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Abstract: Habitat quality is an important basis for human well-being and the achievement of sus-
tainable development. Based on land-use data for the Bosten Lake Basin in 2000, 2005, 2010, 2015,
and 2022, the PLUS and InVEST models are applied in this study to predict and analyze land-use
changes and explore the spatial and temporal evolution characteristics of the region’s habitat quality.
Additionally, we use a geographic detector model to reveal the drivers of spatial variation in habitat
quality. The results show that: (1) Land use in Bosten Lake Basin is dominated by grassland and
bare land, with an area share of 93.21%. Habitat quality shows a trend of degradation followed by
improvement, with a spatial pattern of high in the northwest and low in the southeast. (2) Habitat
quality in 2030 increased from 2022 in all cases, with a mean of 0.354 for the natural development
scenario, a maximum of 0.355 for the ecological development scenario, and a minimum of 0.353 for
the economic development scenario. (3) The main drivers affecting habitat quality in the Bosten
Lake watershed are DEM, mean annual precipitation (MAP), and GDP per capita. X1NX4 (0.50)
and X4NX10 (0.51) are the interaction factors with the largest dominant effect in 2000, 2010 and
2020, respectively.
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1. Introduction

Habitat quality, often defined in terms of the ability of ecosystems to provide suitable,
sustained conditions for the survival of individuals and populations [1], is an important
characterization of biodiversity and also an important component of the United Nations’
Sustainable Development Goals (SDG15) [2]. Land-use change, which is an important link
between human socio-economic activities and the evolution of the natural environment, can
visually reflect the transformation process of human activities on the land surface system
and is the core content of global environmental change research [3,4]. The level of habitat
quality is usually reflected in land-use status, as the two are closely related. By analyzing
the spatial and temporal characteristics of land-use changes, habitat quality changes and
their causes can be explored [5,6].

Land-use prediction is realized through a variety of models, with most studies em-
ploying the metacellular automata as the basis of model construction. After continuous
development over the years, Logistic-CA [7], CLUES [8], FLUS [9], and other models
have emerged. These approaches are widely used in the delineation of the ecological red
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line, analysis of the evolution of the geomorphological landscape, and optimization of
national land space. Compared to others, the Logistic-CA model has difficulty reflecting
the influence of factors such as socio-economic conditions on urban land-use patterns [10].
Similarly, the FLUS model has difficulty accurately capturing the spatial variations of
land-use changes in different regions [9], and the CLUES model ignores the possibility of
non-dominant land category conversion in its application, requiring the use of a separate
mathematical model for non-spatial modules [8]. However, the Patch-level Land-Use
Simulation (PLUS) model effectively solves these problems by introducing the Land Ex-
pansion Analysis Strategy (LEAS) and the CA based on a multiple Random Seeds (CARS)
generation mechanism. The PLUS model has the advantages of high accuracy and speed
and can simulate the complex evolution of various land types [11].

In a foreign study, Mutale et al. [12]. predicted and analyzed the future land use
and land cover change in Ndola region from 2022 to 2042, considering three scenarios,
Traditional Model (TM), Ecological Preservation (EP), and Economic Development (ED),
to achieve an accurate prediction of LULUCF in Ndola region. Li et al. [13] used the
PLUS model to predict the spatial and temporal evolution of land use in Tianjin in 2030
and the InVEST model to assess habitat quality from 2000 to 2030. Their aim was to
reveal the impacts of urban land-use changes on habitat quality and to explore sustainable
development planning. Xu et al. [14] utilized the PLUS model to interpret and predict
the expansion of seven different land-use types in Hangzhou and simulated the urban
expansion trend of the metropolitan area by selecting multiple driving factors.

The above studies show that the PLUS model generally has good applicability. Fur-
thermore, by adjusting the model parameters, PLUS can better meet the needs of different
scenario simulations for various policies and regions. At present, most of the research in
the field of land-use scenario simulation mainly calculates the number of land images for
future scenarios by explicitly setting the probability of land-use flow to obtain the number
of land-use images. However, the fact that the sum of adjusted probabilities of land flow is
not equal to 1 is ignored, which can lead to error and affect the accuracy of the results [15].
Therefore, improving the probabilistic land use transfer method has become the focus of
current research.

Land-use change affects the level of habitat quality by influencing the flow-of-material
cycle in a region. The study of habitat quality change can intuitively reflect the state of
regional ecosystem service function and the trend of change, all of which can provide
guidance for the development of regional ecological protection. At present, habitat quality
evaluation models mainly include InVEST, SolVES [16], and ARIES [17]. The InVEST model
is widely used to evaluate the habitat quality of an ecosystem due to its high evaluation
accuracy, good visualization effect, and excellent theoretical system [18]. For example,
Meng et al. [19] used the InVEST model to quantitatively evaluate the habitat quality of the
Kubuzi Desert section of the Yellow River from 1991 to 2019, analyzing the factors affecting
the spatial changes of habitat quality by using geoprobes. He et al. [2] employed the
habitat quality evaluation module of the model to assess the spatial and temporal evolution
characteristics of habitat quality in Guilin from 2000 to 2020. In a recent foreign study, Louis
et al. [20] analyzed forest loss in a Malaysian tiger reserve using Sentinel-2 imagery and the
InVEST habitat quality model. Meanwhile, there are also related studies in the Bosten Lake
Basin. Zhai et al. [21]. analyzed the spatial and temporal evolution of habitat quality in the
Bosten Lake Basin and the future trend of change based on the perspective of the “three
life (production, living and ecological) spaces” and using the FLUS-InVEST model. The
authors also analyzed the spatial and temporal impacts of 15 natural economic factors on
habitat quality using the Random Forest (RF) and spatially weighted regression models.
Numerous existing studies have measured and evaluated habitat quality at different scales
with the help of the InVEST model, demonstrating its scientific validity and applicability.

