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Abstract: Globally, mountains have suffered enormous biodiversity loss and habitat degradation
due to climate change and human activities. As an agent of biodiversity, evaluating habitat quality
(HQ) change is an indispensable key step for regional ecological security and human well-being
enhancement, especially for fragile mountain ecosystems in arid areas. In this study, we aimed to
propose an integrated framework coupled with the Normalized Difference Vegetation Index (NDVI)
and Integrated Valuation of Ecosystem Services and Tradeoffs (InVEST)-HQ module to improve the
effectiveness and accuracy of HQ estimation. We highlighted the Tianshan Mountains in Xinjiang
as an example to validate the model, as it is a typical representative of mountain ecosystems in the
temperate arid zone. Specifically, we aimed to assess the spatiotemporal dynamics of HQ over the
past two decades and investigate its influencing factors using a geographical detector model. The
results show that, first, grassland and unused land were the main land-use types in the study area.
The land-use transitions were mainly concentrated in grassland, woodland, water body, and unused
land. Second, the total area of very important habitats and general habitats accounted for over 70% of
the Tianshan Mountains. The average HQ decreased from 0.5044 to 0.4802 during 1995-2015. Third,
the HQ exhibited significant spatial differentiation, and the Ili River Valley and Kaidu River Basin
were the hot spots, while the south and east of the Tianshan Mountains were the cold spots. Habitat
quality was strongly related to the terrain gradient, with an inverted “U” type. Protected areas of
different categories played a vital role in biodiversity conservation. Finally, soil type, land-use change,
precipitation, temperature, and grazing intensity were the dominant factors in response to HQ change
for both the total Tianshan Mountains and sub-regions, followed by elevation, the relief degree of the
land surface, gross domestic product, population density, and distance to tourism attractions. The
interaction effects of the influencing factors were improved compared to the effects of the individual
factors in each zone. Furthermore, these results provide decision-making criteria for formulating
a scientific and systematic protection of ecology and restoration planning systems to enhance the
capacity to address climate change.

Keywords: habitat quality; InNVEST model; geographical detector model; Tianshan Mountains

1. Introduction

Biodiversity, which supports ecosystem processes, functions, and the continued deliv-
ery of ecosystem services, is fundamental to human health and well-being [1]. Although
conservation efforts have been emphasized, habitat fragmentation, degeneration, and
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loss driven by human activities and climate change are still the greatest threats to global
biodiversity loss [2,3]. Habitat quality (HQ) is an effective decision-support tool for identi-
fying conservation areas and evaluating their conservation status to provide welfare for
people [4,5]. Therefore, there is an urgent need to monitor and assess the spatiotemporal
dynamics of HQ and develop conservation management strategies that are significant for
biodiversity conservation, ecosystem service function maintenance, ecological security
pattern construction, and regional sustainable development.

Although mountains cover about 25% of the global area, mountains provide liveli-
hoods for billions of people who live in or beyond mountain ranges [6,7]. Mountains are
momentous pools of global biodiversity, are home to endemism and threatened species,
and host about half of the global biodiversity hotspots [8]. Mountains supply multiple
valuable ecosystem services as compared to those in other areas, such as water yield,
climate regulation, carbon sequestration, soil retention, and natural habitats [1,7], which
are the core elements of cultural diversity, human well-being, and sustainable develop-
ment [6]. Mountain regions, particularly vulnerable ecosystems, are the first to be affected
by global land-use change and climate change [9] and exhibit different degrees of decline
in ecosystem services [10]. In arid and semi-arid regions, mountain ecosystems rich in
vegetation are the focal points of biodiversity and ecological security [11]. The fragile and
sensitive ecosystems in arid and semi-arid regions due to the extreme climate make it
more difficult for ecological protection and restoration [12]. The Tianshan mountain range,
known as the “Central Asian Water Tower”, underpins a crucial biodiversity hotspot [13].
The visible climate warming has reached a level of 0.3 °C increase per decade in the
Tianshan Mountains [14]. The changing climate has resulted in a series of serious eco-
logical crises, including increased precipitation uncertainty, a retreat of approximately
97.52% of the glaciers [15], increased land-use conversion rates and intensities [16], and
vegetation browning [17]. Meanwhile, the grazing pressures are amplified, leading to alter-
ations in vegetation diversities, productivities, morphological structures, and distribution
patterns [18]. To moderate the irreversible effects of climate change and anthropogenic
disturbances, the Chinese government has released many ecological protection and restora-
tion programs, such as the construction of the Three-North Shelterbelt, the Grain for Green
Program, the Natural Forest Protection Project, and the Preventing and Controlling Sand
Engineering. Nevertheless, knowledge gaps still exist in preventing habitat loss to improve
the landscape health of the Tianshan mountain range. Thus, strengthening the research on
mountain HQ in the context of global warming is of great significance for the ecological
barrier construction of Central Asia and for the promotion of the sustainable development
of the Silk Road Economic Belt.

