterns.
Habitat degradation showed a spatial pattern of “central-high, peripheral-low; eastern-high, western-
low”. (2) Land use was the primary driver of habitat quality differentiation (¢ > 0.8), with population
density and GDP gaining influence. Factor interactions, especially between land use and other
variables, exceeded individual effects. (3) Under the ecological space priority scenario, habitat quality
improves significantly, especially in fragile zones where policy interventions are effective. Conversely,
the production space priority scenario risks habitat degradation, necessitating measures to mitigate
ecological pressure caused by industrial mining and urban expansion.
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Introduction

Habitat refers to the natural environment that
provides living space for humans and other species
[1]. Habitat quality is the capacity of an ecosystem to
offer suitable conditions for the continuous survival
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the biodiversity status of a region, which is often
dependent on the intensity of human activities [4].
Currently, habitat quality is under increasing threat
from human activities. Therefore, evaluating the
current state of habitat quality and its trends is crucial
for studying biodiversity and its conservation. Land
use directly reflects human activities, represents the
combined effects of natural and anthropogenic factors,
and is one of the most critical determinants of habitat
quality [5, 6]. It alters the composition and structure of
habitats and ultimately affects the flow of materials and
energy between patches [7]. Frequent human activities
degrade habitat quality, reduce landscape connectivity,
and intensify land fragmentation, causing significant
damage to regional habitat quality [8].

In recent years, on the spatial scale of research
objects, scholars have evaluated the habitat quality
related to countries [9, 10], provinces [11, 12], basins
[13-15], cities [16], coastal zones [17], and typical
ecological reserves [18, 19]. Currently, field surveys
and model-based evaluations are two main approaches
for assessing habitat quality [18]. Some researchers
primarily assess the quality of wildlife habitats through
biodiversity and habitat field surveys by constructing
evaluation indicator systems [20, 21]. Still, this method
is time-consuming and labor-intensive, making it
challenging to apply in large-scale areas. Consequently,
the model-based evaluation methods have emerged due
to their simplicity and ease of use, gradually replacing
traditional approaches and gaining widespread adoption
among scholars. Some of the commonly used models
include the SOLVES model [22], the ARIES model [13],
the Maxent model [19], and the InVEST model [10-
17]. Among them, the InVEST model calculates habitat
quality by linking threat factors to land use types and
determining the impact of threat factors on habitat,
thereby assessing regional environmental quality
[23]. The InVEST model is widely used due to its low
parameter requirements, ease of data acquisition, simple
operation, and highly accurate analytical capabilities
[24].

Domestically and internationally, scholars have
carried out spatial-temporal simulations of land use
under multi-scenarios to analyze future land use changes.
Among these, the Cellular Automata (CA) model is one
of the most commonly used methods [25]. Based on the
CA model, other models such as the CA-Markov [26],
CLUE-S [27], and multi-agent models [28] have been
developed. The FLUS model integrates the advantages
of multiple traditional models, simplifying the system
dynamics (SD) model construction process, overcoming
the limitations of the CA model in simulating nonlinear
systems, and addressing the inability of the Markov
model to incorporate driving factors [29, 30]. It can
provide highly accurate spatial land use change results,
especially when simulating the complex mechanisms of
multi-factor interactions in human-environment coupled
systems and different land use type transitions [30].
With the increasing application of the FLUS model,

more studies have focused on simulating and predicting
land use changes.

Evaluating regional habitat quality based on land
use, revealing its driving factors, and predicting future
changes have become a key focus in research. However,
there is no unified standard for evaluating habitat quality
attributes and spatial changes caused by land use change
[14]. Additionally, the studies available have not delved
deeply enough into analyzing the influential factors
and driving mechanisms of habitat quality changes.
Most current studies have included natural and human
factors in single-factor analysis models [9, 12, 14, 31],
while few studies have comprehensively explored the
natural and human factors influencing habitat quality
and their interactive effects. Furthermore, in future
land use prediction, many past studies mainly consider
the impact of climate change on land use, establishing
a single simulation scenario while often neglecting
the dynamic feedback loops between development
strategies and land use change [16, 32, 33]. The YRB,
one of China’s most ecologically and economically
significant regions, has been under increasing pressure
from both natural and anthropogenic activities [34].
Rapid urbanization, industrialization, and land use
change have significantly transformed the YRB’s habitat
quality, leading to biodiversity loss and ecological
degradation [35]. Ecological protection and governance
in the Yellow River Basin are imperative. Therefore, this
study analyzed the spatiotemporal variation of land use
and habitat quality of the YRB from 2000 to 2020. The
main objectives are to (1) analyze the spatial distribution
pattern and evolutionary characteristics of land use
and habitat quality; (2) quantitatively identify the key
driving factors and their interactions influencing habitat
quality by utilizing Geodetector; (3) simulate the spatial
characteristics of future land use and habitat quality by
coupling FLUS with the InVEST model under 4 distinct
development scenarios in 2030 and 2050. This study
can provide scientific support for optimizing land use
structures, improving regional ecological quality, and
guiding the implementation of ecological restoration
projects in the basin.