Bosten Lake Basin is well known for its wealth of natural resources. However, under
the current rate of urbanization development, construction land area is rapidly expanding
and ecological land is being heavily occupied, leading to the deterioration of habitat quality.
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Based on this, this study takes Bosten Lake as the research hegemony area and improves
the calculation method of land use transfer probability for different scenarios to reduce the
simulation error. The evolutionary process of land use and habitat quality in the Bosten
Lake Basin from 2000 to 2022 was analyzed, and based on this, a multi-scenario recursive
simulation analysis of land use change and habitat quality in 2030 was conducted. The
aim was to explore the evolution mechanism of land-use characteristics and habitat quality
in the Bosten Lake watershed, with a view to providing effective scientific references for
the management and protection of the ecological environment. At the same time, it can
contribute to the sustainable development of the region.

2. Data and Materials
2.1. Study Area

The Bosten Lake Basin is situated in the interior of northwestern China, within the
Bayin’guoleng Mongol Autonomous Prefecture (Bazhou for short) of Xinjiang. It occu-
pies the northeastern portion of the Tarim Basin and the northeastern edge of the Takla-
makan Desert (82°55'-90°25' E, 39°35'-43°30" N) and has a total area of approximately
104,698.38 km?2. The basin consists of the Kaidu River Watershed, Bosten Lakes and the
Peacock River Watershed (Figure 1). Originating in the southern foothills of the Tianshan
Mountains, the basin’s rivers and streams meander through the Bayinbruk Grassland,
which is an important water conservation area in the Bazhou region. The Kaidu River has
a total length of 560 km and is the main source of water supply for Bosten Lake. It flows
through a section of high mountain valleys, forming a deltaic impact plain shaping the
fertile Yanqi Basin. From there, the Kaidu exits through the mountain passes, ultimately
emptying into Bosten Lake (980 km?), which is Xinjiang’s largest freshwater lake and the
source of the Peacock River. A relatively rare tributary-free river with a total length of
420 km, the Peacock overflows from the western part of Lake Bosten. It then crosses the
southern Tian Shan tributary of the Hora Mountains and the Kuruktag Intersection and
enters the Tarim Basin before fading into Lop Nor.

H4°N

42

Legend

— Nine-dotted line

" “Bosten Lake
\ N z

Xingjiang
Provincial-level
administrative regions ' ~

42°

= =1
DEM/m Tn N Kuruktag Peak

500-1000

| 1000-1500 =
[ 11500-2000 Peacock River
[12000-2500 T
[ 25003000 Mheer T
I 3000-3500 Lake
I 3500-4000

>4000

0 100 200
e Km

Study area

DEM/m y
High : 8548 35

40°N

Tarim Basin

40°N

87°E 90°E
(m)

Figure 1. Overview map of the study area. Note: Drawing No. GS (2022) 1873.

The terrain across the Bosten Lake Basin region has a complex topography but is
generally high in the north and low in the south (Figure 1). The average multi-year
precipitation from the upper to lower reaches of the basin is 47 mm to 75 mm, with most
of the precipitation occurring during the summertime. The average potential evaporation
over the years is 1887-2777 mm, and the average annual temperature is only —4.64 °C, with
a minimum temperature of —48.13 °C and a maximum temperature of 40.18 °C. The basin
has a mid-temperate and warm-temperate continental climate, which is typical of an arid
desert region characterized by low rainfall, high evaporation, long sunshine hours, and
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abundant wind and sand. Overall, the Bosten Lake Basin is classified as having a fragile
ecological environment.

2.2. Data Sources and Processing

Land use data: For this research, we chose land-use data for the years 2000, 2005, 2010,
2015, 2020, and 2022 with a resolution of 30 m, based on data in the published article “Study
on China’s Year-by-Year 30 m Land Cover and Its Dynamics from 1990-2019”. The study
was co-authored by Professors Yang Jie and Huang Xin of Wuhan University [22].

Elevation data (DEM): Our elevation data came from the Geospatial Data Cloud
(http:/ /www.gscloud.cn/; accessed on 14 April 2023) and have a spatial resolution of 30 m.
The DEM was used to calculate slope and slope direction data.

Normalized Difference Vegetation Index (NDVI), soil type, climate, and socio-economic
data were obtained from the Resource and Environmental Sciences Data Centre (http:
/ /www.resdc.cn/; accessed on 14 April 2023).

Road data: Data pertaining to regional railway networks and road levels were obtained
from the GIS monitoring platform (http://www.dsac.cn/; accessed on 15 April 2023). The
Euclidean Distance tool in ArcGIS 10.7 was applied to calculate the distances from different
levels to roads and railways.

To ensure the consistency of the spatial accuracy of the data, the driving factor and
land-use data were processed using cropping and resampling tools. These data were then
uniformly converted into raster files with 100 m x 100 m accuracy.

2.3. Mode Selection and Profiles
2.3.1. PLUS Models

PLUS is a new model that has been constructed based on metacellular automata. It
analyzes the spatial characteristics of the expansion parts of various types of land use
and the driving factors between two periods of land-use data. The model adopts the RF
algorithm to sample and calculate the expansion parts of land use in order to obtain the
probability of development of various types of land use one by one. Based on these results,
it obtains the comprehensive probability of land-use change using the adaptive inertia
competition mechanism of roulette (Figure 2). Finally, land use is optimized by integrating
random patch generation, transition matrices, and threshold descent mechanisms [23,24].

2.3.2. LEAS (Land Expansion Strategy Analysis)

The RF algorithm was used to explore the drivers and influences of expansion for each
land-use category separately and to maintain the probability of each driver contributing to
the expansion of individual categories over the study period [25]. This was performed by
extracting various land-use extensions between two periods of land-use change. The RF
algorithm in LEAS determines the probability of occurrence of a local class on a single grid
by randomly sampling the spatial data with the following mathematical expression [15]:

M

Zl Ihy(x) = d|
Pi(x) = "= M
where Pldj(x) is the probability of growth of land class j at spatial unit 7; d takes the value 0
or 1; d = 0 means that no other landforms can be transformed to landform j; d = 1 indicates
that other land classes can be transformed into land class j; x denotes the vector consisting
of the driving forces;h, (x) is the land-use type resulting from the computational prediction
of vector n; M is the total number of decision trees; and I is the indicator function of the
decision tree.
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2.3.3. CARS (CA Based on Multiple Random Seeds)

CARS draws on the principle of randomly generated seeds and a threshold-decreasing
mechanism to generate the plaque expansion portion by local dynamic simulation in the
study area. Future land-use demand is predicted through the transfer transition matrix
and weight parameter settings, with the matrix setting and weight setting referring to the
previous experience setting and historical experimental setting, respectively. The formula
is as follows [24]:

OP{~M = RIZ! x Qf x DI 2)

where OP?Tl’t denotes the total probability of transformation of ground class j in not
moment ¢ and spatial cell i; Rd:l denotes the transition probability of ground class j in

spatial cell 7; Qt denotes the domam weight of momentary land class j in spatial single
i, which takes the value of domain weight between [0, 1] and is set according to the
summary of previous experience and combined with the actual development trend of the
study area; and D]t» represents the adaptive driving coefficient for predicting land class j in
future periods.

