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Abstract: Guangdong Province is an important ecological barrier and the primary pillar of economic
development in China. Driven by high-speed urbanization and industrialization, unreasonable
land use change in Guangdong Province has exacerbated habitat degradation and loss, seriously
affecting habitat quality. Thus, taking Guangdong Province as the study area, this paper quantifies the
response of habitat quality on land use change using the Integrated Valuation of Ecosystem Services
and Tradeoffs (InVEST) model and constructs a contribution index (CI). The following conclusions
can be drawn from the results: (1) The habitat quality exhibits a spatial distribution pattern of low
quality in plain areas and high quality in hilly and mountainous areas. (2) The annual average habitat
quality gradually decreases from 1980 to 2020, with a total decrease of 0.0351 and a reduction rate of
4.83%; (3) The impact of land use change on habitat quality is mainly negative, and the habitat quality
mainly decreases by the conversion of forest land to orchards, paddy field to urban land, and forest
land to dry land, with CI values of−24.09,−11.67, and−8.04, respectively. Preventing the destruction
of natural forests, increasing the diversity of plantation orchards, and rationalizing and mitigating
the growth rate of construction land are key to maintaining and improving the habitat quality.

Keywords: land use change; habitat quality; habitat degradation; Guangdong Province

1. Introduction

Habitat denotes the natural environment that provides living space for human beings
and other species [1]. It is the guarantee and basic environment for biological survival and
reproduction and is the premise of all ecosystem functions and services [2,3]. Habitat quality
denotes the ability of a habitat to provide suitable and sustainable living conditions for
biological individuals or populations [4]. It reflects the regional biodiversity and ecological
service levels. Moreover, it is also an important representation of regional ecological
security and ecological health [5,6]. Habitat quality depends on natural and geographical
conditions as well as human activities. On the one hand, the natural and geographical
conditions determine the basis of habitats, such as the type of habitat, biodiversity, the
quality of the biological living environment, and the ability to provide the biological
survival and development requirements [7,8]. On the other hand, human activities change
the structure, nature, and ecological processes of a habitat [9]. Land is a carrier of human
activities that can directly record the patterns of land use change driven by the social
economy. On the premise that geographical conditions are not easy to change in the short
term, land use change alters the pattern and function of the regional habitat and affects
the material circulation and energy flow within the habitat, ultimately causing change to
habitat quality [10–14]. When land use type and structure changes are accelerated, habitat
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fragmentation, degradation, and even loss can occur, leading to the continuous decline of
habitat quality [15–18].

As an important ecological barrier and the primary pillar of economic development
in China, the northern Nanling Mountains and the southern coastal zone in Guangdong
province occupies an important position in China’s national ecological security strategic
pattern of “two screens and three belts” [19,20]. Moreover, Guangdong affords the highest
economic development and urbanization levels in China [21]. Recently, the contradiction
between economic development and ecological protection in Guangdong has become in-
creasingly prominent [22]. On the one hand, although Guangdong Province has the highest
level of economy and urbanization in China, the economic development of the province is
extremely uneven [23]. In 2020, the gross domestic product (GDP) of the Pearl River Delta
(PRD) region in Guangdong Province accounted for 85.17% of the total GDP of Guangdong
Province and gathered 62.15% of the province’s resident population, and these two figures
are on a gradual increase [24,25]. Driven by urbanization, industrialization, and population
agglomeration, construction land, industrial and mining land, and infrastructure land are
increasing, which not only destroys the integrity of land but also sequesters other land use
types [26–29], further intensifies the degradation and even habitat loss, which seriously
affects the habitat quality and hinders sustainable economic development and ecological
civilization construction [30]. On the other hand, the ecological environment in Guangdong
is relatively fragile due to its special geographical location. The hilly and mountainous
areas in northern Guangdong Province are prone to soil water erosion under typhoons
and rainstorms, and the simple forest structure in Guangdong Province leads to ecological
vulnerability [31]. Since 2000, a series of measures have been taken in Guangdong Province
to address the problem of soil erosion. Among them, the planting of economic forests
and soil conservation forests can effectively combat soil erosion [32], but the impact of
such measures on habitat quality is unknown. Therefore, the response mechanisms of
habitat quality under continuous land use change in Guangdong Province urgently need
to be clarified. Quantitative research on the response of habitat quality to land use and
exploration of the relationship between land use change and habitat quality in Guangdong
Province are helpful for figuring out the response mechanism of habitat quality to land
use change and can provide theoretical support and scientific reference for the rational
land-development and utilization as well as of habitat quality improvement, which is of
great significance to Maintaining the national ecological security pattern barrier system
and ensuring the coordinated and sustainable development of the ecological socioeco-
nomic system [12,33,34]. Currently, most quantitative studies focus on the PRD and the
Guangdong-Hong Kong-Macao Greater Bay Area [18,35], and less attention is paid to the
entire Guangdong.

Currently, the quantitative research on the response of global habitat quality to land
use change is mainly performed on the macro and micro levels.

At the micro-level, studies have revealed the responses of habitat quality to land use
change with measured data, such as species quantity, soil properties, and species types.
For example, through field investigation, Verheyen et al. [36] and Newbold et al. [16]
determined that land use change will affect the division and distribution of herb and wood
plant species. The measured data can accurately characterize the impact of land use change
on habitat quality. However, the acquisition of measured data is difficult and spatially
discontinuous, which is unsuitable for macro-scale promotion.

At the macro level, quantitative research is mainly divided into three aspects. The first
is correlation analysis, which mainly analyzes the relation between land use change (e.g.,
landscape index, land use change degree, pattern change index) and habitat quality change
(HQC) [37–40]. Studies showed that urban land expansion, agricultural land expansion, and
landscape fragmentation are significantly related to habitat quality reduction in Southwest
Ethiopia and the Baotou–Ordos–Yulin urban agglomeration in China [41,42]. The second is
evaluating the HQC caused by the land use changes. One way of determining this is by
assigning values to different land types to represent their habitat quality and then directly



Land 2022, 11, 817 3 of 23

comparing the differences before and after land use conversion [43,44]; Another way is
to evaluate the habitat quality in two or more years using an evaluation model and then
analyzing the change of habitat quality in the area with land use change [45,46]. Finally,
a prospective study can be performed to determine the future habitat quality. Evaluation
of the future habitat quality under different land use scenarios can help optimize the
land use scheme and provide the most appropriate land use scenarios for different goal
orientations [47–49]. Notably, among the latter two categories of research, the Integrated
Valuation of Ecosystem Services and Tradeoffs (InVEST) model is most commonly used due
to its convenience, pertinence, and applicability [11,38,50]. It can replace the exhaustive
methods and quickly test the habitat quality and quantity. The running data in the model
is mainly the land use data, which can better characterize the relation between land
use and habitat quality. The accuracy and effectiveness of this model have been widely
recognized, and it is deemed suitable for the study of the impact of land use change on
habitat quality [51–53].