Habitat quality is an important proxy for biodiversity and ecosystem services [19,20].
Traditional and typical regional biodiversity surveys have long been broadly used in HQ
assessments [13]. Biodiversity surveys are time-consuming and costly, and the lack of
long-term data makes it impossible to estimate temporal and spatial variations [21]. Thus,
researchers have formulated synthetic index evaluation methods that provide flexibility
to integrate field data [20]. Recently, it has become important to understand the distribu-
tion and degree of habitat threats [22,23]. The habitat quality module in the Integrated
Valuation of Ecosystem Services and Tradeoffs (InVEST) is a powerful assessment tool
that combines habitat suitability and intensity of threats [19]. It offers the opportunity for
rapid and regular assessment of biodiversity status at different spatial scales from protected
areas to the national scale [4,24], especially where there are poor species distribution data
available [22,25]. However, habitat suitability and threat scores are deeply influenced by
expert subjectivity and unilateralism [23]. To enhance the accuracy of the HQ assessment,
species distribution models have been introduced into the INVEST-HQ model [25]. With
the rapid development of remote sensing technology, moderate- to high-resolution data
and monthly products support allow annual evaluations of species diversity and habitat
conditions [26]. Given these, we proposed an integrated framework that combined the
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Normalized Difference Vegetation Index (NDVI) to modify the InVEST-HQ model, owing
to the capacity of the NDVI for continuous monitoring of species richness [27].

In the present study, our primary objective was to construct an integrated and effective
HQ evaluation system that coupled the NDVI and InVEST-HQ model to improve the
accuracy of the evaluation results. We employed this model in the Tianshan Mountain
Range, China, because it is crucial to maintain the ecological security in Western China.
Habitat quality supervision and evaluation in arid and semi-arid mountain ecosystems are
extremely important for biodiversity protection and regional sustainable development. The
specific objectives of this research were to (1) evaluate the spatiotemporal dynamics of HQ
in different periods; and (2) reveal the influencing factors using the geographical detector
model at the grid scale.

2. Materials and Methods
2.1. Study Area

The Tianshan Mountains are the world’s largest independent zonal mountain sys-
tem, the largest mountain system in an arid region, and the farthest mountain system
from the ocean [28]. It is one of the world’s seven major mountain systems, connecting
China, Kazakhstan, Kyrgyzstan, and Uzbekistan. The Tianshan Mountains in Xinjiang
(TS) are located at 73°50'28”-95°33'56” N and 39°24'40”-45°23'8” E, with a total area of
23,53 x 10* km? (Figure 1). The elevation in TS ranges from 734 to 7380 m. The region
includes not only high-altitude mountains but also some basins (e.g., Yurtus Basin) on the
northern and southern slopes and valleys (e.g., Ili River Valley) in the western part of the
TS [14]. The region has a typical continental climate, with an annual average temperature of
1.03 °C and annual average precipitation of 406.97 mm. The TS has all the typical mountain
altitudinal natural zones in a temperate arid zone and is located in the mountains of Central
Asia among the global biodiversity hotspots [29], the Global-200 ecoregions [30], and the
priority areas for biodiversity conservation in the Tianshan Mountains—southwest Junggar
Basin [31]. According to the “Guideline to Establish the Mechanism of Natural Protected
Areas with National Parks as Backbone” released in 2019, there are 59 protected areas (PAs)
in TS, including one World Natural Heritage site, nine nature reserves, and 49 nature parks,
which account for 33.91 % of the protected areas in Xinjiang. The total area of PAs in the
TS is 2307.46 km?, accounting for 18.94 % of the study area. To quantitatively analyze the
spatial variation, we divided the total Tianshan Mountains (TTS) into three sub-regions:
the Middle Tianshan Mountains (MTS), the North Tianshan Mountains (NTS), and the East
Tianshan Mountains (ETS).
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Figure 1. Location of study area (Map number: Xin S (2021) 023).

2.2. Data Sources

Land-use and monthly NDVI data from 1995, 2000, 2005, 2010, and 2015 were provided
by the Resources and Environmental Sciences Data Center, Chinese Academy of Sciences
(RESDC) (http:/ /www.resdc.cn/, accessed on 25 January 2022). The land-use data had a
spatial resolution of 30 m and an overall evaluation accuracy greater than 80% [16], which
included 25 land-use categories, and we used ArcGIS10.5 to reclassify these categories
into six primary types: cropland, woodland, grassland, water body, built-up land, and
unused land. The monthly NDVI data with a resolution of 1 km were combined with
the maximum value method to obtain the annual NDVI. The railway and highway data
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were obtained mainly from the National Catalogue Service for Geographic Information
of China (https://www.webmap.cn/main.do?method=index, accessed on 21 April 2022)
and the National Earth System Science Data Center (http://www.geodata.cn/, accessed on
21 April 2022). The Digital Elevation Model (DEM) data were provided by the Geospatial
Data Cloud (http://www.gscloud.cn/, accessed on 21 April 2022). The protected area
boundaries, including the World Natural Heritage site, nature reserves, and nature parks,
were acquired from the Forestry and Grassland Administration of the Xinjiang Uygur
Autonomous Region.

2.3. Methods
2.3.1. Habitat Quality Evaluation

Land-use structure, intensity, and conversion cause global habitat fragmentation and
loss [2,21]. Thus, the InVEST-HQ model, which combines information on land use and
threats to biodiversity [19], has been widely used to evaluate the spatial distribution of
habitat quality, habitat degradation, and habitat rarity. Vegetation coverage can influence
the choice of habitat and the intensity of habitat use [22,32]. The NDVI was introduced to
comprehensively evaluate HQ. Thus, the integrated HQ evaluation model was calculated
as follows:

HQ,= Min (NDVI; x Habitat; x 2,1) 1)

where HQ); is the habitat quality of grid cell i; and NDV, is the average annual NDVI of
grid cell i, ranging from O to 1. Habitat; is assessed by the InVEST habitat quality model as
follows:

z

. Dyj
Habltﬂtxj: H]X [1 - ( DZ~+kz )] (2)
xj

where H; is the habitat suitability of land-use type j; z and k are scaling parameters; and
D,; is the total threat level in grid cell x with land-use type j.