Adaptive inertia can be adaptively adjusted in the iterative process according to the
difference between the expected demand for land quantity and the existing actual situation.
Accordingly, the quantity of land use can be developed towards the expected goal, thus
achieving the simulation of changes in spatial land-use types. The formula to express this
adjustment is as follows [15]:

Dt—l (‘Gt—l < Gt—2D
(0 >G> G}i‘l) 3)

(Gf >G> 0)

t—l
Dlt( = D Gt T

Dtl

GtZ

where Dj indicates the inertia coefficients for site type k at time ¢, and G,t;l and G,t(*2 are
the differences between the demand for land and the actual quantity at moments ¢ — 1 and
t — 2, respectively.

2.3.4. InVEST Habitat Quality Model

The InVEST (Integrated Valuation of Ecosystem Services and Tradeoffs) model was
developed jointly by Stanford University, the World-Wide Fund for Nature, and The
Nature Conservancy. This modeling system supports environmental decision-making
by simulating changes in ecosystem services under different land-cover scenarios [26,27].
In this study, the habitat quality module of the INVEST model is used to integrate the
sensitivity of each land-cover type to threat factors in order to provide a quantitative
assessment of habitat quality across the Bosten Lake Basin region (Figure 2). The strength
of ecosystem functioning based on habitat quality scores is measured using a small amount
of introduced data and a large amount of output data [28-30]. The formula is as follows:

D,
Quj=Hj|1- —1— (4)
ijZ+KZ

where Q,; is the habitat quality of grid x in the jth land-use/land-cover type, with a value
range between [0, 1]; H; is the habitat suitability of the jth land-use/land-cover type; and
the habitat suitability of each land-use type is expressed from 0 to 1, with 0 representing
no conditions for biological survival and 1 representing extremely high habitat suitability.
Furthermore, D,; is the degree of habitat degradation of grid x in the jth land-use/land-
cover type; z is a normalization constant, usually taken as the default value of 2.5; and
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k is a half-saturation constant, usually taken as half the maximum habitat degradation
raster value.

R Yr R
ij = Z Z wr/zwr ryirxyﬁxsjr @)
r=1y=1 r=1

where D,; is the degree of habitat degradation of grid x in the jth habitat type; R is the
number of threat factors; w; is the weight of the rth threat factor, taking the range of [0, 1],
with larger values indicating that the threat factor has a greater impact on habitat quality;
Y7 is the number of rasters of the threat source; r,, is the stress value of the grid y; B is the
accessibility of the threat source to the grid x, which takes values in the range [0, 1]; S jr is
the sensitivity of the jth habitat type to the threat factor r, which takes the range of [0, 1],
with larger values being more sensitive; and iy, indicates the stress level of the stress value
of grid y on grid x. It is categorized into linear and exponential decay, which is expressed
by the following equation [31]:

linear attenuation i,,, = 1 — dxy ©)
rxy B drmax
—2.99d

exponential decay iy, = exp <dxy) %
rmax

where dyy, is the straight-line distance between grid x and grid y, and d; 4y is the maximum
coercive distance from the threat source r.

In addition to land-use data, factors such as stressors, habitat suitability of land-use
types, and sensitivity to stressors need to be set in the context of the actual situation in the
study area and the results of existing research. After referring to existing research results
and the software manual [32], and taking into account the specific development of the
Bosten Lake Basin, we set the weights, maximum impact distance, and degradation type
for cropland, barren, and impervious surfaces as threat factors (Table 1). Habitat suitability,
sensitivity of different habitats to threat factors, and maximum impact level set the distance
and weight of each factor according to the actual situation [31,33-35] (Table 2).

Table 1. Maximum influence distance and weight of duress factors.

Threat Types Max_Dist/km Weight Spatial Decay Type
Cropland 3 0.7 linear
Barren 1 0.1 linear
Impervious 6 1 exponential

Table 2. Sensitivity to stressors and habitat suitability of each land use type.

Land Use and Land Cover = Habitat Quality Cropland Impervious Barren

Cropland 0.3 0.4 0.6 0.1
Forest 1 0.5 0.6 0

Shrub 0.9 1 0.8 0.5

Grassland 0.7 0.6 0.6 0.7

Waters 0.7 0.2 0.3 0.4

Snow /Ice 0.1 0 0.1 0.2

Barren 0.2 0.1 0.4 0.2
Impervious 0 0 0 0

Wetland 0.8 0.2 0.6 0.7
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2.3.5. Multi-Scenario Settings

Three typical models for scenarios of natural development, ecological protection, and
economic development were designed to simulate and predict the number and spatial
distribution of image elements of various land-use modes in the Bosten Lake Basin in
2030. The models predict the number of pixels for natural development scenarios and
boundary constraint scenarios through Markov chains, based on China’s latest territorial
spatial planning and regulations for regional economic development and environmental
protection. The number of ecologically prioritized scenario pixels was determined based
on the Markov chain and the above land-transfer probability parameters [15]. The settings
for each scene are as follows:

(1) Scenario One: Natural development scenario. Without considering urban master-
planning factors and current ecological land-protection factors, urban development in
2030 was simulated using historical land-use transfer probabilities based on historical
urban expansion trends only. The number of land image elements of each type in 2030
was predicted through Markov chains.