Therefore, taking Guangdong Province as the study area, we conducted a quantitative
analysis of the response of habitat quality to land use change over a long time-span.
First, the habitat quality from 1980 to 2020 was determined using the InVEST model.
Then, the influence degree index (IDI) and contribution index (CI) were established to
quantitatively analyze the response of the habitat quality to land use change. The study
aims to: (1) analyze the temporal and spatial evolution characteristics of land use change
in Guangdong Province over the last 40 years; (2) determine the temporal and spatial
variation characteristics of habitat quality in the study area; and (3) quantitatively analyze
the response of habitat quality to land use change and reveal the patterns of land change
causing HQC.

2. Materials and Methods
2.1. Study Area

Guangdong Province is located in the southernmost part of the Chinese mainland
(Figure 1), between 20◦13′ N–25◦31′ N and 109◦45′ E–117◦20′ E. It is adjacent to Fujian
in the east, Jiangxi, Hunan in the north, Guangxi in the west, Hong Kong and Macao in
the south, and faces Hainan across the sea to the southwest [54]. The total land area of
the Guangdong Province is 179,800 km2. The terrain is high in the north and low in the
south. The landform types are complex and diverse. Moreover, hills and mountains are
common in the north, while plains and platforms are common in the south. The climate
conditions are complex, belonging to the middle subtropical monsoon climate zone, the
south subtropical monsoon climate zone, and the tropical monsoon climate zone, with
long summers and warm winters, abundant rainfall, large stream flows, and a long flood
season. The surface water resources are abundant, but the temporal and spatial distribution
is uneven [55]. Meteorological disasters such as rainstorms and floods, tropical cyclones,
strong convective weather, lightning strikes, and high temperatures, regularly occur. These
disasters have long periods, high frequencies, and can cause heavy damage. From north to
south, the soil type transitions from red to lateritic red soil to brick red soil. From north
to south, the vegetation is subtropical evergreen broad-leaved forest, subtropical seasonal
rain forest, and tropical seasonal rain forest from north to south.

Guangdong comprises 21 prefecture-level cities and is divided into four sub-regions,
including nine cities in PRD, including Guangzhou, Foshan, Zhaoqing, Shenzhen, Dong-
guan, Huizhou, Zhuhai, Zhongshan, and Jiangmen, three cities in western Guangdong
(WG), including Zhanjiang, Maoming, and Yangjiang, four cities in eastern Guangdong
(EG), including Shantou, Jieyang, Chaozhou and Shanwei, and five cities in northern
Guangdong (NG), including Shaoguan, Qingyuan, Yunfu, Meizhou, and Heyuan. In 2020,
the urbanization rate of Guangdong reached 74.15%, exhibiting the highest urbanization
rate except for Beijing, Tianjin, and Hebei [25]. Among the sub-regions, the population of
PRD is the largest, reaching 77.95 million, and the populations of EG, WG, and NG are 16.39,
15.76, and 15.92 million, respectively. The urbanization rate of Shenzhen, Foshan, Dong-
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guan, Zhuhai, Zhongshan, and Guangzhou exceeds 85%. Notably, the urbanization rate of
Shenzhen has reached 99.54%, thereby representing the city with the highest urbanization
rate in China [24]. In 2020, the GDP of the Guangdong Province was 11,076.094 billion
yuan, ranking first in China. Specifically, the GDPs of Shenzhen, Guangzhou, and Foshan
were more than 100 billion Yuan, respectively, and that of other cities ranged from 10 to
100 billion Yuan [24].

Figure 1. Geographical location of Guangdong province, China.

2.2. Data Sources

The used the following data sources were employed:
(1) Land use data. The land use data were obtained from the Resource and Environ-

mental Science and Data Center, Chinese Academy of Science (http://www.resdc.cn/,
accessed on 1 February 2022), with a time resolution of 10 years and a 1000-m spatial
resolution, including five years of data in 1980, 1990, 2000, 2010, and 2020. The dataset is
based on Landsat TM/ETM+ remote sensing image data, compliments of Liu’s and other
Chinese land use remote sensing cartographic classification systems, and was generated by
the human-computer interactive interpretation of land use change remote sensing informa-
tion [56,57]. Each phase of data was subject to a unified quality inspection. Ten percent of
the counties were randomly selected nationwide, and the data classification results were
verified through field investigation. The classification and total accuracies were evaluated
using a confusion matrix. The land use types were divided into six first-class types and
25 second-class types. Among them, the comprehensive evaluation accuracy of the first-
class types of land use was more than 93%, and the comprehensive classification accuracy
of the second-class types was more than 91% [57,58]. According to the data requirements
herein, the land use types were reclassified into ten categories: paddy field, dry land,
forest land, orchard, grassland, water and wetland, urban land, rural settlement, other
construction land, and idle land.

http://www.resdc.cn/
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2.3. Study Design

Herein, we analyzed the land use change and its effects on habitat quality from 1980
to 2020 in Guangdong Provence, China. First, we analyzed the long-time spatiotemporal
dynamic changes of land use using the atlas analysis method. Then, we assessed the habitat
quality in the corresponding year of land use using the Habitat Quality module (HQM) in
the InVEST model and clarified the habitat change and its degradation using the hotspots
analysis method (Getis-Ord G*index). Finally, we established IDI to represent the impact of
annual land use change per unit area on HQC and CI to denote the total contribution of
each land use type change on the HQC. Figure 2 shows the study design.

Figure 2. Illustration of the research design.