Materials and Methods
Research Area Overview

The YRB is located in northern China, spanning
between 95°53'31”" ~ 119°19'29" E and 32°9'35" ~
41°5023" N (Fig. 1). It covers an area of approximately
8x10° km? and covers 9 provinces: Qinghai,
Sichuan, Gansu, Ningxia, Inner Mongolia, Shaanxi,
Shanxi, Henan, and Shandong [14]. It crosses four
geomorphological units: the Tibetan Plateau, Inner
Mongolia Plateau, Loess Plateau, and North China
Plain, with high and low terrain in the west and east.
The basin encompasses arid, semi-arid, and semi-
humid climate zones, with a multi-year average
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Fig. 1. Location of the study area.

temperature of around 7°C and an annual precipitation
of approximately 440 mm. Both precipitation and
temperature exhibit a decreasing spatial gradient from
southeast to northwest. The YRB is also significant
for population activity and economic development.
By the end of 2020, the basin's population reached
420 million, with a regional Gross Domestic Product
(GDP) of 2.39 trillion yuan. The region is currently
undergoing rapid urbanization and industrialization,
intensifying the contradiction between human activities
and the environment [36]. Due to the complexity
of its geomorphological units, significant climate
variability, and frequent human activities, the YRB
has become one of China's most ecologically fragile
arcas, facing severe problems such as soil erosion,
land desertification, vegetation degradation, and
biodiversity loss. It is urgently necessary to analyze the
spatiotemporal differentiation characteristics of habitat

Table 1. Location of the study area.
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quality driving factors and to predict future habitat
quality under multi-scenarios.

Data

The data used in this study included land use, soil
type, topography, climate, and socioeconomic factors
of the YRB in 2000, 2010, and 2020. All data sources
are listed in Table 1, with the coordinate system unified
as Krasovsky 1940 Albers. We extracted altitude,
slope, aspect, terrain niche index, and the relief degree
of land surface (RDLS) utilizing ASTER GDEM v3.
The terrain niche index and RDLS calculation methods
refer to the relevant literature [37, 38].

Resolution Data source
Boundary of the Yellow River Basin https://www.ckcest.cn/home/
Land use 30 m*30 m http://www.resdc.cn/
ASTER GDEM v3 30 m*30 m http://www.gscloud.cn/
Soil type 1 km*1 km http://www.resdc.cn/
Vegetation index 30 m*30 m National Ecological Data Cc\:;l\t:iv izsscc)llggfglscz;a/ring Service Platform http:/
Annual average temperature 1 km*1 km http://loess.geodata.cn/
Annual average precipitation 1 km*1 km http://loess.geodata.cn/
Population density 1 km*1 km https://landscan.ornl.gov/
GDP 1 km*1 km https://data.tpdc.ac.cn/home
Impervious surface 30 m*30 m Institute of Remote Sensillglgi;;z;zi?auzli:;;s;ty http://irsip.whu.edu.cn/
Road https://www.openstreetmap.org
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Table 2. Habitat suitability and threat sensitivity in the YRB.

Sensitivity of land use types to threats
Land use type }.Iabi.ta}t Urban Bural. Other.
suitability | paddy field Dryland Land residential | construction | Unused land
area land
Paddy field 0.5 0.25 0.3 0.5 0.4 0.5 0.4
Dryland 0.4 0.3 0.25 0.5 0.4 0.5 0.4
Woodland 0.9 0.7 0.7 0.8 0.8 0.8 0.5
Shrubland 0.85 0.7 0.7 0.75 0.75 0.75 0.4
Sparse woodland 0.8 0.7 0.7 0.75 0.75 0.75 0.5
Other woodlands 0.8 0.7 0.7 0.7 0.7 0.7 0.4
High coverage grassland 0.7 0.6 0.7 0.5 0.5 0.35 0.5
Moderate coverage 0.6 0.6 0.7 0.6 0.45 0.35 0.6
grassland

Low coverage grassland 0.5 0.35 0.35 0.5 0.4 0.35 0.7
Canals 0.3 0.2 0.2 0.3 0.3 0.3 0.1
Lakes 0.8 0.65 0.65 0.8 0.75 0.8 0.1
Reservoir pits 0.8 0.5 0.5 0.8 0.75 0.85 0.2
Foreshore 0.6 0.65 0.65 0.7 0.65 0.75 0.2
Overflow land 0.7 0.75 0.7 0.7 0.65 0.75 0.3

Urban land 0 0 0 0 0 0 0

Rural residential area 0 0 0 0 0 0 0

Other construction land 0 0 0 0 0 0 0

Unused land 0 0 0 0 0 0 0
Sea 0.8 0.5 0.5 0.8 0.65 0.75 0.2

Methods iy = exp[— 22,901”] (exponential decay) 3
InVEST Model o

The habitat quality module of the InVEST model
assumes that areas with higher habitat quality can
support greater species richness, and habitat quality
changes will lead to biodiversity changes [39]. The
calculation of habitat quality requires four main
components: the relative impact of each threat factor, the
sensitivity of each land use type to each threat factor, the
distance between land use and the source of the threat,
and the degree of legal protection. The InVEST model
equation is as follows [40]:

RY,

ijzzz L

R
r=ly=1
2w,
r=I

P B.S
(1)

Qg =1 2 (linear deca 2
ry Ao y) 2

where ij, R, W, Y, and r, represent the habitat
degradation index, the number of threat factors, the
weight of threat factor », the number of threat factor
grids, and the value of threat factors on the grid,
respectively. i, represents the distance between habitat
and threat sources and the spatial impact of threats. f
is a factor that mitigates the effects of threats on habitats
through various conservation policies. S, represents the
sensitivity of habitat type j to threat factor 7. d_ is the
straight-line distance between grids x and y, and d, .
is the maximum influence range of threat factor ». The
habitat quality can be estimated as follows:

DY
Dy + k

where Q, represents the habitat quality index of grid
x for land use type j; H, represents the habitat suitability
of habitat type j, with values ranging from 0 to 1; k
is the half-saturation constant, typically set to half
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Table 3. Threat factors and their degree of stress.