(2)  Scenario Two: Ecological protection scenario. Since the study area is home to China’s
largest inland freshwater lake and contains the country’s only nature reserve for
swans, the primary objective of ecological protection of the environment is to limit
urbanization and develop land use in a more environmentally friendly direction. In
this scenario, the probability of transferring forest land, grassland and water bodies
to impervious is reduced by 30%; the probability of transferring cropland to forest
land and grassland is increased by 30% by continuing the implementation of the
ecological project of returning farmland to forests and grasslands; and the probability
of transferring cropland to water bodies is increased by 10% by taking into account
the return of cropland to wetland. Further, the probability of transferring unutilized
land to forest land and grassland is increased by 20%, while the conversion of water
bodies to other land types is restricted.

(3) Scenario Three: Economic development scenario. Accompanied by rapid economic
development and urbanization, the expansion of cities and arable land is increasing.
This scenario sets a 20% increase in the probability of transferring cropland, forest land
and grassland to impervious; a 20% increase in the probability of transferring bare
land to impervious; and a 20% decrease in the probability of transferring impervious
to land use other than cropland. The scenario also limits the conversion of impervious
to other land-use categories.
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2.3.6. Geographic Detector Model

Geoprobes were utilized to quantitatively assess the factors affecting habitat quality
in the study area and the intensity of the factors’ influence. This mathematical statistics
analysis method was proposed by Wang Jinfeng and Xu Chengdong to explore the spatial
differentiation of geographical entities and reveal their driving force, including factor
detection, ecological detection, interaction detection, and risk detection [36]. In this paper,
we discretize two types of factors, namely, natural environment factors, including DEM
(X1), NDVI (X2), temperature (X3), precipitation (X4), soil type (X5) and slope (X6), and
socio-economic factors, including distance to a road distance to township level and above
(X7), distance to water (X8), population density (X9) and GDP per capita (X10). The main
applications are its factorial detection and interaction detection. Factor probes measure
the extent to which the independent variable explains the spatial differentiation of the
dependent variable, and interaction probes analyze the extent to which the distribution
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of the dependent variable is affected by the superimposed effects of different factors. The
formula is:

L

Y. Nio?
where g is the detection value of each driving factor; N; and N are the number of samples
in the partition and the whole area, respectively; L is the number of evaluation units; o
and ¢ are the discrete variances in the partition and the whole area, respectively.

3. Results and Analysis
3.1. Characteristics and Prediction of Land-Use Change
3.1.1. Analysis of Land-Use Characteristics from 2000 to 2022

Land-use distribution and changes in the Bosten Lake Basin from 2000 to 2022 are
shown in Figure 3. As can be seen, land use is dominated by grassland and barren land,
accounting for 93.21% of the area, with barren land making up more than 70%. During
the study period, land-use changes were obvious, and impervious surfaces, cropland, and
water bodies were mainly distributed in the plains in the middle reaches of the basin,
while grassland, forest, snow/ice, and wetland were the primary land-cover types in the
Tianshan Mountains, northwest of the basin. Barren land was mostly distributed in the
desert area of the Tarim Basin in the lower reaches of the basin. The overall proportion
of land types in the study area was barren > grassland > cropland > forest > snow /ice >
water > impervious > wetlands > shrub. The land-use changes over the past 22 years also
show an increase in economic land area and a decrease in ecological land area.

(2)2000 (b)2005

©2010  ON (d)2015

}N\
© Cropland - Water
- Forest O Snow/Ice
- Shrub Q Barren

@ mpervious
@ Grassland

O Wetland
0 175 350
m Km

Figure 3. Distribution of land use in the Bosten Lake Basin, 2000-2022.
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Specifically, the area of cropland, impervious surfaces, and forest land was expanded,
while the area of grassland, water, snow/ice, wetland, and barren land was reduced.
Impervious surface area changed the most due to the acceleration of urbanization and
intensification of human activity, but cropland area likewise saw massive gains. Impervious
surfaces increased 751.91% during the study period, from 50.19 km? in 2000 to 427.59 km? in
2022, while cropland area expanded 2343.50 km?, representing an increase of 58.16%. Forest
area increased by 91.14 km? (Table 3). On the other hand, grassland area across the basin
shrank by 919.82 km? and barren land area declined from 63,858.35 km? to 62,355.03 km?,
representing a reduction of 2.35% (Figure 4). Furthermore, thanks in large part to global
warming as well as the expansion of cultivated land and the subsequent high demand for
irrigation water, the area of water bodies was reduced by 93.57 km? during the study period.
At the same time, snow/ice decreased from 1484.40 km? to 1207.83 km? and wetlands
shrank from 349.30 km? to 326.45 km?.

Table 3. Land Use Transfer Matrix of Bosten Lake Basin in 2000-2022.

Cropland Forest Shrub  Grassland Waters Snow/Ice Barren Impervious  Wetland (th)?)l) Trglsfer
ut
Cropland 3534.34 4.63 - 387.78 13.74 - 19.99 64.42 4.24 4029.15 494.81
Forest 98.84 449.17 - 24.67 5.15 - 0.03 5.19 0.86 583.92 134.75
Shrub - - 0.01 - - - - - - 0.01 0.01
Grassland 1521.97 216.64 1.10 29,319.36 19.50 68.99 1678.35 175.95 112.07 33,113.92 3794.57
Waters 69.19 3.62 - 40.68 1064.77 1.01 26.83 16.85 0.60 1223.56 158.80
Snow /Ice - 0.09 - 64.60 10.64 927.94 481.11 - 0.01 1484.40 556.46
Barren 1125.21 0.23 0.01 2241.19 14.49 209.88 60,148.08 119.25 0.02 63,858.35 3710.27
Impervious 1.89 - - 1.59 0.19 - 0.59 45.93 - 50.19 4.27
Wetland 21.20 3.69 - 114.22 151 0.01 0.04 - 208.64 349.30 140.66
Total (2022) 6372.65 678.06 1.12 32,194.10 1129.99 1207.83 62,355.03 427.59 326.45 104,692.81
Transfer in 2838.30 228.90 1.12 2874.74 65.22 279.90 2206.95 381.66 117.81
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[
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7 t Shrub
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- Wetland
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% =
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Figure 4. Land-use transfer chord map.