2.4. Methods
2.4.1. Atlas Analysis Method

The land use data used herein are raster data. Each land use type has a corresponding
unique code (paddy field, dry land, forest land, orchard, grassland, water and wetland,
urban land, rural settlement, other construction land, and idle land are sequentially num-
bered from 1 to 10). Thus, an atlas analysis method was used to calculate the land use
change; the specific formula is as follows:

M = 100A + B (1)

where A is the land use type code before converting, and B is the land use type code after
converting. M is the code of the land use change type. A = B denotes that the land use type
does not change; A 6= B denotes that land use type has changed.

The area of land use change is calculated in the formulas as follows:

Ai = Ci × 106 (2)

where Ai is the area of land use change type i, with unit m2, and Ci is the total count of land
use change type i, i.e., the raster count of M corresponding to the land use change type i.

2.4.2. Habitat Quality Assessment Model

The HQM in the InVEST model is selected to evaluate habitat quality. The module
suggests that the habitat quality depends on a habitat’s proximity to human land uses and
the intensity of these land uses. Habitat quality degrades with increasing intensity of nearby
land use. Thus, the more frequent the human activity, the higher the intensity of land use
and the worse the habitat quality [59,60]. This module, which produces a habitat quality
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map by combining the information of land use data and habitat threat factors, allows the
rapid assessment of the status of and change in a proxy for more detailed measures of the
biodiversity status.

The assessment principle of the HQM is as follows: First, habitat degradation is
calculated depending on the sensitivity of different land types to threat factors and the
intensity of external threats. The specific calculation formula is as follows:

Dxj = ∑r
r=1 ∑y

y=1

(
ωr

∑r
r=1 ωr

)
ryirxyβxSjr (3)

irxy = 1−
(

dxy

drmax

)
if linear, or irxy = exp

[
−
(

2.99
drmax

)
dxy

]
if exponential (4)

where Dxj is the habitat degradation of the land use type j in a grid cell x ranging from 0
to 1. The larger the Dxj value, the higher the habitat degradation degree. ωr represents
the weight of each threat factor (ranging from 0 to 1); ry denotes the effect of threat r that
originates in grid cell y, essentially representing the intensity of threat factors. Additionally,
irxy represents the distance between the habitat and the threat source and the impact of
the threat across the space; βx is the factor that may mitigate the impact of threats on the
habitat through various protection policies; Sjr indicates the sensitivity of the land type j to
the threat factor r, where values closer to 1 indicate greater sensitivity; r is the habitat threat
factor; y indicates all grid cells on the raster map of r; dxy is the distance between grid cell x
and y; drmax is the influence range of the threat factors.

Then, the habitat quality based on the above-calculated habitat degradation and the
suitability of different habitat types to the threat factors can be calculated as follows:

Qxj = Hj

[
1−

(
D2

xj

D2
xj + k2

)]
(5)

where Qxj is the habitat quality of the grid x in the land use type j, which ranges between 0
and 1, the higher the value, the higher the habitat quality; Hj denotes the habitat suitability
of the grid x in the land use type j, whose range is [0, 1] and k is the half-saturation constant.

According to the principle of the HQM: paddy fields, dry land, orchard, urban land,
rural settlement, other construction land, and idle land are considered threat factors. The
data involved in the model mainly include the maximum threat distance, weight and decay
of threat factors, habitat suitability, and the sensitivity of different habitat types to threat
factors. The above parameter data mainly refer to the model reference values in the InVEST
User’s Guide and the research results of relevant scholars in similar areas [35,46,53,61,62]
(Tables 1 and 2).

Table 1. Threat factor property sheet.

Threat Factor Maximum Threat Distance (km) Weight Decay

Paddy field 4 0.7 linear
Dry land 3 0.6 linear
Orchard 3 0.5 linear

Urban land 10 0.3 exponential
Rural settlements 5 0.2 exponential

Other construction land 4 0.6 exponential
Idle land 6 0.5 linear

Note: Maximum threat distance is the maximum distance over which each threat affects habitat quality (measured
in km). The impact of each degradation source will decline to zero at this maximum distance. Weight is the impact
of each threat on habitat quality, relative to other threats; Decay is the type of spatial decay for the threat and can
be either “linear” or “exponential” [60].
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Table 2. Habitat score of each land use type.

Habitat Type Habitat PF DL ORC UL RS OCL IL

PF 0.4 0 1 0.3 0.8 0.7 0.8 0.4
DL 0.2 1 0 0.2 0.8 0.6 0.9 0.5
FL 1 0.6 0.7 0.5 0.3 0.4 0.5 0.2

ORC 0.5 0.3 0.5 0 0.5 0.6 0.7 0.3
GL 1 0.6 0.7 0.5 0.6 0.5 0.4 0.6

W&W 1 0.7 0.5 0.3 0.5 0.4 0.4 0.3
UL 0 0.05 0.1 0.1 0 0 0.1 0.1
RS 0 0.7 0.7 0.5 0 0 0.9 0.1

OCL 0.3 0.2 0.2 0.3 0.4 0.5 0 0
IL 0.6 0.5 0.55 0.6 0.3 0.35 0.6 0

Note: PF is paddy field; DL is dry land; FL is forest land; ORC is orchard; GL is grassland; W&W is water and
wetland; UL is urban land; RS is rural settlement; OCL is other construction land; and IL is idle land; Habitat
refers to habitat suitability, and each land use type is assigned a relative habitat suitability score from 0 to 1.

2.4.3. Hotspots Analysis

The hotspots analysis method was used to illustrate the spatial clustering distribution
characteristics of the HQC. The Getis–Ord G* index was employed to identify statistically
significant spatial clusters of high values (hotspots) and low values (cold spots) of HQC:

G∗i =
∑n

j=1 wijxj − x∑n
j=1 wij

S

√ [
n∑n

j=1 w2
ij−
(

∑n
j=1 wij

)]2

n−1

(6)

where Gi* is the G* value of pixel i in the HQC raster data, and xj is the HQC value.
Additionally, wij is the spatial weight matrix of pixel i and pixel j defined by the distance
rules. If i and j are adjacent, their spatial weight is 1; otherwise is 0. x denotes the average
HQC value; S is the standard deviation of the HQC value, and n is the total count of the
pixel. The G* values are calculated using the ArcGIS 10.5 platform. When the G* value was
significantly positive, the HQC exhibited a high-value concentration, indicating a hotspot
area. In contrast, when the G* value was significantly negative, the HQC exhibited a low-
value aggregation, denoting a cold spot area. The significance level was used to identify
the hotspots and cold spots, and the areas corresponding to the G* value greater than or
equal to 90% of the significance level were regarded as the hotspots and the cold spots.