Threat factors Weight Maximum influence distance/km Type of recession
Paddy field 0.6 4 Linear
Dryland 0.6 4 Linear
Urban land 1 10 Index
Rural residential area 0.7 5 Index
Other construction land 0.9 9 Index
Unused land 0.3 1 Linear

of the maximum habitat degradation value; and z is a
normalization constant, usually set to 2.5 [40].

The inputs for this module primarily include land
use data, major threat factors, the weights and impact
distances of threat factors, and the sensitivity of each
land use type to each threat source. Based on the
InVEST model user guide and previous research [41-
44], we specifically considered the distribution of
nature reserves, the implementation of reforestation
and grassland restoration policies, and the processes
of industrialization and urbanization in the study area
to ensure the model's applicability and accuracy. The
selected threat factors include paddy fields, dryland,
urban land, rural residential areas, other construction
land, and unused land. The habitat suitability and threat
sensitivity for each land use type are listed in Table 2,
along with the relative weight of each threat factor, the
maximum impact distance, and the type of spatial decay
(Table 3).

FLUS Model

The FLUS model was employed to simulate the
spatial distribution of land use. This model improves
the traditional Markov chain model and incorporates
suitability probability calculations, neighborhood factor
calculations, adaptive inertia coefficient calculations,

Area Ratio(%)
[3*] [#3) iy wn
(=) (=] (== (=)

—_
o
T

0 .

transition cost settings, and comprehensive probability
calculations [30]. The suitability probability calculation
uses a BP-ANN algorithm to fit the baseline land use
types with various spatial driving factors, obtaining the
suitability probability of different land use types [29,
30]. The expression for this is:

1
sp(mk)ng,k e Nod 5)

Ni(paq):ZVVi,ij‘(paq) (6)

where sp(p, k) is the suitability probability, W

the weight between the hidden layer and the output
layer, N(p, q) represents the signal received by neuron
Jj in the hidden layer from the input layer, x (p, g) is the
input value of cell p for neuron iii at iteration ¢, and W,

1s the weight between the input layer and the hidden
layer The neighborhood factor represents the interaction
between land use types and land use cells within the
neighborhood range. Its expression is:

Zcon(c;_l =k)
Of = NxN <W, @)
pk NxN-1 k

where Q,; is the neighborhood influence factor of
cell p at time t,Ngvcon(c '=k) represents the total number of

E2000 m2010 m2020

Cultivated  Forestland  Grassland  Water area  Urban and Industrial and Unused land
land rural living mining
land construction
land

Fig. 2. Land use structure change in the YRB.
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Fig. 3. Land use transfer of the YRB from 2000 to 2020.
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Fig. 4. Land use distribution map from 2000 to 2020.

cells of land use type k& within the Moore neighborhood
of N x N in the last iteration at time ¢ - 1. W, represents
the neighborhood factor parameter for each land use
type, with values ranging from 0 to 1, and the value is
positively correlated with land use expansion capability.

Geodetector

The Geodetector is a new statistical method used
to detect spatial heterogeneity and uncover the driving
factors behind it. The single-factor and interaction
detection methods can measure spatial heterogeneity,
explore explanatory factors, and analyze the interaction
between variables [45, 46]. Its expression is:

L
> N,o A
e ®

where g represents the explanatory power of a factor
on the spatiotemporal variation of habitat quality; 7
is the number of classifications or partitions of the
factor; L refers to the stratification of the independent
or dependent variable; N, and N represent the number
of units in layer /4 and the total number of units in the
study area, respectively; and ¢,> and ¢* are the variances
of the independent variable factor and the dependent
variable habitat quality spatiotemporal variation,
respectively. The range of ¢ values is [0, 1], with larger

q values indicating stronger explanatory power of the
independent variable factor for the spatiotemporal
variation of habitat quality and smaller values indicating
weaker explanatory power.

Considering the natural geographical characteristics
and the intensity of human activities in the YRB, and
based on relevant literature and expert opinions, we
selected 14 driving factors: altitude (X1), slope (X2),
aspect (X3), terrain niche index (X4), RDLS (X5), soil
type (X6), vegetation coverage (X7), annual average
temperature (X8), annual precipitation (X9), land use
(X10), population density (X11), GDP (X12), impervious
surfaces (X13), and road distance (X14). A systematic
sampling of the YRB was conducted with a grid size of
500 m, resulting in a total of 3,255,852 sample points.