D R Yr wy ) . 3
xj — Z 2 m rylrxy,Bx jr ( )

r=1y=1 r=

where 7 is threat source; R is the total number of threat sources; y indicates all grid cells on
1’s raster map; y, is the set of grid cells on 7’s raster map; w; are threat weights; r,, is the
value of threat factors in grid y; irx, is the impact of threat r that originates in grid cell y
on habitat in grid cell x; and By is the accessibility of grid cell x. Besides, S;, indicates the
sensitivity of land use j to threat »r where values closer to 1 indicate greater sensitivity.

Considering the importance of ecosystem protection and biodiversity maintenance of
the study area, land-use accessibility is determined according to the different functional
zones of the protected areas. Based on the control requirements of different functional
zones in Guiding Opinions on the Establishment of National Park-based Nature Reserve System
and previous research [33], the accessibility parameter S, was assigned. The By value of
the core control zones and general control zones is 0 and 0.5 in nature reserves, and it is 0.8
in general control zones of nature parks [33].

1-— (d,d%) if linear
exp [—(&) X dxy} if exponential

dY max

)

irxy =

where dy, is the linear distance between grid cells x and y and dyyqy is the maximum
effective distance of the threat r’s.

In order to ensure the conclusions conform to the reality of the study area, this research
established an evaluation form containing the maximum influence distance and weight of
the threat factors (Table 1), as well as the sensitivity of the different habitat types to different
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threat factors (Table 2), which are based on previous studies [34], the IN'VEST model user’s
guide [19], and experts’ opinions.

Table 1. Maximum influence distance and weight of the threat factors in TS.

Maximum Influence

Threats Distance/km Weight Spatial Decay Type
Cropland 8 0.7 linear
Urban land 10 1 linear
Rural residential 6 0.6 linear
Other construction land 8 0.8 linear
Railway 4 0.5 linear
Highway 3 0.4 linear

Table 2. Sensitivity of different habitat types to different threat factors.

. Rural Other . .
Land-Use Code Habitat Cropland Urban Land Residential Construction Land Railway  Highway
10 0.3 0.0 0.6 0.4 0.3 0.5 0.4
21 1 0.8 0.9 0.8 0.8 0.8 0.7
22 0.9 0.6 0.7 0.6 0.5 0.6 0.5
23 0.8 0.7 0.8 0.7 0.6 0.8 0.7
24 0.7 0.7 0.8 0.7 0.6 0.7 0.6
31 0.9 0.5 0.6 0.5 0.4 0.5 0.6
32 0.8 0.6 0.7 0.6 0.4 0.5 0.6
33 0.7 0.7 0.8 0.7 0.6 0.5 0.6
41 1 0.1 0.7 0.6 0.5 0.5 0.4
42 1 0.1 0.7 0.6 0.5 0.5 0.4
43 1 0.1 0.7 0.6 0.5 0.5 0.4
44 1 0.1 0.1 0.2 0.1 0.5 0.4
45 0.8 0.7 0.8 0.6 0.5 0.5 0.4
51 0 0 0 0 0 0 0
52 0 0 0 0 0 0 0
53 0 0 0 0 0 0 0
61 0 0 0 0 0 0 0
62 0 0 0 0 0 0 0
63 0.1 0.1 0.1 0.1 0.1 0.2 0.2
64 0.8 0.1 0.5 0.6 0.4 0.5 0.7
65 0.1 0.1 0.1 0.1 0.1 0.2 0.2
66 0 0 0 0 0 0 0
67 0 0 0 0 0 0 0

Notes: 10 is cropland, 21 is forestland, 22 is shrub wood, 23 is sparse woods, 24 is other woodland, 31 is high
coverage grassland, 32 is moderate coverage grassland, 33 is low coverage grassland, 41 is river and canal, 42 is
lake, 43 is reservoir and pond, 44 is permanent glaciers, 45 is mudflats, 51 is urban land, 52 is rural settlements, 53
is other construction land, 61 is sand land, 62 is Gobi, 63 is saline-alkali lands, 64 is wetland, 65 is bare land, 66 is
bare rock texture, and 67 is other unused land.

2.3.2. Terrain Factors

The changes in elevation and topography make a significant difference to the ecologi-
cal environment of mountain areas [7]. The Terrain Niche Index (TNI) can comprehensively
represent the elevation and slope characteristics of the study area [35], which was intro-
duced to reveal the spatial distribution characteristics of HQ in different levels of terrain
factors. It is calculated as follows:

TNI=Ig[(E/E+1) x (5/5+1)] (5)

where TNI is the terrain niche index; E and S are the elevation and slope of each pixel; and
E and S are the average elevation and slope of the study area. The greater the TNI, the
higher the elevation and slope, and vice versa.
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To eliminate the dimensional difference of HQ at a different TNI, the distribution index
was used to explore the distribution characteristics of HQ. The TNI was divided into ten
grades by natural breaks (jenks). It is calculated as follows:

P=(A,/A)/(A,/A) (6)

where P is the distribution index; A;, is the areas of HQ in level i within TNI ¢; A; is the
total area of HQ in level I; A, is the total area of TNI e; and A is the total study area. The
greater the p value is, the more selective the terrain. The dominant terrain distribution at a
certain level of HQ is where the p value is greater than 1, and vice versa.