2.4.4. Assessment of the Contribution of Land Use Change to Habitat Quality

We tailored the CI proposed by Zhang et al. [46] and Wu et al. [63]: First, IDI was
established to represent the HQC caused by the annual land use change per unit. To more
accurately evaluate the impact of land use change on habitat quality, we divided 1980–2020
into four periods: 1980–1990, 1990–2000, 2000–2010, and 2010–2020. The HQC caused by
the unit land use change in the study area from 1980 to 2020 is obtained by calculating the
mean IDI of these four periods. The calculation formula is as follows:

IDIi =
1
4

4

∑
j=1

1
10
(
∆Qij/SAij

)
(7)

where IDIi denotes the HQC caused by the annual land use change type i per unit area,
∆Qij is the total HQC caused by land use change type i in period j, and SAij is the total area
of land use change type i in period j. When IDIi > 0, the land use change type i positively
impacts the HQC and improves habitat quality. The higher its value, the greater is its
positive impact and the more the improvement on the habitat quality. When IDIi < 0, the
land use change type i negatively impacts the habitat quality and reduces the habitat quality.
The greater its absolute value, the greater its negative impact, and the more habitat quality
is reduced. When IDIi = 0, the land use change type i has no impact on the habitat quality.
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Then, using IDIs, we calculated the CI of each land use change type to determine the
contribution of different land use change types to HQC. The specific calculation formula is
as follows:

CIi = IDIi × PAi ∗ 40 (8)

where CIi is the contribution of the land use change type i on the habitat quality from 1980
to 2020, and PAi is the percentage of land use change type i in the total area of the land
use change from 1980 to 2020. When CIi > 0, the land use change type i positively impacts
the habitat quality, plays a positive role on HQC, and improves the habitat quality of the
region. The larger its value, the more the habitat quality is improved. When CIi < 0, the
land use change type i negatively impacts the habitat quality; the greater its absolute value
is, the more the habitat quality is reduced. When CIi = 0, the contribution of the land use
change type i to HQC is 0.

3. Results
3.1. Land Use Change in Guangdong

Between 1980 and 2020, the main land use types were cultivated land (dry land and
paddy field) and woodland (forest land and orchard) (Figure 3). Specifically, the woodland
area and cultivated land annually accounted for more than 55% and 22%, respectively.
Spatially, woodland was mainly distributed in the hills and mountains in WG, EG, and NG,
while cultivated land was concentrated in the plain areas along PRD and was scattered in
other sub-regions.

Figure 3. Dynamic change of land use in Guangdong from 1980 to 2020. (Note: The percentage in the
figure indicates area proportion of each land use type).

Over the past 40 years, the area of each land use type has greatly varied with time
(Figure 3). Orchards, urban land, and other construction land showed a continuous growth
trend, with the area increasing by 2423, 4652, and 2779 km2, respectively, achieving corre-
sponding growth rates of 40.36%, 491.24%, and 506.19%, Urban land exhibited the largest
area increment. The areas of the remaining land use types decreased to varying degrees.
The largest reduction observed was in paddy fields, with a decrease of 4211 km2 (14.27%);
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followed by dry land, forest land, and grassland, with decreases of 1932 km2 (10.19%),
1884 km2 (1.89%), and 1358 km2 (14.88%), respectively. The water and wetland, rural
settlement, and idle land areas exhibited relatively small decreases of 391 km2 (5.20%),
53 km2 (1.24%), and 25 km2 (18.52%), respectively. Furthermore, the change of most land
use types after 2000 (later stage) was greater than that before 2000 (early stage), and the
land use change was more active in the later stage.

From 1980 to 2020, the spatiotemporal conversion of the land use in the study area
exhibited the following characteristics (Figures 3 and 4):

Figure 4. Land use spatial distribution in 1980 (a) and 2020 (b) and land use converted in (c) and out
(d) from 1980 to 2020.

(1) Large-scale construction land in the PRD continued to expand. This expansion
was mainly reflected in the conversion of a large area of paddy fields, dry land, and forest
land into urban land and other construction land. Specifically, 2075 and 964 km2 of paddy
fields were converted to urban land and other construction land, respectively, of which
1340 km2 was mainly distributed and concentrated in the plain area of PRD. Additionally,
863 km2 and 472 km2 of dry land have been converted to urban land and other construction
land, respectively; the former was concentrated in the PRD (670 km2), while the latter was
scattered throughout the whole region. Furthermore, 556 km2 and 873 km2 of forest lands
were converted to urban land and other construction land, respectively, which was mainly
distributed in the plain area of PRD (501 km2 and 2446 km2). Moreover, the rural settlement
area exhibited a net decrease, mainly due to the imbalance between the 1121 km2 of land
converted into rural settlements and the 1174 km2 that was converted out, among which
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487 km2 was converted to urban land, which was mainly distributed in the plain area
of PRD.

(2) Large-scale changes in woodland occurred in NG. These changes are mainly
manifested in the mutual conversion of forest land and orchard in hills and mountainous
areas where 3511 km2 of forest land was converted into orchards, of which 2054 km2 is
distributed in NG. In contrast, 1429 km2 of orchard land was converted to forest land, of
which 895 km2 is distributed in NG. Additionally, large areas of conversion into and out of
forest land and other land occurred. For example, 1040 km2 of paddy field and 901 km2 of
dry land were converted into forest land; the former is mainly distributed in NG (589 km2),
while the latter was mainly distributed in WG; 980 km2 of water and wetland area was
converted into forest land, among which, 861 km2 is distributed in NG. In addition, 964,
899, and 771 km2 of forest lands were converted to paddy fields, grassland, and dry land,
respectively, which is mainly distributed in NG (563, 527, and 264 km2).