Table 3 presents data on the transfer of land-use types in the Bosten Lake Basin
from 2000 to 2022. As can be seen, there were frequent transfers. Cropland land area
expanded dramatically, with 2838.30 km? transferred from other land types such as forest
land (98.84 km?), grassland (1521.97 km?), barren land (1125.21 km?), and water bodies
(69.19 km?). Of these, barren land and grassland accounted for 93.27% of the area trans-
ferred to cropland, indicating that cropland expansion relied mainly on land reclamation
and grassland. Forest area was mostly transferred from grassland (216.64 km?), and shrub
land area and wetland area were relatively balanced, changing little. Of the grassland area
(3794.57 km?), 387.78 km? was transferred to cropland and 2241.19 km? to barren land.

3.1.2. Multi-Scenario Analysis of Land-Use Prediction

Based on the PLUS model, land-use data for 2010 were used as base-period data for
prediction and simulation. Twelve driving factors (temperature, precipitation, DEM, slope,
aspect, NDVI, soil type, GDP per capita, population density, road distance to township level
and above, distance to water, evapotranspiration) were selected to simulate the land-use
data for 2020. The accuracy verification of the real and simulation land-use data for 2020
shows a Kappa coefficient of 0.9734 and an overall accuracy of 0.9853, indicating that the
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(a)Natural development scenario

simulation results are highly accurate. Therefore, this paper uses the PLUS model based on
the land-use data from 2020 to predict the land-use data for natural development, ecological
protection, and economic development scenarios in the Bosten Lake Basin in 2030.

Under the natural development scenario, based on the spatiotemporal evolution
of land-use change in the study region from 2000 to 2020, the dynamic prediction was
carried out under the assumption that the law remains unchanged and no additional policy
factors have been set. A comparative analysis of the 2020 (Figure 5a) and 2030 (Figure 5b)
scenarios shows a trend of increasing cropland, a slight increase in impervious surfaces, and
expanding water bodies. In this scenario, barren land was significantly reduced, mainly
converting to cropland (563.73 km?2), impervious surfaces (158.30 km?2), and snow/ice
(106.40 km?), for a total conversion of 863.16 km?. Secondly, grassland was converted to
cropland (159.79 km?), decreasing by 224.07 km?. Cropland increased by 1021.72 km?,
and the transfer from impervious surfaces (206.36 km?) and barren land (216.84 km?) was
almost the same. There was a slight uptick in forest, water bodies, and snow/ice area and a
slight decline in grassland and wetland area (Figure 6).
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Figure 5. Distribution of land use in the Bosten Lake Basin in 2030 under different scenarios (a) 2020,
(b) natural development scenario, (c) ecological protection scenario (d) economic development scenario.
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Figure 6. Land use transfer matrix chord map for Bosten Lake Basin in 2020-2030 under different
scenarios.
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Under the ecological protection scenario, encroachment on forest, grassland, and water
bodies is strictly restricted for the dynamic prediction (to prevent over-development during
the process of urbanization and damage to the ecological environment). In this scenario,
impervious surface area in 2030 (Figure 5c¢) is anticipated to increase only slightly compared
to 2020 (Figure 5a), and water bodies will expand outward. However, compared with
natural scenarios, impervious surfaces will spread relatively slowly and will not occupy
grassland or water bodies. Further, the transfer area of impervious surfaces, grassland,
and water bodies will be 0, with transfers mainly occurring from barren land to cropland,
grassland, water bodies, and snow/ice, for a total of 1176.66 km?2. In comparing the
ecological protection scenario with the natural development one, we see a reduction in
cropland of 284.92 km? and an increase in grassland of 255.33 km?. These changes are the
result of heavy restrictions and ecological protection policies, such as returning farmland
to forest and grassland. By restricting the transfer of water bodies, water is anticipated to
increase from an area of 1162.15 km? to 1228.89 km? between 2020 and 2030, and snow /ice
will increase by 181.85 km?. The change trend of forest and wetland is not expected to be
significant, and impervious surfaces show only a small expansion (Figure 6).

Under the scenario of economic development, however, impervious surfaces are an-
ticipated to expand rapidly. Therefore, when predicting land use in 2030, the transfer
probability of impervious surfaces should be increased, and the transformation of impervi-
ous surfaces to other land types should be restricted. In comparing Figure 5d with 2020 and
the other two scenarios, we can see a massive increase in impervious surfaces occupying
large swathes of grassland, barren land, and cropland. Under this scenario, cropland is also
predicted to increase enormously, expanding in area by 736.41 km?, followed by imper-
vious surfaces, which are predicted to increase from 405.25 km? to 544.64 km? (Figure 6).
In contrast, grassland, barren land, and wetland are all expected to chart a downward
trend, resulting in a major loss of ecological land for the development of agricultural econ-
omy. These predicted changes will seriously hinder the sustainable development of the
study area.

3.2. Comparative Analysis of Spatial-Temporal Evolution of Habitat Quality and Multi-Scenario
Simulation

3.2.1. Characteristics of Habitat Quality Evolution in 2000-2022

The current data on land-use, ecological threat factor, and factor sensitivity were
imported into the INVEST model to obtain the habitat quality data for the Bosten Lake Basin
in 2000, 2005, 2010, 2015, and 2022. The value range of the habitat quality index was (0-1).
Higher and larger habitat quality values indicate that the watershed’s ecosystem services
are more comprehensive and thus more favorable for biodiversity conservation. In order
to present the evolution of watershed habitat quality in different years, the results of the
habitat quality assessment were categorized into five grades with the help of the natural
discontinuities method in ArcGIS software. The five grades are: low (0, 0.2), lower (0.2,
0.4), medium (0.4, 0.6), higher (0.6, 0.8), and high (0.8, 1.0). The results reveal that the mean
values of habitat quality in the basin from 2000 to 2022 were 0.3569, 0.3529, 0.3496, 0.3498,
and 0.3494, respectively, showing a trend of degradation followed by gradual recovery.