2.3.3. Spatial Autocorrelation and Hot/Cold Spot Analysis

Spatial autocorrelation refers to the degree of relevance of an attribute of a geographic
object in different spatial locations [22]. It contains global spatial autocorrelation and local
spatial autocorrelation. The global Moran’s I index was used to evaluate the global cluster
characteristics of HQ. The value ranges from —1 to 1. The equation is as follows:

i1 7:1 (xi—x) (xj—f)

Moran’s I = ——— - —
i1 ZJ‘:1 Wij Y iq (x;—x)

@)

where x; and x; are the habitat quality of grid cell i and j; X is the average habitat quality of
study area; 7 is the total number of grid cells; and w;; is the spatial weight matrix.

The hot spot analysis can be used to measure the spatial aggregation and differenti-
ation characteristics of HQ, and whether and where high-value (hot spots) or low-value
(cold spots) features cluster spatially. The Getis-Ord G} index is calculated based on the
ArcGIS platform. When the G/ value is significantly positive, the HQ show a high-value
concentration, which is a hotspot area. While, when the G value is significantly negative,
the HQ is a low-value aggregation, which is a cold spot area. The areas corresponding
to the G values at the 99% or 95% significance levels are regarded as the hot spots (cold
spots) or the sub-hot spots (sub-cold spots) [33]. The calculation formula is as follows:

n sy — V1 .
G — Ej:lwqx] X Lij—1 Wij

1
s\/ [ i wh— (L wy )2]

n—1

®)

where x; is the HQ value of grid cell j; X is the average HQ value; w;; is the spatial weight
matrix between grid cell i and j; n is the total patch number; and S is the standard deviation
of the HQ value.

2.3.4. Selection of Driving Factors

The spatiotemporal dynamics of HQ are widely influenced by natural and human
factors. Soil plays a part in maintaining biodiversity, ecological conservation, and ecosystem
services, as it provides habitat for the largest gene pool and diversity of species [36]. Land-
use change, especially urban expansion, accelerates habitat degradation [22,23]. Moreover,
the habitat types needed for species survival have been reduced and fragmented under the
effects of climate change and land-use change [3,37]. Moreover, universally, overgrazing
has caused grassland degradation and loss of biological diversity [18]. According to the
natural conditions and development level of the study area, ten factors were selected based
on previous studies (Table 3) [21,38,39]. The natural factors included soil type (SOL), annual
mean precipitation (PRE), annual mean temperature (TEM), elevation (ELE), and relief
degree of land surface (RDLS). The human factors included land-use type (LAND), gross
domestic product (GDP), population density (PD), distance to tourism attractions (TOU),
and grazing intensity (GI).
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Table 3. Details of the driving factors.

Index Code Unit Data Source and Calculation
Soil type SOL - Data from RESDC
Annual mean precipitation PRE mm Data from RESDC
Annual mean temperature TEM °C Data from RESDC

Elevation

Relief degree of land surface
Land-use type
Gross domestic product
Population density

Distance to tourism attractions

Grazing intensity

Data from the Geospatial Data Cloud

ELE m (http:/ /www.gscloud.cn, accessed on 21 April 2022)
RDLS - Extract from DEM
LAND - Data from RESDC
GPD 10*CNY /km? Data from RESDC
PD person/ km? Data from RESDC
The tourism attractions were obtained from the
TOU m Department of Culture and Tourism of the Xinjiang Uygur

Autonomous Region. It was calculated by ArcGIS
“Euclidean distance” tool.

The livestock data was obtained from the XinJiang

GI heads/km? Statistical Yearbook. The grazing intensity was calculated

based on literature (Li et al., 2014).

2.3.5. Geographical Detector Model

The geographical detector model [40] has been widely used to detect spatially strat-
ified heterogeneity and its driving factors in the fields of ecology and ecosystem ser-
vices [39]. The model includes factor detection, interaction detection, risk detection, and
ecological detection. Factor detection was applied to reveal the relative importance of
driving factors on the HQ, and interaction detection was used to explore the interaction
effects between the two factors (Table 4). The model is easily accessible on the website
(http:/ /www.geodetector.cn/, accessed on 21 April 2022). To maximize the utilization of
useful spatial information and enhance the effectiveness of factor detection, it is of great
importance to discretize continuous spatial data using the most appropriate discretization
method. The optimal parameter-based geographical detector model (OPGD) provides an
optimal solution for spatial data discretization, finding the number of spatial strata, and
the spatial scale parameter [41]. It can further extract geographical characteristics and
information over professional experience, as it supplies the best parameter combination
when the geographical detector model is applied. The “GD” package in R 4.1.0 was used
for the computation of the OPGD model (https:/ /cran.r-project.org/web /packages/GD/,
accessed on 21 April 2022). These factors were classified by the OPGD model in R 4.1.0,
except soil type and land-use type.

Table 4. Types of interaction between driving factors (Xs).

Description Interaction
q(X1NX2) < Min(g(X1), 9(X2)) Weaken, nonlinear
Min(g(X1), q(X2)) < g¢(X1NX2) < Max(q(X1), g(X2)) Weaken, univariate, nonlinear
4(X1NX2) > Max(q(X1), g(X2)) Enhance, linear, bivariate
q(X1NX2) = g(X1) + q(X2) Independent
q(X1NX2) > q(X1) + q(X2) Enhance, nonlinear

3. Results
3.1. Validation of Habitat Quality

It is necessary to test the effectiveness of the modified HQ model for assessing biodi-
versity. The species richness was used to characterize biodiversity, which was obtained
from the literature [13,42]. The fitting results (Figure 2) showed that this model showed a
highly significant Pearson’s r (0.69, p < 0.01) and regression slope values (14.558, p < 0.01),
with an R? = 0.48, indicating that there was a good linear relationship between the two.
Thus, this model can be applied to the field of biodiversity estimation.
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Figure 2. The validation of habitat quality based on species richness.