(3) The mutual conversion of paddy fields to and from water and wetland occurred
along rivers and coastal areas. Among them, 1409 km2 of paddy field was converted to
water and wetland, including 1007 km2 distributed in the PRD, which is along the banks of
the Xijiang River, Dongjiang River, and Beijiang River, and the coastal areas of Jiangmen
and Zhuhai. Additionally, 210 and 102 km2 are distributed in the coastal areas of EG and
WG. Moreover, 594 km2 of water and wetland was converted to paddy fields, of which
470 km2 is distributed along the Xijiang River and Beijiang River.

3.2. Habitat Quality and Degradation
3.2.1. Variation in Habitat Quality

From 1980 to 2020, the annual average habitat quality of Guangdong was above 0.6
(Figure 4). Spatially, the habitat quality was between 0 and 1. The distribution pattern
exhibited a low habitat quality in plain areas and high habitat quality in the hilly and
mountainous areas. Higher habitat quality was observed in the Pearl River Estuary and
inland areas. Habitat quality was divided into five levels according to its value: level-1
(0–0.2), level-2 (0.2–0.4), level-3 (0.4–0.6), level-4 (0.6–0.8) and level-5 (0.8–1). The habitat
quality of the study area is mainly level-5 (the area for each year accounts for more than
55%), level-1 (the area for each year accounts for more than 14%), and level-2 (the area for
each year accounts for more than 15%).

The habitat quality of the four sub-regions in the study area (Figure 5) shows that
the annual average habitat quality in NG is the highest, above 0.7 in each year, and the
habitat quality in WG is the lowest, below 0.6 in each year. Additionally, the annual average
habitat quality in EG and PRD ranges between 0.6 and 0.7 in each year. Spatially, the
habitat quality of the four regions is mostly exhibits three levels: level-1, level-2, and level-5
(Figure 6). Over the past 40 years, the habitat quality in the Guangdong Province has
gradually decreased with time. The annual average habitat quality decreased by 0.0351,
which is equivalent to a reduction rate of 4.83%. The habitat quality of all sub-regions
decreased to varying degrees. Among them, the annual average habitat quality decreased
the most in PRD, which was –0.0549 (7.88%), and decreased by 0.0287 (3.46%), 0.0276
(4.34%), and 0.0205 (3.57%) in NG, EG, and WG, respectively.
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Figure 5. Annual average habitat quality of Guangdong and its sub-regions from 1980 to 2020. (Note:
GD refers to Guangdong; NG refers to northern Guangdong; EG refers to eastern Guangdong; PRD
refers to Pearl River Delta; WG refers to western Guangdong (WG)).

Spatially (Figure 7), from 1980 to 2020, the habitat quality of 80.33% of the regions in
the Guangdong Province decreased to varying degrees, with a reduction amount between
0 and 1, of which 70.99% of the regions decreased between 0 and 0.1, 4.53% of the regions
decreased between 0.1 and 0.2, and 1.85%, 2.24% and 1.03% of the regions decreased
between 0.4 and 0.5, 0.5 and 0.6, and 0.6 and 0.7, respectively. High of reduction values
were mainly distributed in southern Guangzhou, the eastern Foshan, Dongguan, and
Shenzhen with a flat terrain around the plain area of PRD, as well as Heyuan and Meizhou
in NG. High reduction values were also sporadically distributed in other areas, while low
reduction values were distributed throughout the entire region. The habitat quality in
16.39% of the regions increased to varying degrees, with the increment ranging from 0 to 1,
of which 12.33% of the regions increased between 0 and 0.1, 1.07% of the regions increment
between 0.4 and 0.5. The area for the other increments was small. High and low values
of the incremental increases are sporadically distributed in the whole region. Finally, the
habitat quality in 3.28% of the regions did not change, mainly in the areas with unchanged
land use.

3.2.2. Habitat Degradation

The annual average habitat degradation in the Guangdong Province was more than
0.02 (Figure 8). Specifically, the habitat degradation in WG was the highest, with a value
of more than 0.025 per year, while that in NG was the lowest, with a value of less than
0.02 per year. The habitat degradation in PRD was generally between 0.02–0.025. Spatially,
the habitat degradation is between 0 and 1. High-value areas were mainly distributed in
the low altitude and flat terrain in the PRD, WG, and EG. In contrast, low-value areas were
mainly distributed in areas with relatively high altitudes and large slopes (Figure 9).
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Figure 6. Spatial distribution of habitat quality levels in Guangdong: 1980 (a); 1990 (b); 2000 (c);
2010 (d); 2020 (e).
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Figure 7. The habitat quality change (a) and its hotspots distribution (b) from 1980 to 2020. (Note:
99% Confidence refers to at the 99% significant level; 95% Confidence refers to at the 95% significant
level; 90% Confidence refers to at the 90% significant level).

Figure 8. Annual average habitat degradation of Guangdong and its sub-regions from 1980 to 2020.
(Note: GD refers to Guangdong; NG refers to northern Guangdong; EG refers to eastern Guangdong;
PRD refers to Pearl River Delta; WG refers to western Guangdong).

From 1980 to 2020, the annual average habitat degradation of the Guangdong Province
first decreased and then increased (Figure 8). The overall change exhibited a “concave”
curve. The curve rebounded after reaching the lowest value in 2000. The habitat degrada-
tion decreased in the early stage and continued to increase in the later stage. The annual
average habitat degradation increased by 0.0006 (2.79%). The habitat degradation of EG
and the PRD decreased by 0.0003 (0.94%) and 0.0001 (0.57%), respectively, while that of NG
and WG increased by 0.0013 (7.58%) and 0.0006 (2.19%), respectively.

Spatially, from 1980 to 2020, habitat degradation in 33.75% of the regions decreased
(Figure 9f). The reduced high-value areas were mainly distributed in PRD, and the low-
value areas were scattered throughout the entire region; the habitat degradation in 66.21%
of the regions exhibited an increasing trend. The high-value areas are mainly distributed
along the periphery of the plain area of PRD, and Heyuan and Meizhou in NG, and were
scattered in other areas. Low-value areas were scattered throughout the entire region.
Furthermore, habitat degradation remained unchanged in 0.04% of the regions.
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Figure 9. Spatial distribution of habitat degradation in 1980 (a), 1990 (b), 2000 (c), 2010 (d), 2020 (e)
and habitat degradation change from 1980 to 2020 (f).