Results
Spatiotemporal Analysis of Land Use Changes

The land use changes in the YRB from 2000 to 2020
exhibit significant dominance and temporal and spatial
variation characteristics. As shown in Fig. 2, grassland
was the dominant land use type during the study period,
accounting for more than 47% of the total area, followed
by cultivated land and forestland. The combined area
of grassland, cultivated land, and forestland accounted
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for over 86% of the total, while other land use types
occupied relatively more minor regions. From a
temporal perspective, from 2000 to 2020, the areas of
grassland, forestland, urban and rural living land, and
industrial and mining construction land all showed a
continuously increasing trend, with the most dramatic
changes occurring in industrial and mining construction
land (379.39% growth) and urban and rural living land
(36.45% growth). In contrast, cultivated and unused
land showed a continuous decreasing trend, with the
most substantial reduction occurring in unused land,
decreasing by 11.30%.

From 2000 to 2010, the new grassland area primarily
originated from unused land and cultivated land,
accounting for 53.52% and 37.03% of the total new
grassland area, respectively (Fig. 3). The new forestland
area mainly came from grassland and cultivated land,
making up 49.93% and 45.18% of the total new forest
area, respectively. The newly added water areas were
primarily sourced from cultivated land, grassland,
and unused land, accounting for 36.38%, 29.80%, and
25.80%, respectively. New urban and rural living land
was mainly converted from cultivated land, contributing
79.17% of the newly added urban-rural residential
area. The new industrial and mining construction land
predominantly came from grassland and -cultivated
land, accounting for 37.08% and 33.34% of the total
new industrial and mining construction land area,
respectively. The land converted from cultivated land
was mainly transformed into grassland and urban and
rural living land, accounting for 47.43% and 25.10% of
the total cultivated land area transferred. Unused land
was mainly converted into grassland, accounting for
81.85%.

From 2010 to 2020, the new grassland area primarily
originated from cultivated and unused land, making
up 47.13% and 31.78% of the total new grassland area,
respectively. New forestland was mainly sourced from
grassland and cultivated land, accounting for 54.66%
and 28.87%, respectively. The new water bodies were
mainly sourced from cultivated land, industrial and
mining construction land, and grassland, accounting for
29.78%, 25.01%, and 23.24%, respectively. The newly
added urban and rural living land was predominantly
sourced from cultivated land, which accounted for
72.93% of the total. New industrial and mining
construction land came primarily from grassland and
cultivated land, contributing 46.56% and 29.75%,
respectively. The land converted out of cultivated land
was primarily transformed into grassland and urban and
rural living land, accounting for 50.96% and 19.73% of
the total cultivated land area transferred. Unused land
was mainly converted into grassland, accounting for
69.53% of the total area transferred from unused land.

From a spatial distribution perspective, grassland
dominates the western and central parts of the YRB,
forestland is predominant in the southern region,
and cultivated land, urban and rural living land, and
industrial and mining construction land are concentrated

in the eastern part. Water bodies are scattered throughout
the basin, while unused land is mainly distributed in the
northwest (Fig. 4). Land use changes have exhibited
significant spatial differentiation. Cultivated land has
been converted to forestland and grassland, with these
changes concentrated in the northeastern part of Inner
Mongolia and northern Shanxi. Cultivated land has
also been transformed into urban and rural living land,
primarily in urban-rural fringe areas. Unused land has
been converted to forestland and grassland, mainly
concentrated in the northern part of the basin. The
conversion of grassland to forestland has predominantly
occurred in the upstream areas of the YRB. In contrast,
grassland degradation into unused land has been
concentrated in central Qinghai in the upper reaches of
the Yellow River.

Habitat Quality and Degradation Analysis
Habitat Quality Analysis

The equal interval method was used to divide the
scores into 5 levels of habitat quality status, including
lower (0 ~ 0.2), low (0.2 ~ 0.4), middle (0.4 ~ 0.6),
high (0.6 ~ 0.8), and higher (0.8 ~ 1.0). The average
habitat quality values in 2000, 2010, and 2020 were
0.5052, 0.5069, and 0.5068, respectively, all within the
middle range and showing an overall improving trend.
Habitat quality of the YRB was predominantly at a
middle level, followed by low and high levels. From
a temporal perspective, the areas of high and higher
habitats continuously increased, while those of low
habitat quality decreased steadily. The area of middle
habitat quality first decreased and then increased, while
the area of lower habitat quality initially increased and
then decreased. From a spatial distribution perspective,
the overall habitat quality of the study area exhibited a
pattern of high values in the western and southeastern
regions, middle values in the central region, and low
values in the northern region, which largely aligned
with the distribution of land use (Fig. 5). The areas of
higher value were primarily located in the southeastern
part of the YRB, dominated by forestland. The area of
high value was mainly distributed in the southwestern
part of the basin, characterized by forestland, grassland,
and water bodies. In contrast, lower and low habitat
quality areas were concentrated in the eastern and
northern parts of the basin, where urban and rural living
land, industrial and mining land, and unused land were
prevalent. The middle habitat quality area was mainly
concentrated in the central part of the basin, primarily
in grassland regions.

From 2000 to 2010, areas with declining habitat
quality were mainly concentrated around the Weihe
River Basin, the Yellow River Delta, and parts of
Shaanxi, Sichuan, Qinghai, and Shanxi. Regions where
habitat quality improved were scattered. From 2010
to 2020, areas with declining habitat quality were
distributed more extensively but showed improvement
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Fig. 5. Habitat quality classification map of the YRB from 2000 to 2020.