3.2. Land-Use Change from 1995-2015

Grassland was the dominant land-use type of the TS, and its total area accounted
for almost 60%, followed by unused land (Figure 3). The land-use structure underwent a
rapid change during the study period. The areas of cropland, grassland, built-up land, and
unused land showed a tendency to increase to varying degrees. The area of grassland and
unused land increased the most, reaching 10,345.98 km? (7.45%) and 3382.57 km? (5.38%),
respectively, and the area of construction land increased the fastest (285.91%). The area of
woodland and water body decreased by 3919.17 km? (30%) and 11,091.12 km? (65.54%),
respectively. Overall, the area of artificial landscape (e.g., cropland and built-up land)
increased by 1283.62 km? (37.55%), while the areas of natural landscape (e.g., woodland,
grassland, water body, and unused land) decreased by 1281.74 km? (0.55%).

137 5.55% 5656 145%  5.57%
0.08% 26.66%\’
58.829

1995

26, 77%

0.08%
iy < soos"/v

1.64% 3 ggo
28.20%

0.29%

< © 63.54%
o 2.44%

1.69% %
2015 3.89%

L 2 v, N
> 0.31% KI&/«‘? \\'@L
N, 2.48% LERRED cropland [ water body
S B woodland M built-up land

grassland unusedland 4 1km
0 200 400

pEOr o W

Figure 3. The land-use change from 1995 to 2015.

As shown in Figure 4, land-use transitions can be divided into two stages—smooth
change (1995-2005) and fast change (2005-2015). From 1995 to 2005, the grassland was
mostly transformed into other land-use types, which mainly contained unused land
(1085.59 km?), cropland (760.72 km?), and woodland (758.29 km?). The area of unused
land transferred out up to 1452.12 km?2. From 2005 to 2015, a large amount of unused
land was converted to grassland, with an area of 18,563.39 km?. The area of grassland and
water body decreased rapidly by 19,711.91 km? and 13,521.97 km?, respectively. Water
bodies were mainly converted into unused land and grassland, while grassland was mainly
transformed into unused land and woodland. Overall, under the background of global
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climate change, ecological land, such as woodlands, grasslands, and water bodies, became
more vulnerable. This result is consistent with Wei's research [16].

n - -

= = =] =)
2000 2005 2010 2015

I grassland [ unused land [l woodland [ water body [ cropland [l built-up land

2
3
5

Figure 4. Land-use transitions from 1995 to 2015.

3.3. Spatiotemporal Change in Habitat Quality

The HQ was divided into four different levels using the equal interval method in Ar-
cGIS 10.5 (Table 5): L1—very important habitat (0.75-1.0); L2—important habitat (0.5-0.75);
L3—moderately important habitat (0.25-0.5); and L4—general habitat (0-0.25).

Table 5. The area of different habitat quality levels.

0,
Classification Level Value Area (%)
1995 2000 2005 2010 2015
Very important habitat L1 0.75~1.0 37.08 37.76 36.15 37.05 35.23
Important habitat L2 0.5~0.75 10.65 9.60 11.78 10.87 10.69
Moderately important habitat L3 0.25~0.5 16.86 15.76 16.47 15.29 14.98
General habitat L4 0.0~0.25 35.41 36.88 35.61 36.78 39.10

The spatial distribution pattern of HQ in the TS was relatively stable from 1995 to 2015
(Figure 5), with few large areas with significant changes; but, there was still small-scale
fluctuation. The NTS had a higher HQ (0.68), followed by the MTS (0.44) and the ETS (0.40).
The very important habitat was mainly distributed in the Ili River Valley and the southern
edge of the Junggar Basin. These regions were the main distribution areas of forests and
grasslands in the TS. The average altitude was above 2700 m and was less disturbed by
human activities, which is consistent with previous research [24,43]. The general habitat
was mainly distributed in the transitional belt between the southern slope of the middle
Tianshan Mountains and the Tarim Basin, which is close to the Taklimakan Desert. There
were Gobi desert and bare rock areas with sparse vegetation.

From 1995 to 2015 (Table 5), the average values of the HQ in the TS were 0.5044, 0.5032,
0.5011, 0.4983, and 0.4802, which were at the middle level, with a slight decrease. The HQ
of the TS was mainly dominated by very important habitats and general habitats, followed
by moderately important habitats and important habitats. In the last 20 years, the areas
of L1 and L3 decreased by 1.85 % and 1.88 %, respectively, while the area of L4 increased
by 3.69 %, which was mainly due to the substantial glacier shrinkage in the TS caused by
rapid warming [15]. The area of L2 was relatively stable.
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Figure 5. The change in habitat quality from 1995 to 2015. Notes: (a)~(e) are the spatial distribution
of different habitat quality levels in 1995, 2000, 2005, 2010, and 2015, respectively; (f) is the change of
habitat quality from 1995 to 2015.

Altogether, the area with improved HQ reached 30.35% of the study area, mainly
in the east. Meanwhile, almost 30.15% of the region faced HQ degradation to different
degrees, which was more evident in the western region. The fluctuating change in HQ
threatens the biodiversity and ecological security of the Tianshan Mountains.

3.4. The Spatial Heterogeneity of the Habitat Quality

A total of 61,315 grids of 2 x 2 km? were generated with the “fish net” tool in Ar-
¢GIS10.5. From 1995 to 2015, the Global Moran’s I (p < 0.01) values were 0.9024, 0.9034,
0.8989, 0.9028, and 0.9003, respectively, indicating that there was a significant spatial ag-
glomeration of HQ in the TS, but the spatial agglomeration tended to weaken, with a slight
decrease in Global Moran’s 1.