3.3. The Impact of Land Use Change on Habitat Quality
3.3.1. IDIs of Different Land Use Change Types

The depiction of the average habitat quality of different land use types in the selected
year (Figure 10), shows that the annual average habitat qualities of forest land, grassland,
water and wetland were larger, all above 0.8; while those of paddy field, orchard, idle
land, and other construction land is between 0.2 and 0.6, and those of dry land, urban
land, and rural settlement were the smallest, all below 0.2. From 1980 to 2020, the annual
average habitat quality for each land use type has decreased to varying degrees. The largest
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reduction was observed for water and wetland, with a decrease of 0.0519 and a decrease
rate of 5.99%, followed by forest land, grassland, and idle land, with decreases of 0.0186
(1.94%), 0.0296 (3.20%) and 0.0186 (3.39%), respectively. The HQC for other land use types
was relatively small, no more than 0.01.

Figure 10. Annual average habitat quality of different land use types from 1980 to 2020. (Note: the
annual average habitat quality of urban land and rural settlement is 0).

Land use change has both positive and negative impacts on habitat quality. Table 3
shows that the conversion of forest land, grassland, and water and wetland to dry land,
urban land, rural settlement, and other construction land negatively impact habitat quality.
The conversion of forest land to urban land afforded the most negative impact, with an IDI
value of −0.0903, followed by the conversion of grassland to urban land, with an IDI value
of −0.0858. The IDIs of other types were also below −0.05. Furthermore, the conversion
of forest land to dry land and idle land to rural settlement negatively affected the habitat
quality, with IDIs of less than −0.05.

Table 3. The IDIs of different land use change types.

After Convert

PF DL FL ORC GL W&W UL RS OCL IL

Before
convert

PF - −0.0158 0.0504 0.0101 0.0441 0.0396 −0.0378 −0.0380 −0.0091 0.0122
DL 0.0137 - 0.0670 0.0263 0.0621 0.0665 −0.0172 −0.0175 0.0120 0.0358
FL −0.0523 −0.0701 - −0.0461 −0.0007 0.0000 −0.0903 −0.0811 −0.0590 −0.0300

ORC −0.0126 −0.0251 0.0448 - 0.0413 0.0369 −0.0462 −0.0468 −0.0174 -
GL −0.0466 −0.0657 −0.0005 −0.0406 - −0.0011 −0.0858 −0.0808 −0.0542 −0.0355

W&W −0.0436 −0.0638 −0.0020 −0.0318 −0.0012 - −0.0870 −0.0833 −0.0555 −0.0392
UL 0.0375 0.0167 0.0924 0.0449 0.0949 0.0917 - 0.0000 0.0294 -
RS 0.0379 0.0178 0.0866 0.0452 0.0793 0.0770 0.0000 - 0.0290 0.0582

OCL 0.0093 −0.0111 0.0577 0.0181 0.0506 0.0556 −0.0294 −0.0292 - -
IL −0.0128 −0.0343 0.0252 −0.0063 0.0386 0.0386 - −0.0570 −0.0228 -

Note: PF is paddy field; DL is dry land; FL is forest land; ORC is orchard; GL is grassland; W&W is water and
wetland; UL is urban land; RS is rural settlement; OCL is other construction land; and IL is idle land.

The conversions of dry land, urban land, rural settlement, and other construction land
to forest land, grassland, and water and wetland positively impacted the habitat quality,
with IDIs all above 0.05. The conversion of urban land to forest land, grassland, water and
wetland afforded the greatest positive impact, with IDIs values of above 0.09. Additionally,
the conversions of paddy fields to forest land, and rural settlement to idle land have great
positive impacts on habitat quality, with IDIs of above 0.05. The absolute value of IDI for
other land use change types was below 0.05, which exerts a relatively small positive or
negative impact on the habitat quality.
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3.3.2. CIs of Different Land Use Change Types

From the perspective of CIs (Table 4), the contribution of land use change to habitat
quality is mainly negative. The total CI is −100.24, where −56.20 is attributed to the
conversion of forest land to other land use types, and −32.49 is caused by the conversion
of the other land use types (except for forest land) to construction land. Specifically, the CI
of the conversion of forest land to orchards is the most negative, with a CI value of −24.09,
accounting for 24.03% of the total negative CI, followed by the conversion of paddy fields
to urban land, and forest land to dry land, with CI values (percentage of total negative CI)
of−11.67 (11.64%) and−8.04 (8.02%), respectively. Additionally, the negative contributions
associated with the conversion of forest land to paddy fields, forest land to dry land, and
water and wetland to urban land are large, and their respective CIs are less than −1.

Table 4. The CIs of land use change to habitat quality from 1980 to 2020.

2020

PF DL FL ORC GL W&W UA RS OCL IL

1980

PF - −0.54 7.79 0.32 0.88 8.31 −11.67 −3.52 −1.31 0.00
DL 0.46 - 8.98 1.44 0.83 2.42 −2.21 −0.68 0.84 0.01
FL −7.50 −8.04 - −24.09 −0.09 0.00 −7.47 −1.33 −7.66 −0.03

ORC −0.26 −0.26 9.53 - 0.32 0.36 −1.50 −0.22 −0.34 -
GL −1.64 −1.43 −0.11 −1.76 - −0.01 −1.26 −0.29 −1.50 −0.01

W&W −3.85 −0.73 −0.29 −0.66 −0.01 - −4.45 −0.72 −2.33 −0.03
UA 0.05 0.02 0.29 0.03 0.00 0.20 - 0.00 0.09 -
RS 1.59 0.45 1.13 0.13 0.26 0.48 0.00 - 0.27 0.02

OCL 0.03 −0.03 0.16 0.02 0.02 0.40 −0.39 −0.06 - -
IL 0.00 −0.01 0.02 −0.01 0.05 0.02 - 0.00 −0.05 -

Note: PF is paddy field; DL is dry land; FL is forest land; ORC is orchard; GL is grassland; W&W is water and
wetland; UL is urban land; RS is rural settlement; OCL is other construction land; and IL is idle land.