In terms of spatial distribution (Figure 7), habitat quality status is closely related to
land-use change, with a high degree of consistency. The landscape matrix for high-level
habitat quality consists mainly of ecological land use such as forest, grassland, and water
bodies, while medium-grade habitat quality is mainly composed of cropland and sparse
grassland, and low-grade habitat quality comprises land-use categories such as impervious
surfaces and barren land. Between 2000 and 2022, the habitat quality grade was mainly
low and high, accounting for 92.15% of the total area. The low habitat quality was mostly
distributed in the middle and lower reaches of the basin, accounting for more than 63.98%
of the total area. This region is dominated by relatively high human activity, such as
cultivated plains, urban and rural settlements, the edge of the Taklamakan Desert, and
low-cover grasslands. High habitat quality was primarily distributed in the northern
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slopes of the Tianshan Mountains and at Bosten Lake in the northern part of the basin,
which accounted for more than 28% of the total area of the study region. These locations
are rich in species resources and biodiversity and have the best habitat quality thanks to
relatively abundant annual precipitation, little evaporation, fewer human activities, and
relatively rich biodiversity. The medium grade of habitat quality is mainly distributed in
low vegetation cover locations, such as in the peripheral suburbs of an urban center or at
the edge of a watershed. There is a small downward trend in medium-grade habitat due to
the uncontrolled encroachment of man-made land into ecological land such as grassland
and water bodies. Most regions of lower habitat quality are situated in the middle reaches
of the watershed, where the terrain is flat, or distributed along a river or on farmland,
forming a population agglomeration. This type of habitat is on the lower side of the quality
scale and shows a tendency to increase due to the vigorous development of the economy.
The result is an expansion of land for impervious surfaces and cropland. The regions of
high habitat quality are distributed in the forest and grassland areas of the Tianshan Nature
Reserve, showing a sporadic distribution and accounting for the smallest area. The reserve
is the outcome of recent active promotion of ecological protection policies, such as returning
farmland to forests, along with wetland protection and restoration projects. As a result of
these efforts, the further degradation of high-grade habitat quality areas has been alleviated
and there is a slight increase in the trend toward this habitat creation.
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Figure 7. Spatial distribution of habitat quality in the Bosten Lake Basin, 2000-2022.

In terms of temporal distribution (Figure 8), habitat quality across the Bosten Lake
Basin was significantly lower in 2010 than in previous or later years. Compared to the
2000 mean, there was a decrease of 0.0073 in 2010, characterized by a decrease in higher-
quality habitat and an increase in low-quality habitat. Specifically, higher-grade habitat area
decreased from 30,913.49 km? to 29,707.72 km? and low-grade habitat area increased from
66,594.61 km? to 67,246.18 km?, while lower-grade habitat area increased by 820.90 km?
and medium-grade habitat area decreased by 286.31 km?. These changes are due primarily
to the further implementation of the 2000-2010 “western development” strategy, which
is aimed at building new urbanization zones driven by economic development strategies
such as industry and tourism.
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Figure 8. Trends in the area of different classes of habitat quality in the Bosten Lake Basin, 2000-2022.

Then, from 2010 to 2022, the decreasing trend of habitat quality in the basin was
controlled. The mean value decreased by 0.0002, showing a gradual reduction in low-grade
land area and a further increase in high-grade land area. During these 12 years, the low-
grade area of habitat quality decreased from 67,246.18 km? in 2010 to 66,990.10 km? in
2022, and the area of high-grade habitat quality increased from 541.18 km? to 660.26 km?.
Thus, the overall habitat quality in the study region from 2000 to 2022 shows a trend of
decline followed by a stabilizing trend with a slight increase, indicating that the ecological
environment governance in the Bosten Lake Basin has achieved remarkable results.

3.2.2. Comparative Analysis of Habitat Quality by Multiple Scenario Simulation

Using the prediction results of the PLUS and InVEST models, this study analyzed the
habitat quality of natural growth, ecological protection, and economic development sce-
narios in the Bosten Lake Basin for 2030. The habitat quality spatial distribution (Figure 9)
and area change (Figure 10) trends were compared with the 2020 habitat quality map
(Figure 9a). As can be seen, the natural development scenario (Figure 9b) for 2030 pre-
dicts that habitat quality will have a slightly increasing trend, with reductions both in
low-grade and medium-grade area but increases in higher-grade area. The land area
of low- and medium-grade habitat quality is expected to decrease by 1495.34 km? and
251.62 km?, respectively, while the land area of higher-grade habitat quality will increase
by 925.06 km?. Additionally, a slight overall decrease is anticipated in high-grade habitat
quality (52.81 km?).

Under the ecological protection scenario (Figure 9¢), compared with the two scenarios
in 2020 and the other two areas, the higher- and high-grade habitat quality area is expected
to increase the most. Specifically, higher- and high-grade habitat quality increased by
789.74 km? and 9.79 km?, respectively, while low-grade habitat quality area decreased by
2162.91 km?. Compared to the other two scenarios, high-grade land area is expected to
expand the fastest under the ecological protection scenario, and low-level grade area is
expected to decrease the most, indicating that the ecosystem is somewhat protected in
this scenario.

Under the economic development scenario (Figure 9d), medium-grade habitat quality
is anticipated to expand the most, with habitat quality overall showing a slight increasing
trend. However, compared to the other two scenarios, the land area of high- and medium-
grade habitat quality is expected to decrease. Specifically, high-grade habitat quality area
shows a decrease of 7.08 km?, and medium-grade area is anticipated to shrink by 385.18 km?.
These changes indicate that the rapid development of the economy may lead to major
reductions in cropland and ecological land, which will seriously hinder the sustainable
development of the region.
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Figure 9. Spatial distribution of habitat quality in the Bosten Lake Basin in 2030 under different
scenarios: (a) 2020, (b) natural development scenario, (c) ecological protection scenario, (d) economic
development scenario.
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Figure 10. Trends in the area of different classes of habitat quality by scenario in 2030.