Fig. 6. Habitat quality degradation level map of the YRB from 2000 to 2020.
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compared to the 2000-2010 period. In particular, habitat
quality in the Yellow River Delta showed improvement.
Over the entire period from 2000 to 2020, the habitat
quality index of the YRB initially increased and then
stabilized, with some areas maintaining constant habitat
quality. Regions experiencing severe degradation were
mainly located in the Qilian Mountains, parts of the
plains in the lower reaches of the Yellow River, the
Guanzhong Basin, and the Taihang Mountains. Areas
where habitat quality improved were distributed across
the Loess Plateau, the Lanzhou New Area, the Ningxia
Plain, and the transitional area of the Mu Us Desert.

Habitat Degradation Analysis

The habitat degradation index was also assessed,
with degradation categorized into 5 levels: lower (0),
low (0 ~ 0.03), middle (0.03 ~ 0.06), high (0.06 ~ 0.09),
and higher (> 0.09). The average degradation indices
for 2000, 2010, and 2020 were 0.01653, 0.01650, and
0.01644, respectively, indicating a gradual decrease.
This suggests that habitat quality has improved slightly
over the study period.

From a spatial distribution perspective, the overall
spatial pattern of habitat degradation across the three
periods remained relatively stable (Fig. 6). Habitat
degradation showed a spatial distribution characterized
by "high in the center, low at the periphery, high in the
east, and low in the west". Areas with lower habitat
degradation were primarily forestland and unused land.
Low degradation areas were mostly grassland and water
bodies, with a more continuous spatial distribution.
Medium degradation areas were mainly cultivated
land, while areas with high and higher levels of habitat
degradation were construction land and rural residential
areas, showing a scattered distribution, primarily
located in the lower reaches of the Yellow River. From
a temporal perspective, between 2000 and 2020, the
areas with lower and middle habitat degradation levels
first increased and then stabilized, increasing by 0.56%
and 0.61%, respectively. The areas with high and low
degradation decreased by 0.17% and 1.07%, respectively.
The proportion of areas with high degradation levels
was very small, and the changes in these areas were also
minimal.

Analysis of Factors Affecting Habitat Quality

The influence of various factors on the habitat
quality of the YRB showed significant differences, and
the p-values for all influencing factors in different years
passed the significance test at the 1% level. According
to the diagonal data from the interaction detection
diagram (Fig. 7), land use was the dominant factor (g >
0.8), followed by population density, terrain niche index,
soil type, and RDLS. Among the topographic factors,
the g-values for the terrain niche index and RDLS were
higher than those for altitude, slope, and aspect, with
aspect having the lowest g-value. For meteorological

factors, temperature had a much stronger explanatory
power for habitat quality than precipitation. Among the
anthropogenic factors, population density had a strong
explanatory effect on habitat quality. Additionally,
during the study period, as urbanization accelerated, the
influence of population density and GDP became more
pronounced, indicating that human activities play an
increasingly important role in habitat quality changes.

The results from the interaction detection indicated
that the interaction between any two influencing factors
on the spatial differentiation of habitat quality was
stronger than the effect of any individual factors alone,
showing patterns of bivariate enhancement and nonlinear
enhancement. There was no independent or weakened
relationship. The interaction between land use and other
factors was relatively strong, suggesting that different
land use structures determine the distribution patterns
of different ecosystem types. When interacting with
other factors, natural factors increased their influence
on the spatial distribution of habitat quality, indicating
that natural factors play a crucial role in determining
habitat quality. The interaction between climatic factors
(annual average precipitation and temperature) and land
use affected the natural variations in land use. Climatic
factors indirectly influence habitat quality by affecting
land use patterns. The accelerated urbanization process
has damaged high-ecological-value habitats such as
forestland and water bodies, as the increasing number of
threat sources disrupted the spatial distribution of land
use, which in turn impacted habitat quality.

Future Land Use Simulation
Accuracy Validation

Based on land use data from 2000 and 2010, the
CA-Markov model within the FLUS framework was
used to calculate the number of land use grid cells for
2020. These results were compared with the actual land
use in 2020. Across 4 scenarios, the average prediction
accuracy of the Markov chain prediction was 0.9192,
indicating that the model could accurately predict
land use quantities. Furthermore, the FLUS model's
simulation of the production-living-ecological space
coordination priority scenario for 2020 (Fig. 8) was
compared with the actual land use data for 2020. The
Kappa coefficient was 0.8927, and the overall accuracy
was 0.9253. This demonstrates that the FLUS model
has a high degree of accuracy and can effectively reflect
future land use conditions in the YRB.

Future Land Use Scenario Analysis

Based on the actual conditions of the YRB,
simulations were conducted for the years 2030 (Fig. 9)
and 2050 (Fig. 10) under 4 scenarios: production space
priority, living space priority, ecological space priority,
and production-living-ecological space coordination.
The results show significant differences in land use
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Fig. 8. Land use status and simulation results in the YRB in 2020
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Fig. 9. Simulated prediction of land use in the YRB by 2030 under various sce-narios.

changes and habitat quality between the scenarios. In
the production space priority scenario, cultivated land
and industrial and mining construction land increase,
leading to decreased ecological space. Urban and rural
living land expands rapidly in the living space priority
scenario, leading to significant habitat degradation. In
contrast, the ecological space priority scenario shows an
increase in ecological space, particularly in forestland
and grassland areas, with habitat quality improving
significantly. The production-living-ecological space
coordination scenario balances the demands of
production, living, and ecological spaces, resulting in
moderate improvements in habitat quality.