The positive contribution of land use change to the habitat quality constitutes less than
half of the negative contribution, which is 48.24. Of this, 27.91 stems from the conversion of
other land types to forest land. The CI of converting orchard to forest land is the largest,
with a value of 9.53, followed by the conversions from paddy field to forest land, dry
land to forest land, and paddy field to water and wetland, with CIs of 7.79, 8.98, and 8.31,
respectively, The CI values of other land use change types do not exceed 1.

The CIs in each sub-region of the study area significantly differ. Table 5 shows that
positive contribution mainly occurs in NG and PRD. The contribution in these two sub-
regions accounts for more than 70% of the total positive contribution, while the positive
contribution in EG and WG is relatively small. Moreover, the CI value associated with the
conversion from orchard to forest land is the largest in NG, the conversion from paddy
field to water and wetland is the largest in EG and PRD, and that from dry land to forest
land is the largest in WG.

The negative contribution mainly occurs in NG and PRD, accounting for 32.6% and
49.15% of the total negative contribution, respectively. The negative contribution is rela-
tively small in EG and WG. The land use change types causing habitat quality reduction in
each sub-region are different. For example, the habitat quality reduction in NG is mainly
caused by the conversion of forest land to other land use types (with CI value of −24.27),
among which the CI value of forest land to orchard is −14.03. The degradation of the
habitat quality in EG is mainly caused by the conversion of paddy fields to construction
land, and the conversion of forest land into other land use types. The CI values of the
conversion of paddy fields to urban land and forest land to orchards are the smallest, which
are −1.30 and −1.25, respectively. The habitat quality reduction in PRD is mainly due to
the conversion of other land use types to construction land, among which the CI value
of paddy field to urban land is the smallest. The habitat quality reduction in WG mainly



Land 2022, 11, 817 17 of 23

occurs due to the conversion of forest land into other land use types, among which the CI
value of forest land to dry land is the smallest.

Table 5. The CIs in four sub-regions of Guangdong from 1980 to 2020.

Sub-Region
Positive Contribution Negative Contribution

Total CI Main Converted Types and Their CIs Total CI Main Converted Types and Their CIs

NG 4.2326

PF ct FL 4.38

−8.1772

FL ct PF −4.38
PF ct W&W 0.53 FL ct DL −2.75

DL ct FL 2.55 FL ct ORC −14.03
ORC ct FL 5.97 FL ct OCL −2.54

EG 1.1185

PF ct FL 0.40

−1.8485

PF ct UL −1.30
PF ct W&W 1.24 PF ct RS −0.59

DL ct FL 1.07 FL ct DL −0.94
ORC ct FL 0.58 FL ct ORC −1.25

PRD 4.2622

PF ct FL 1.99

−12.3288

PF ct UL −9.02
PF ct W&W 5.94 FL ct ORC −6.23

DL ct FL 1.92 FL ct UL −6.73
ORC ct FL 2.29 W&W ct UL −4.22

WG 2.4460

PF ct FL 1.03

−2.7286

FL ct PF −1.02
DL ct FL 3.44 FL ct DL −2.50

DL ct ORC 1.06 FL ct ORC −2.58
DL ct W&W 0.80 FLct OCL −0.76

Note: GD refers to Guangdong; NG refers to northern Guangdong; EG refers to eastern Guangdong; PRD refers
to Pearl River Delta; WG refers to western Guangdong. PF is paddy field; DL is dry land; FL is forest land; ORC is
orchard; W&W is water and wetland; UL is urban land; RS is rural settlement; and OCL is other construction land.
“ct” refers to “convert to”, therefore, “PF ct FL” means “paddy field convert to forest land”.

4. Discussion
4.1. The Verification of Habitat Quality

The habitat quality value assessed herein is considered a continuous variable in HQM.
It is a dimensionless comprehensive indicator with a range of 0–1. The assessment values
of the habitat quality are not field observations, and the accuracy of the assessment results
cannot be verified by direct comparison with the actual observation values. Moreover,
field observations are used in the evaluation index systems to assess the habitat quality,
and systems that are too subjective will afford large differences in results and are therefore
less suitable for validating of the habitat quality assessed by HQM. Therefore, we cross-
validated our assessment results by comparing with the HQM-assessed results of other
scholars in the whole and part of the study area (Table 6).

The comparison results show that differences are present in the respective habitat
quality assessment values in the same areas, but the overall differences are not significant,
none of them exceeded ±0.1 compared with our study results. Additionally, the trends
of change over time are consistent. Therefore, it is reasonable to assume that the HQM
is applicable to the habitat quality assessment in the study area and that our assessment
results can effectively describe the status and changes in habitat quality in the study area.

The differences in the habitat quality assessment results mainly stem from the selection
of threat factors and the parameters settings. The threat factors selection and the parameter
settings, most of them refer to the InVEST User’s Guide and other scholars, and the
parameters and threat factors for the same study area exhibit little difference.
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Table 6. The assessment results of habitat quality within Guangdong Province of other scholars.

Region Threat Factors Results Comparison

Guangdong–Hong
Kong–Macao Greater
Bay Area (GBA)

Bare land, Built-up areas,
Cropland, Railway, Trunk
road, Primary road,
Secondary road, Industry
activity, Residential [35].

• The annual average habitat
quality was 0.61, 0.60, 0.59,
0.60 and 0.60 in 1995, 2000,
2005, 2010 and 2015,

• respectively;
• The high habitat quality was

mainly distributed in the
outer ring of the GBA, and
low habitat quality were
concentrated in the central
areas of the GBA.

• Their results in the GBA
lower 0.04–0.07 than ours
in PRD;

• The spatiotemporal change
trends were consistent.

Cultivate land, Construction
land, and Idle land [64].

• The annual average habitat
quality of the GBA in 1980,
1995, 2005 and 2015 was 0.79,
0.78, 0.76 and 0.74,
respectively;

• Low-values in the central
and south-central parts and
high-values in the
surrounding margins

• Their result higher 0.05–0.1
than our results;

• The spatiotemporal change
trends were consistent.

Paddy field, Upland field,
Urban land, Rural settlement,
Construction land, Sand, Bare
ground [65].