The Getis-Ord G} was used to identify the spatial heterogeneity in HQ in the TS. There
were three non-uniform units (Figure 6): hot spots, cold spots, and random areas. The hot
spot areas were mainly distributed in the Ili River Valley and Kaidu River Basin, while the
cold spot areas were mainly distributed in the south and east of the Tianshan Mountains.
The proportion of hot spot areas in 1995-2015 were 29.62%, 29.75%, 28.79%, 29.6%, and
29.02%, respectively, showing a downward trend. Meanwhile, the proportions of the cold
spot areas were 28.40%, 28.90%, 28.17%, 28.63%, and 28.91%, respectively, showing an
increasing trend. The proportions of random areas were 41.98%, 41.35%, 43.04%, 41.73%,
and 42.07%, respectively. The hot spot areas of PAs in the TS were 17,856 km?, accounting for
25.51% of the total hot spot areas, suggesting that PAs play an important role in maintaining
regional biodiversity [24].

3.5. Habitat Quality in Relation to Different PAs

Considering that the boundaries of the World Natural Heritage site were almost
the same as those of the nature reserves or nature parks, the HQ of the World Natural
Heritage site was not compared, to avoid repeated calculations. Overall, the HQ was
strongly affected by the protection level (Figure 7a). Specifically, the nature parks (0.78)
had the highest HQ, followed by nature reserves (0.68), the priority areas for biodiversity
conservation in the Tianshan Mountains—southwest Junggar Basin (0.65), total Tianshan
Mountains (0.50), and unprotected areas (0.47). The average HQ of the PAs was higher than
0.6, whereas that of the unprotected areas was lower than 0.5. Clearly, the establishment
of PAs was distinguished in safeguarding important habitats. From 2005 to 2015, the HQ
values of the different PA categories fluctuated slightly and were entirely stable. The HQ
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of the nature parks increased slightly, whereas that of the other PAs showed a downward
trend. Among them, the HQ of the nature reserves decreased the most due to the shrinkage
of substantial glaciers, up to 0.18, and it was lower than that of the priority areas for
biodiversity conservation in the Tianshan Mountains-southwest Junggar Basin.
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Figure 7. The change in habitat quality of the different PA categories (a), the average habitat quality
from 1995 to 2015 (b), and the proportion of each different habitat quality level of the nature reserves
and nature parks (c). Notes: Iis nature reserve, Il is nature park, Il is the priority areas for biodiversity
conservation in the Tianshan Mountains—southwest Junggar Basin, IV is total Tianshan Mountains,
and V is unprotected areas.

In terms of the spatial pattern and habitat level (Figure 7b,c), most of the nature
reserves and nature parks were distributed in the region of very important habitats and
important habitats, both of which covered more than 75% of the area. Nature reserves
were mainly distributed in the region of very important habitats, followed by important
habitats. Nature parks had an overwhelming superiority of very important habitats,
indicating that nature reserves and nature parks play a vital role in supporting ecological
security. Nevertheless, conservation effectiveness and design need to be extended beyond
the existing PA network to protect an adequate representation of species and habitats [44].
Moreover, we should not only get information on how much area needs protection, but,
more importantly, also where to protect biodiversity and habitats.

3.6. Habitat Quality Variation in Terrain Gradient

From 1995 to 2015, the HQ at different terrain niches presented three characteristics.
First, the HQ showed an inverted “U” type (Figure 8). It increased at TNI 1-5 and decreased
at TNI 6-10. The important habitats were mainly distributed at TNI 3-8, which were the
main distribution areas of ecological land, such as grassland, forest, and water bodies.
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Therefore, people should give importance to the monitoring of HQ in these terrain gradient
areas. The structure and composition of land use were relatively stable. Second, the HQ
impairment and constancy areas increased with the terrain niche index, while the gain
areas changed slightly. Third, the distribution index of L1 was greater than 1 at TNI 3-7,
which showed a dominant distribution, but habitat quality L4 showed the opposite trend.
The distribution index of L2 appeared to be dominant when the TNI was greater than 5. In
general, landscape heterogeneity increased at moderate to high terrain levels compared to
the low terrain levels in arid mountain ecosystems, indicating that they can support more
species, habitat richness, and habitat diversity.

(a) 100% 25 1 (b
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Figure 8. The habitat quality change from 1995 to 2015 (a), and the distribution index of habitat
quality level at different terrain niches (b).

3.7. Driving Factors of Habitat Quality
3.7.1. Comparison of Driving Factors in the Different Sub-Regions

The geographical detector model was utilized to analyze the driving factors (g < 0.01)
of HQ in the TS (Figure 9). For the TTS, the driving factors from highest to lowest were
SOL, LAND, PRE, TEM, GI, ELE, GDP, RDLS, PD, and TOU. In general, the effect of natural
factors on HQ was significantly higher than that of socioeconomic factors. The effects of
LAND (—14.93%), PRE (—22.17 %), GDP (—26.36 %), PD (—40.12 %), TOU (—14.76 %), and
GI (—31.12 %) all showed a downward trend, while the effects of TEM (11.55 %) and ELE
(56.06 %) showed an upward trend, and the effects of SOIL (2.80 %) and RDLS (1.97 %)
were relatively stable.