(I) In the production space priority scenario,
forestland, grassland, and unused land are the primary
types of land being converted. The main goals of this
scenario are to protect cultivated land and ensure
sufficient industrial and mining construction land.

The model achieves this by increasing the probability
of other land types converting to cultivated land and
reducing the probability of cultivated land converting
to other land types. Additionally, the demand for
production space increases by the target years, raising
the cost of converting cultivated land to other types.
Conversely, the cost of converting other land types into
cultivated land, except for urban and rural living land
and industrial and mining construction land, is reduced
to prioritize production space. From 2020 to 2030, the
production space within the "Three-Life Space" of the
YRB is projected to increase by 7.02x10° km? with
cultivated land increasing by 6.97x10° km? and industrial
and mining construction land increasing by 50 km2 The
living space will also expand by 1.05x10%> km? while
the ecological space is expected to decrease by 7.13x103
km?2 As production and living spaces continue to grow,
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Fig. 10. Simulated prediction of land use in the YRB by 2050 under various scenarios.
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Fig. 11. Habitat quality simulation results in the YRB by 2030 under various scenarios.

ecological space is projected to decrease further by
1.57x10% km? between 2030 and 2050;

(2) In the living space priority scenario, cultivated
land, grassland, and unused land are the primary land
types being converted. The primary land type for living
space is urban and rural living land. In the model, this

scenario is realized by increasing the probability of
other spaces converting to living space while restricting
the conversion of living space land types to other
categories, achieving the goal of prioritizing living
space development. Under this scenario, ecological
space continuously decreases. From 2020 to 2030,
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Fig. 12. Habitat quality simulation results in the YRB by 2050 under various scenarios.
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Fig. 13. Simulation results of habitat quality degradation in the YRB by 2030 under various scenarios.

ecological space is expected to decrease by 2.89x10°
km?; from 2030 to 2050, it will decrease by 1.42x10?
km? Regarding land expansion capability, industrial
and mining construction and urban and rural living
land have strong expansion potential with similar land
use characteristics. Cultivated land, grassland, and

forestland are the main land types being converted. As
urban areas expand, on the one hand, the continuous
expansion of living space is observed, with an increase
of 1.97x10° km? in living space from 2020 to 2030 and
3.37x10% km? from 2030 to 2050. On the other hand,
transportation infrastructure and industrial and mining
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Fig. 14. Simulation results of habitat quality degradation in the YRB by 2050 under various scenarios.

construction land should also increase and improve to
facilitate more convenient living conditions. From 2020
to 2030, industrial and mining construction land is
projected to increase by 1.33x10° km? greater than the
decrease in cultivated land by 4.11x10? km?, resulting in
an overall increase in production space. However, from
2030 to 2050, industrial and mining construction land is
expected to continue increasing by 1.24x10° km?, while
cultivated land will decrease by 4.47x10° km?, leading to
a slight overall decline in production space;

(3) In the ecological space priority scenario,
cultivated and unused land are the primary types
being converted. The main goal is to protect ecological
space from encroachment while encouraging the
conversion of other land types into ecological space to
restore ecosystems. The model achieves this by strictly
controlling the conversion of ecological space-related
land types into living and production space while
moderately increasing the conversion of production and
living spaces into ecological space. From 2020 to 2030,
production space is expected to decrease by 4.3x10°
km? living space will increase by 1.97x10° km? and
ecological space will increase by 2.33x10° km? From
2030 to 2050, production space is projected to further
decrease by 1.75x10° km? living space will increase
by 3.37x10° km?, and ecological space will decrease by
1.62x10° km? This indicates that production space will
become the primary land type being converted under
this scenario. Between 2020 and 2030, production space
shifted to ecological and living spaces. However, from
2030 to 2050, a large amount of unused land will be

converted into living space, leading to an increase in
living space and a reduction in ecological space;

4) The  production-living-ecological  space
coordination scenario shares similar land use conversion
patterns with the living space priority scenario,
though the changes are somewhat more moderate.
This scenario aims to balance the multiple demands of
optimizing production space, prioritizing living space,
and prioritizing ecological space. The model achieves
this by following the principle of conversion costs,
increasing the conversion cost for industrial and mining
construction land, and controlling the conversion of
ecological space land types. The results indicate that
the land use area proportions in the production-living-
ecological space coordination scenario are very similar
to those in the ecological space priority scenario. In
terms of area changes, from 2020 to 2030, production
space is expected to decrease by 4.27x10° km?
ecological space will increase by 2.30x10° km? and
living space will increase by 1.97x10° km? From 2030
to 2050, production space is projected to decrease by
1.78x10° km?, ecological space will decrease by 1.59x103
km? and living space will increase by 3.37x10° km?
The pattern of change is similar to that in the ecological
space priority scenario.

Future Habitat Quality and Degradation Analysis
Future Habitat Quality Analysis

The habitat quality of the YRB in 2030 (Fig. 11)
and 2050 (Fig. 12) was simulated and evaluated under
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4 different scenarios. The results show that ecological
space exhibits a growth trend in both the ecological space
priority scenario and the production-living-ecological
space coordination scenario, while it decreases in the
other 2 scenarios. Production space shows a growth
trend only in the production space priority scenario and
a decreasing trend in the other 3 scenarios, with the
decrease being particularly significant. Living space
shows a growth trend in all scenarios, but the growth is
smaller in the production space priority scenario.