• The annual average habitat
quality in 2005, 2010, 2015
and 2018 was 0.613, 0.604,
0.600 and 0.595, respectively;

• The habitat quality of the
GBA shows a circular
distribution of low in the
central part and high in the
surrounding area.

• Their result higher 0.04–0.1
than our results;

• The spatiotemporal change
trends were consistent.

Pearl River Delta (PRD)

Construction land, Idle
land [66].

• The annual average habitat
quality was 0.6 in 2020;

• Habitat quality was
relatively high in the west
and northeast of PRD, while
low in the central.

• Similar to our results in
the PRD;

• Share the same
distribution characteristics

Cropland, City/town, Rural
settlements, Other
construction land, Unused
land, Land reclamation [63].

• From 1990–2018, the annual
average habitat quality
dropped from 0.7181
to 0.6672;

• High-values distributed in
the surrounding area, while
low-values distributed in the
central area.

• Close to our results;
• The spatiotemporal change

trends were consistent.
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Table 6. Cont.

Region Threat Factors Results Comparison

Guangdong Province Cultivate land, Construction
land, and Idle land [67].

• The area proportion of
low-level (0–0.33) increased
from 3.5–6.7% from
1980–2010, that of high-level
(0.34–0.66) increased from
69.4–69.3%, moderate-level
(0.66–1) decreased from 27.1
to 21.2%.

• Low-value areas were
clustered and distributed
mainly in the plain areas of
the PRD, with higher habitat
quality in western, northern,
and eastern Guangdong.

• Their results were higher
than our results. Our
results showed that the
area proportions of three
level were 15.14, 20.67 and
64.18% in 1980,
respectively, from
1980–2010, the area
proportion of low-level
area increased to 17.58%,
while that of high-level
and moderate-level
decreased to 20.04 and
62.38%, respectively;

• Share a same change trend
that the habitat quality
gradually decreases
with time.

4.2. Degradation of the Habitat Quality and the Policy Implications

Regarding the impact of land use change on habitat quality, land use change can either
improve or reduce habitat quality. In most cases, the positive impact of mutual conversion
between two land use types is less than the negative impact (Table 3), demonstrating
that restoring the habitat quality to its original state is difficult. Land use types with
high habitat quality (e.g., forest; grassland; and water and wetland) are mostly unspoiled
natural ecosystems, which are complete and stable, and they have a certain ability to restore
and maintain stability and are vulnerable to the negative impact of the land use change.
In contrast, land use types with low habitat quality (e.g., orchard; cultivated land; and
settlements) are mostly semi-natural and artificial ecosystems, which are greatly affected by
human activities. The conversion from a high-quality to low-quality land use type is very
destructive, and it directly changes the type, nature, and layout of ecosystems; a natural
ecosystem gradually becomes a semi-natural and an artificial ecosystem. Even if water
and soil conservation projects can promote the restoration of the ecosystem, man-made
selective planting causes the simple structure of the forest land and grassland to directly
affect the biodiversity, further demonstrating that the habitat quality cannot be restored to
its original state.

The regional HQC is related to not only IDIs but also the area of land use change type.
The three main land use change types that cause the decline of habitat quality are forest
land to orchards, paddy fields to urban land, and forest land to dry land. Among them,
the conversion of forest land to dry land affords the largest IDI and affords relatively large
conversion areas. Therefore, this land use change type significantly negatively impacts
the HQC. Notably, the IDIs of the conversion of forest land to orchard and paddy field
to urban land are relatively small, but due to the large conversion area, the CIs of these
two land use change types are very large. Therefore, two approaches are introduced to
better restore the ecosystem and improve the habitat quality. First, for land use types
with high habitat quality, the conversion to the known land use types with low habitat
quality should be slowed. For different land use types, measures to improve habitat quality
should be targeted. For example, for economic forests and water conservation forests,
not only their water and soil conservation and economic benefits but also the diversity of
species should be considered. Second, the habitat quality of land use types with low habitat
quality is easy to improve. Measures such as employing reasonable farming methods of
cultivated land and increasing the internal green areas within an urban land will improve
the habitat quality.
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4.3. The Merits and Limitations of This Study

This study quantitatively evaluates the response of habitat quality to land use change
in Guangdong Province over the past 40 years. Moreover, it analyzes the main land
use change types causing HQC and briefly analyzes the relation between land use and
habitat quality. The study results can serve as a reference for land use planning, ecosystem
restoration, and biodiversity protection in the Guangdong Province. The limitations of this
study are as follows. First, the regional scale research can only explain the relationship
between land use change and habitat quality change in the province. Although the research
results provide reference value, more specific response measures need to be carefully
studied from a finer scale. Second, the InVEST model itself has limitations. The model
evaluation only considers the direct relationship between natural factors and habitat quality,
while human factors, a known important factor affecting the regional habitat quality, do
not directly participate in the evaluation of the habitat quality.

5. Conclusions

Using the land use data from 1980 to 2020 and the InVEST model, we analyzed the
temporal and spatial evolution characteristics of land use in the Guangdong Province,
evaluated the regional habitat quality, and revealed its temporal and spatial change char-
acteristics. We established CI to reveal the response of habitat quality to land use change.
The results from 1980 to 2020 reveal the following. (1) The land use change in Guangdong
Province exhibited obvious temporal and spatial evolution characteristics, including large-
scale expansion of the construction land in plain areas, large-scale conversion into and out
of forest land in hilly and mountainous areas, and the mutual conversion of paddy field
and water and wetland in coastal and river areas; (2) The habitat quality of the Guangdong
Province presented a spatial distribution pattern of low quality in plain areas and high
quality in hilly and mountainous areas. The habitat quality gradually decreased with time,
and the decrease was larger in the later stage compared to the early stage, which decreased
by 0.0351, with a reduction rate of 4.83%; (3) The negative contribution of land use change
to HQC is about twice the positive contribution. The decline of the habitat quality in
Guangdong Province is mainly due to the conversion of forest land to orchards, paddy
fields to urban land and forest land to dry land, with CIs of −24.09, −11.67, and −8.04,
respectively. Analyzing the CIs and the relationship between land use and habitat quality,
this study presented targeted habitat quality restoration measures, providing a scientific
reference for land use management and habitat protection in the study area.
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