From the above, we can see that the spatial and temporal evolutionary trends of habitat
quality under the three scenarios in 2030 are contrary to the evolutionary trends from 2000
to 2022. This difference is due to the implementation of several ecological restoration and
restoration projects in ecologically sensitive areas of woodland and grassland in recent
years. In locations with high habitat suitability, the projects have resulted in significant
improvements in the ecological environment of the Bosten Lake Basin. Evaluating habitat
quality through different scenario predictions reveals changes that are mainly concen-
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trated in the middle of the basin’s population clusters and cropland, reflecting the various
economic development and human activities occurring in those locations.

3.3. Mechanisms of Spatial Differentiation in Habitat Quality
3.3.1. Factor Detection

The results for each year are shown below, representing the extent to which individual
drivers explain the distribution of the habitat quality index, and all factors have a p-value
of 0, indicating that the results pass the test of significance at the 0.05 level and that the
models are all plausible.

The drivers screened by the study all influenced the spatial differentiation of habitat
quality in the Bosten Lake watershed to some extent (Figure 11). Among the drivers
in 2000 and 2010, the order of magnitude according to the g-statistic was DEM (X1) >
precipitation (X4) > temperature (X3) > soil type (X5) > per capita GDP (X10) > NDVI
(X2) > slope (X6) >road distance to township level and above (X7) > distance to water
(X8) > population density (X9). The top 5 g-values of the single-factor detection results
of the habitat quality influencing factors in the Bosten Lake watershed in 2022 were, in
descending order, precipitation (X4) > temperature (X3) > DEM (X1) > soil type (X5) > GDP
per capita (X10). Taken together, the influence factor with the greatest explanatory power
for habitat quality in 2000 and 2010 was DEM. The greatest explanatory power for habitat
quality in 2022 is precipitation.

X1 DEM
X2 NDVI
X3 temperature

2000 X4 precipitation
X5 soil type
I 2010 X5 o
I 2022 X7 road distance to township level and above

X8  distance to water
X9  population density
X10 per capita GDP

Figure 11. Contribution rate of each impact factors of habitat quality.

The mean value of the overall g-value statistic for the natural environment factor
reached 0.876, with a maximum of 0.890 for the three-phase factor detection. Among them,
DEM and precipitation had the highest g-value statistics of 0.29 and 0.31, respectively,
reflecting that DEM and precipitation had the greatest influence on the spatial differenti-
ation of habitat quality. Secondly, the g-value statistic for temperature was also close to
0.15, indicating that climate has a place in influencing habitat quality. Finally, the natural
environmental factors of soil type and NDVI had g-values close to 0.1, which influenced the
spatial differentiation of regional habitat quality to some extent. In addition, the g-value of
the socio-economic factor, GDP per capita, reached 0.174, and the g-values of the remain-
ing socially driven factors all ranged from 1% to 10%, suggesting that they have a weak
influence on habitat quality differentiation.

3.3.2. Interaction Detection

The results of the interaction detection of driving factors for spatial differentiation
of habitat quality in Bosten Lake Basin showed that the q values under the interaction
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of two factors in the study area were larger than those of a single factor, and the types
of interactions between the selected factors were dominated by two-factor enhancement
and nonlinear enhancement, indicating that the spatial differentiation of habitat quality in
Bosten Lake Basin was caused by the complex coupling between multiple factors, not by
a single influencing factor (Figure 12). Interactions within natural environmental factors
and between socio-economic factors and natural environmental factors are strong. Among
them, the interaction effect g-values in 2000 were all greater than 0.45 for X1NX4 (0.50),
X1NX10 (0.48), X4NX7 (0.47), and X4NX5 (0.46); In 2010, the interaction effect q values were
all greater than 0.45 for X1NX4 (0.49), X1NX10 (0.48), X4MX7 (0.46), and X4MX5 (0.46); in
2022, the interaction effect q values were all greater than 0.45 for X4NX10 (0.51), X3NX10
(0.48), X1NX10 (0.48), X4MX7 (0.46), and X1NX7 (0.46), and X4NX7 (0.46). The interactions
within the socioeconomic factors were weak, but the synergistic enhancement between the
socioeconomic factors also had an effect on the degree of spatial differentiation of habitat
quality in the Bosten Lake Basin. Taken together, the largest explanatory power of the
interactions in 2000 and 2010 was the combination of a single factor dominated by DEM
and precipitation with other factors, and the largest explanatory power of the interactions
in 2022 was the combination of a single factor dominated by precipitation and GDP per
capita with other factors, suggesting that DEM together with precipitation and GDP per
capita determine the spatial distribution of different habitat types.
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Figure 12. Geographic detector interactive detector results.

4. Discussion

This paper analyzes the spatial and temporal trends of land use and habitat quality
in the study region. Based on the results of land-use prediction under three different
scenarios for 2030, the study found that the ecological protection scenario led to the greatest
improvement in habitat quality across the basin. The results of the study provide a scientific
basis for the protection of biodiversity in arid inland river basins, the construction of an
economic layout for high-quality development, the optimization of ecological security
patterns, and the orderly guidance of efficient and green development in towns and cities.

4.1. Analysis of Land-Use Change Attribution

The land-use/land-cover system is a complex ecosystem in which human activities
have a significant impact on its development and change, while the ecosystem also influ-
ences humans [20,37]. Land-use change in the Bosten Lake Basin is the result of numerous
factors. Our analysis indicates that due to an increase in population and rapid economic
and social development, a large amount of new farmland has been reclaimed in the region,
expanding the area of towns and cities and occupying large swathes of barren land and
grassland. This phenomenon is extremely prominent in the plains in the middle of the
study area, where the natural conditions are more favorable for human development, a
finding also shared by Zhang et al. study [38] on the basin. In addition to the encroachment
of production land, other reasons for the degradation of grassland area include the degra-
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dation of alpine meadows and mountain grasslands caused by overgrazing of grasslands,
along with insect and rodent infestations [39].

By comparing watershed area trends from 2000 to 2022, we found that a decreasing
trend was followed by an increasing one, which was consistent with the research results of
Li Yujiao [40]. The main reason for this change is the sharp rise in agricultural irrigation
demand, resulting in a massive increase in water consumption. At the same time, the
average annual temperature charts a rising trend, with the resultant warming leading to
watershed area shrinkage. However, the national ecological comprehensive management
project carried out in recent years includes a variety of ecological measures, such as river
management, irrigation district water-saving renovation, ecological water transfer, and
ecological construction, all of which have led to an upward trend in the water area of rivers
and lakes in the Bosten Lake Basin [41].