For the ETS, the value of SOL was up to 0.6, and other factors were in the range of
0.2-0.5, besides TOU. The effects of LAND (—10.97 %), PRE (—35.73 %), GDP (—25.66 %),
PD (—23.79 %), TOU (—43.93 %), and GI (—27.24 %) all showed a downward trend, while
the effects of TEM (11.91 %), ELE (45.48 %), and RDLS (11.91 %) showed an upward trend,
and the effect of SOL (3.54 %) showed slight fluctuations.

For the NTS, the first two driving factors were LAND and SOL, and TEM, PRE, ELE,
GDP, GI, PD, TOU, and RDLS followed. The effects of LAND (—10.47 %), PRE (—69.01 %),
RDLS (—17.32 %), PD (—14.73 %), TOU (—21.19 %), and GI (—35.22 %) all showed a
downward trend, and the effects of SOL (12.83 %), TEM (69.01 %), ELE (43.30 %), and GDP
(9.16 %) showed an upward trend.

For the MTS, the SOL, LAND, PRE, GI, and TEM were the main influencing factors,
followed by ELE, GDP, PD, RDLS, and TOU. The effects of LAND (—18.70 %) and PD
(—61.14 %) showed a downward trend, and the effects of TEM (7.60 %), ELE (43.84 %),
RDLS (13.87 %), TOU (18.74 %), and GI (11.33 %) showed an upward trend. The effects of
SOL (3.94 %), PRE (4.64 %), and GDP (0.95 %) remained almost unchanged.
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Figure 9. The PD value of each factor from 1995 to 2015: (a) the total Tianshan Mountains area, (b) the
east Tianshan Mountains, (c) the north Tianshan Mountains, and (d) the middle Tianshan Mountains.

Our study revealed that both natural factors and anthropogenic activities have varying
degrees of effects on HQ, but the influence of natural factors is significantly stronger than
human activities. Soil properties, such as soil nutrient status, soil acidification state, and
soil moisture, are significant preconditions for vegetation growth. The soil types on the
north and south slopes of Tianshan show obvious differences, with the north slope being
rich in organic matter and favorable for plant growth, while the south slope is mostly desert
and meadow soils, which are not favorable for vegetation growth. Climate factors play a
more important role in vegetation sensitivity and resilience in arid and semi-arid regions,
and climate variability challenges the stability of vegetation. Abundant precipitation in
the Ili Valley and high-altitude mountain areas promotes greening of vegetation, while
strong evaporation in the southern Tian Shan, especially in the Taklamakan Desert, inhibits
plant growth. Land-use change affects biodiversity by increasing the probability of habitat
conversion and fragmentation and lowers the viability of species. Population and economic
activities were mainly distributed in piedmont oasis areas because of the high elevation
of the TS, and overall, the population density and economic activity intensity were at
very low levels. Although the tourist numbers and tourism economy in Xinjiang grew
rapidly, the level and scale of tourism development is relatively low compared to those
of eastern and central China [45]. Meanwhile, the government planned to cultivate the
Tianshan Mountains into a nature-based ecotourism corridor [46]. Grazing is the main use
of pastures in the Tian Shan region. Grazing, especially heavy grazing, changes the habitat
size and connectivity, threatening the survival of species.

3.7.2. Spatial Interactions between Driving Factors

It is widely accepted that HQ is comprehensively affected by multiple factors; thus,
the interaction detector was taken into consideration. The results suggested that the
interaction effects on the spatial distribution pattern of HQ were higher than those of
single factors for both the total Tianshan Mountains and sub-regions, which showed a
double-factor and nonlinear enhancement (Table 6). Overall, the interaction between soil
type and land use had the strongest explanatory power because they were the main driving
factors. Subsequently, some indistinctive influence factors, such as GDP, PD, and ELE,
showed a strong explanatory power in the dynamic interaction processes, demonstrating
that HQ was very sensitive to minor changes when the ecosystems were subjected to
external disturbances.
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Table 6. The dominant interactions between two driving factors in different zones.

Year Zone Main Interaction Detector
TTS SOLNLAND, GINLAND, GINSOL
ETS SOLNLAND, GDPNSOL, PRENLAND
1995 NTS SOLNLAND, PRENLAND, GINLAND
MTS SOLNLAND, GINSOL, ELENSOL
TTS SOLNLAND, PRENLAND, GINSOL
ETS SOLNLAND, GDPNSOL, PDNSOL
2000 NTS SOLNLAND, PRENLAND, GINLAND
MTS GINSOL, SOLNLAND, ELENPRE
TTS SOLNLAND, GINSOL, GDPNSOL
ETS GDPNSOL, SOLALAND, PDNSOL
2005 NTS SOLNLAND, ELENLAND, GINLAND
MTS SOLNLAND, GINSOL, ELENSOL
TTS SOLNLAND, ELENSOL, GDPNSOL
ETS SOLNLAND, GDPNSOL, PDNSOL
2010 NTS SOLNLAND, PRENLAND, GINLAND
MTS ELENSOL, GINSOL, GDPNSOL
TTS SOLNLAND, ELENSOL, GDPNSOL
ETS SOLNLAND, ELENSOL, PDNSOL
2015 NTS SOLNLAND, ELENLAND, TEMNLAND
MTS ELENSOL, GINSOL, ELENPRE