In 2030, the average habitat quality values for the
YRB under the 4 scenarios (production space priority,
living space priority, ecological space priority, and
production-living-ecological space coordination) were
0.52612, 0.52687, 0.52882, and 0.52880, respectively.
By 2050, the values were 0.53006, 0.52586, 0.53110, and
0.53111, respectively. Compared to 2020, the average
habitat quality in 2030 and 2050 shows variation across
different scenarios. In the living space priority scenario,
the average habitat quality of the YRB is projected to
decline further in the future, while in the production
space priority, ecological space priority, and Three-
Life Space coordination scenarios, the average habitat
quality is expected to improve.

(I) In the production space priority scenario,
compared to 2020, the habitat quality index of the
YRB improved in both 2030 and 2050. The area of
lower habitat quality decreases by 0.3% and 0.95%,
respectively, while the area of higher habitat quality
increases by 3.31% and 3.32%. As a result, there is
a slight improvement in the habitat quality index.
However, expanding industrial and mining construction
land leads to further degradation of the local ecological
environment, causing the habitat quality in 2030 under
this scenario to be lower than that of the other scenarios;

(2) In the living space priority scenario, the
accelerated urban expansion and rapid socioeconomic
development result in a significant increase in urban
and rural living land, while other land types experience
substantial reductions. This leads to a further increase
in lower habitat quality areas, particularly concentrated
in the northern part of the YRB and the middle and
lower reaches of the river. Compared to 2020, the lower
habitat quality area will increase by 0.43% by 2050.
Additionally, between 2030 and 2050, habitat quality
will decline further, with a decrease of 1.1%;

(3) In the ecological space priority scenario, there is
a significant improvement in habitat quality across the
region. By 2030 and 2050, the area of higher habitat
quality in the YRB will increase by 3.8% and 4.06%,
respectively, compared to previous years. The area of
lower and low habitat quality decreases. The regions
experiencing the greatest increase in higher habitat
quality are mainly located in areas where forestland has
expanded. Forestland, as a key habitat type, receives
better protection under this ecological priority scenario;

4) In the production-living-ecological space
coordination scenario, habitat quality is very similar to
that in the ecological space priority scenario. The areas

of lower and low habitat quality decrease, while those of
higher habitat quality increase.

Overall, the spatial distribution of lower habitat
quality areas across the 4 scenarios aligns closely with
the distribution of urban and rural living land, industrial
and mining construction land, and unused land. This
indicates that expanding urban and rural living land,
industrial and mining construction land, and unused
land directly affect the distribution of lower-value
habitat areas within the basin. The distribution of low
habitat-quality areas corresponds to the distribution of
cultivated land. Additionally, water bodies consistently
fall within higher or high habitat quality areas across all
scenarios. Although the quantity and spatial distribution
of forest land and grassland vary in the simulations
under different scenarios, they consistently remain in
the higher habitat quality areas.

Future Habitat Degradation Analysis

In 2030, the average habitat degradation index under
the 4 scenarios (production space priority, living space
priority, ecological space priority, and production-
living-ecological space coordination) was 0.02462,
0.02448, 0.02421, and 0.02422, respectively. By 2050,
the values were 0.02469, 0.02464, 0.02438, and 0.02439,
respectively. Overall, the ranking of habitat degradation
is as follows: production space priority > living
space priority > production-living-ecological space
coordination > ecological space priority. Compared to
2020, the average habitat degradation index in 2030 and
2050 shows variations across the different scenarios.

According to the evaluation results (Fig. 13, Fig. 14),
during the periods of 2020-2030 and 2030-2050, the
overall changes in habitat degradation were relatively
small, but the habitat degradation index showed a
gradual increase over time. Although the focus of each
simulation differs among the 4 scenarios, the higher
habitat degradation areas are consistently concentrated
in the eastern part of the basin. These regions
have many cities and experienced rapid economic
development, leading to significant human disturbance
and lower habitat quality. This pattern closely aligns
with the spatial distribution of urban and rural living
land, indicating that expanding urban-rural residential
areas is a key factor driving the increase in lower habitat
quality areas. Overall, from 2020 to 2050, the spatial
distribution of habitat degradation continues to exhibit
the pattern of "high in the center, low at the periphery,
high in the east, and low in the west".

Discussion
Response of Habitat Quality to Land Use Change
Our findings showed that the spatial distribution of

habitat quality aligns closely with land use patterns,
quantitatively confirming that land use (g > 0.8) was the
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dominant factor influencing the spatial differentiation
of habitat quality, consistent with previous studies
[34, 44, 47-49]. The higher habitat quality areas were
mainly distributed in the southeastern part of the YRB,
dominated by forestland. The high-value areas were
mainly distributed in the southwest, characterized by
forestland, grassland, and water bodies. The middle-
value areas were mainly concentrated in the central
part of the basin, dominated by grassland. In contrast,
lower and low habitat quality areas were concentrated
in the east and north, where urban and rural living
land, industrial and mining land, and unused land were
prevalent.