4.2. Impacts of Land-Use Change on Habitat Quality

Expansion of construction land and cropland in the basin during the study period is
closely related to the socio-economy. Combined with the actual degree of habitat quality
degradation, it can be seen (Figure 13) that impervious surfaces, cropland, and barren
land have the most drastic impact on habitat quality among all land-use types. Any area
changes occurring in these three land-use types will therefore directly impact changes
in habitat quality [42]. We used the PLUS-InVEST model for prediction analysis of the
basin, where the ecological environment is already fragile. In so doing, we artificially
imposed ecological zoning planning and land-use conversion restriction zones for key
ecological reserves to determine the optimal balance between socio-economic development
and habitat quality protection [43]. The results of this analysis are similar to those in Zhai
Yuxin et al. research [21], showing that the area of land for production and habitation is still
expanding while the ecological area in undergoing a decreasing trend. Therefore, adjusting
the land-use pattern of the region is an effective means to optimize habitat quality.
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Figure 13. Spatial distribution of habitat quality degradation, 2000-2022.

4.3. Comparative Analysis of Habitat Quality under Multiple Scenarios

Using the prediction results, we compared the spatial distribution of habitat quality
degradation in the basin under the three scenarios in 2030 (Figure 14). It was found that
under the natural development scenario, the high degradation and low degradation areas
progressively increase in size and the degradation of habitat quality is more pronounced.
Under the ecological protection scenario, stabilized areas gradually encroach on highly de-
graded and less degraded areas, and the degree of degradation of habitat quality improves.
This is because the study area includes complex ecosystems such as mountains, grasslands,
rivers, lakes, and deserts with fragile ecosystems and prominent human relationships [44].
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During “the 14th Five-Year Plan” period, it was proposed that the concept of green devel-
opment be adhered to and that economic and social development be consciously integrated
with the building of an ecological civilization [45]. This has slowed down the flow of
ecological land in the basin and improved degradation. Under the economic develop-
ment scenario, land transformation is prioritized towards urban living land, agricultural
production land, and industrial production land, which seriously affects the ecology and
the environment and may even lead to serious human-land and human-nature conflicts,
which is in line with the findings of Gao et al. research conclusions [46]. Therefore, it is
necessary to actively promote the ecological management and protection in the watershed
to provide a good ecological security guarantee for the construction of a new pattern of
Western development, the Belt and Road Economic Belt, and rural revitalization, all while
building a firm ecological foundation and enhancing the quality and effectiveness of the
ecological barrier.
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Figure 14. Spatial distribution of habitat quality degradation in Bosten Lake Basin under different
scenarios in 2030: (a) natural development scenario, (b) ecological protection scenario, (c) economic
development scenario.

4.4. Limitations and Outlook

This study investigated the dynamic changes of habitat quality in Bosten Lake Basin
from 2000 to 2022 and predicted the spatial distribution of habitat quality in the basin under
three scenarios in 2030 using the PLUS-InVEST model. The results and findings of this
research can provide a reference basis for ecological zoning planning and habitat quality
improvement in arid zones. However, this study has a few limitations, as detailed below.

First, the PLUS model predicted only land-use data, natural drivers, GDP per capita,
population density, road distance, and other drivers for model construction. Additional
socio-economic factors affecting human activities were not fully considered. Therefore,
the indicator construction system must be further enriched and improved. Second, the
InVEST-HQ model requires input parameters, and the relevant parameters used in this
study were obtained from model manuals, related studies, and expert experience, so there
is a certain degree of subjectivity in parameter setting that can lead to uncertainty in the
evaluation results. Therefore, future research could focus on exploring effective ways to
optimize the parameter settings.

We should also take into consideration that, among all the basins in China, the Bosten
Lake Basin has one of the highest degrees of water resources development and utilization
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and the most prominent contradiction in water use. These characteristics are of critical
significance in the integrated promotion of social and economic development and regional
ecological environment construction. From the analysis of land use and habitat quality
changes, there are still some problems that need attention. In terms of land use, the problem
of ecological land being occupied by construction land and arable land expansion is an
ongoing issue. The solution to this problem could be to further promote land-use policies
that highlight saving and intensifying land use, and to scientifically guide urban expansion
and coordinated regional development. In terms of habitat quality, the middle reaches of the
basin, where the level of economic development is high and the population is concentrated,
have poor habitat quality and serious degradation trends. Habitat quality can be improved
by reinforcing land-use control, strengthening the “three-in-one” protection system for the
quantity, quality, and ecology of arable land, and increasing the area of urban greening.

5. Conclusions

This paper evaluated the habitat quality of Bosten Lake Basin from 2000 to 2022 with
the help of the InVEST model. Three scenarios (natural development, ecological protection,
and economic development) were set up, and the PLUS model was used to dynamically
simulate land-use status and evaluate habitat quality predictions for 2030 under the differ-
ent scenarios. The main influencing factors of habitat quality were investigated with the
geographical detector model, and the spatial differentiation mechanism was analyzed. The
results of the study are as follows:

(1) Habitat quality degrades and then improves from 2000 to 2022, reaching its lowest
mean habitat quality value in 2010. Spatially, it is characterized by high in the north-
west and low in the southeast. Comparison of the habitat quality of the different
scenarios in 2030 reveals that the ecological protection scenario has the highest mean
value and the lowest degree of degradation.

(2) The PLUS model projections show that land use changes in 2022-2030 are similar to
actual changes in 2000-2022, but with a slowdown in the degree of land turnover.
Trends in agricultural land and impervious surface expansion have slowed, and the
shrinkage of ecological land use has been controlled.

(3) DEM, mean annual precipitation and GDP per capita are the main drivers of differ-
ences in the spatial distribution of habitat quality in the Bosten Lake Basin. Stronger
interactions within natural environmental factors and between socio-economic factors
and natural environmental factors. X1MX4 (0.50) and X4MX10 (0.51) are the interaction
factors with the largest dominant effect in 2000, 2010 and 2020, respectively.
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