4. Discussion
4.1. Climate Change and Anthropogenic Activity Implications

Based on the results, the core driving factors were soil, climate change, land-use
change, and grazing. These basic properties (e.g., particle size distribution, clay content,
organic matter, and mineral content) in soil support the terrestrial ecosystem and have
a great and persistent influence on HQ [47]. Moreover, the impacts of climate change
and land-cover change on soil function cannot be ignored [48]. Global biodiversity is
affected by climate change and land-use change [3], causing geographic range shifts, ex-
pansions and contractions, and decreasing species habitat availability [2,49]. The land-use
structure changes, shift in spatial distribution, and increase in intensity of the changes
lead to the landscape being dispersed and fragmented, affecting the natural state and
integrity of the ecosystem [16]. The interaction effects between climate change and land-use
change increased the risk of habitat loss and fragmentation. Thus, appropriate land-use
exploitation seems to be a long-term measure to mitigate the impacts of climate change
on biodiversity [37]. The leading use of grasslands is in the form of grazing to maintain
millions of livelihoods. However, increasing heavy grazing pressure alters plant commu-
nity composition, diversity, and productivity [18]. Overgrazing is globally regarded as a
booster of land degradation and surface erosion [50], which appears to be devastating for
biodiversity protection, ecosystem multifunctionality maintenance, and ecosystem services
supply, given that rehabilitation is difficult and takes a long time [48]. Hence, grazing
pressure management strategies should be strengthened to achieve the goal of grassland
ecological restoration.

4.2. The Gap between Conservation Expectations and Reality

A network of PAs is the cornerstone of global biodiversity and plays a key role in
preserving rare and endangered species and ecosystems [9]. Consistent with a previous
study [24], our results revealed that PAs provide very important habitat protection. There
still exist some gaps, as shown in the following: first, the increased fluctuation in habitat
quality in the PAs brings challenges to a stable range of species; and second, there is a large
spatial mismatch between the distribution of important habitats and PAs.

Poor management is a significant challenge for the PAs in China [51]. As protected
species in PAs have specific and strict demands for habitat types and quality, they have
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limited adaptive capacity to climate change [52]. To enhance the conservation effectiveness
of PAs, we suggest the design of a framework for the quantification of the efficiency as
the basic requirement and normalization measure [9]. However, it is even more impor-
tant to strengthen the prediction of climate change impacts on habitats and formulate
corresponding strategies to enhance the ability of PAs to adapt to climate change [53].

It has been reported that climate change will expose 84% of mountain species to
extinction. Thus, increasing representation in high-elevation reserves is of great value to
achieve biodiversity targets after 2020 [49]. It is an urgent and important task to integrate
important habitats into the ecological conservation redlines and in the restricted zones in
the national ecological function zoning. Forest and grass departments should investigate
and identify important habitats and ecosystems and establish an optimized adjustment
plan for PAs to repair the ecological gaps in the PA network [51]. Furthermore, integrating
protected areas to establish national parks can balance the conflict between ecological
conservation and regional development.

4.3. Limitations and Future Work

This study integrated the NDVI and InVEST-HQ module to assess the temporal and
spatial variation in HQ over the past 20 years in the Tianshan Mountain ranges. The
findings of this study provide further information to expand HQ research on mountain
biodiversity and ecosystem services. Despite the merits of our framework, this research
still had some limitations that should be addressed in the future. First, owing to the
difficulty in obtaining historical threat data, some had to be replaced by adjacent years.
In addition, some important threat factors, such as pasture distribution and mining sites,
were not calculated in the InVEST-HQ model. Second, with the popular application of
remote sensing technology, it could provide a large-scale analysis, long time series, and
multiple types of observation data for biodiversity research. The potential and effectiveness
of other ecological remote sensing parameters for HQ monitoring and assessment were
not compared with NDVI, such as the Enhanced Vegetation Index, Leaf Area Index. Third,
future climate change and land-use change scenario simulations and predictions would
have been of great value [23,34]. Thus, in the future, it is necessary to make a prediction of
HQ to support policy recommendations and guidance for land-use spatial optimization
and regional development.

5. Conclusions

Understanding the temporal and spatial variation in HQ and its associated driving
factors is the basis for biodiversity conservation and ecosystem management in the context
of climate change. This study coupled the NDVI and InVEST-HQ module with higher
effectiveness to investigate the HQ change over space and time in the Tianshan Mountains
in Xinjiang from 1995 to 2015. The following were found: (1) Natural habitats, such as
grassland, was the main body of the research area, and changed the fastest both spatially
and quantitatively from 1995 to 2015, as compared to the other habitats. (2) The spatial
patterns of the habitats were stable, with the largest areas comprising very important
habitats and general habitats, although a slight tendency toward habitat degradation and
loss should be highly emphasized. The NTS had a better HQ score than that of the MTS
and ETS. (3) The spatial heterogeneity of HQ in the Tianshan Mountains was evident, with
the hot spot areas clustered in the Ili River Valley and Kaidu River Basin, and the cold
spot areas distributed in the south and east of the Tianshan Mountains. The HQ behaved
as an inverted “U” type in the different terrain gradients. Protected areas, such as nature
reserves, natural parks, and priority areas for biodiversity conservation, were important
for biodiversity protection in the Tianshan ranges, with a HQ score of over 0.5. (4) Natural
factors (e.g., soil and climate change) were determined to be the mainstays of HQ, and
human factors (e.g., land use and grazing) accelerated the fluctuation in habitat change.
Their interaction effects increased conspicuously compared to the those of the single
factors. In conclusion, HQ varies due to an elaborate mechanism. Thus, understanding the
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mechanisms behind the effects of climate change and human activities on mountain HQ
will contribute to dynamic governance. These results provide a scientific basis for land-use
planning that is adapted to climate change, for the optimal adjustment of PAs, which play
a critical role in maintaining mountainous biodiversity and ecosystems.
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