The average habitat quality values of the YRB
ranged from 0.5052 in 2000 to 0.5068 in 2020, showing
a trend of overall improvement, albeit with localized
deterioration, which is consistent with Fu et al’s
research results [49]. Land-use changes were mainly
driven by implementing environmental protection
policies and the urbanization process. Frequent human
activities will significantly change the regional land use
distribution pattern, which in turn affects the regional
habitat quality. Our analysis revealed that population
density and GDP have increasingly influenced habitat
quality, particularly in wurban-rural fringe areas,
where the conflict between human activities and land
resources is most pronounced. From 2000 to 2020,
industrial and mining construction land expanded by
379.39%, and urban and rural residential land grew
by 36.45%. Urban expansion, especially around large
cities, has led to significant habitat degradation [48].
These changes, particularly in the eastern and central
regions, were accompanied by a corresponding decline
in habitat quality as urban sprawl encroached on natural
habitats. Conversely, regions dominated by forestland
and grassland, particularly in the western and southern
parts of the YRB, showed improved habitat quality. It
indicated a sustained trend toward ecological restoration,
driven by ongoing reforestation, soil erosion control, and
ecological restoration projects [44]. This highlights the
critical challenge of harmonizing economic development
with ecological conservation to ensure a sustainable
trajectory for the basin.

Future Habitat Quality Prediction

The FLUS model used in this study achieved high
simulation accuracy, with a Kappa coefficient of 0.8927
and an overall accuracy of 0.9253 when validated
against 2020 land use data. Across 4 scenarios, the
Markov chain model also demonstrated high predictive
accuracy, with an average accuracy of 0.9192. These
validation metrics strongly support the future projections
made in this study. The ecological space priority
scenario shows the most significant improvement in
habitat quality, reflecting the positive impact of policy
interventions to reduce human disturbance and enhance
ecosystem protection. In particular, forest and grassland
expansion in ecologically fragile regions demonstrates

the effectiveness of ecological protection policies [47].
Nevertheless, the spatial variation in habitat quality
between different regions suggests that differentiated
strategies are still necessary when implementing
policies. In contrast, under the living space priority
scenario, habitat quality decreases over time due to
the rapid expansion of urban-rural residential areas,
emphasizing the need to mitigate the ecological pressure
caused by urbanization and socioeconomic development.
For future habitat quality to improve, focusing on
high-quality development that promotes a harmonious
coexistence between humans and nature is crucial. The
findings also highlight the value of using scenario-based
simulations to inform regional land use planning and
ecological protection efforts.

Uncertainties and Challenges for Future Research

Despite the high accuracy of the models and the
robust data used, this study has certain limitations.
First, land use changes are inherently dynamic and
uncertain, influenced by wvarious factors [32, 50].
Future studies should incorporate more factors into
the simulations to improve the precision of predictions.
Second, while the InVEST model is widely used in
habitat quality assessments, the lack of a standardized
approach to parameter settings [15] and threat factors
introduces potential biases [51, 52]. Further refinement
of these parameters, particularly concerning specific
human activities and the inclusion of climate change
scenarios, will enhance the accuracy of the models in
future studies. Additionally, the YRB's vast geographic
and climatic variability requires a more granular
analysis of habitat quality under different conditions.
Comparative studies with other large river basins could
provide further insights into the patterns of habitat
quality change across different ecological contexts.
Strengthening these regional comparisons will be key
to understanding how to protect habitat quality under
diverse geographic and climatic conditions.

Conclusions

This study employed an integrated modeling
framework, coupling FLUS, InVEST, and Geodetector,
to analyze historical and future habitat quality dynamics
in the ecologically vital YRB. The main conclusions are
as follows:

(1) The YRB's landscape was undergoing significant
land use transformations characterized by the expansion
of industrial and mining construction land and urban and
rural living land at the expense of cultivated and unused
lands. While grassland remained the dominant cover,
these shifts signified intensifying human modification,
which fundamentally impacted habitat structure and
quality across the basin.

(2) Although the overall average habitat quality in the
basin was moderate and exhibited a slight improvement



16

Ning Xu, et al.

trend over the past two decades, substantial spatial
heterogeneity persisted, generally higher in the west
and lower in the east. Habitat degradation pressures
are concentrated in the central and eastern regions,
intrinsically linked to higher land wuse intensity
and human activity levels, indicating that localized
degradation remains a serious concern despite overall
trends.

(3) While land use was confirmed as the primary
driving factor, anthropogenic pressures (like population
density and GDP) were increasingly influential.
Crucially, the interactions between different driving
factors showed nonlinear enhancement, highlighting
the necessity of considering these synergistic effects in
environmental management and impact assessments.

(4) Future habitat quality trajectories in the YRB
are highly sensitive to policy choices and development
pathways. Scenario modeling demonstrates that
prioritizing ecological conservation will lead to
substantial habitat quality improvements, particularly
effective in fragile zones. Conversely, strategies
prioritizing rapid expansion of production or living
spaces without adequate ecological safeguards will risk
significant habitat degradation, primarily through urban
and industrial encroachment.

Ultimately, this research underscores the critical
role of integrated, spatially explicit modeling in
understanding complex human-environment interactions
and informing sustainable development. The findings
emphasize the profound impact of land use policy on
future ecological outcomes and provide vital scientific
support for developing targeted conservation strategies,
optimizing land use patterns, and balancing development
needs with ecological protection imperatives in the
YRB.
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