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It is of great practical significance to regional ecological conservation and

restoration to explore the spatiotemporal variation characteristics of habitat

quality in the ecologically fragile Loess Plateau. This study firstly explored the

habitat quality in the Loess Plateau during 2000-2020 with the Integrated

Valuation of Ecosystem Services and Trade-offs model. Then this study

revealed the response characteristics of habitat quality to the fractional

vegetation cover (FVC) change and human disturbance with the

geographically weighted regression (GWR) model. Results showed habitat

quality tended to improve in 51.16% of the study area, and area of high or very

high habitat quality increased by 1.78%. Besides, FVC showed dominantly

significant increase (62.42%) and high stability (69.66%) in the study area, and

human disturbance increased remarkably in 18.11% of the study area but

maintained the same level in 91.83% of the study area. Additionally, areas with

positive correlation between habitat quality change and FVC and between

habitat quality change and human disturbance change accounted for 52.56%

and 37.38% of the study area, respectively, indicating FVC played dominant

role in affecting the regional habitat quality variation. This study can provide

important decision support information for the future ecological

conservation of the Loess Plateau.
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1 Introduction

Habitat quality is one of the most important indicators of the

regional ecosystem stability and sustainability, which has undergone

significant variation in a number of ecologically fragile regions under

the dual impacts of human activities and global climate change

(Nelson et al., 2009; Wu, 2016). Habitat quality lays an important

foundation for the provision of various ecosystem services such as the

biodiversity conservation, reflecting the ability of regional ecosystems

to provide the natural resources needed for the survival and

sustainable development of plants and animals (Wilsey et al., 2012;

He et al., 2021; Pan et al., 2022). Habitat quality improvement is a key

step of safeguarding regional ecological safety and human well-

beings, which is of great significance to promoting the construction

of ecological civilization (Grondin et al., 2014; Liu et al., 2021; Zhang

et al., 2021). However, human activities such as land reclamation and

urban construction land expansion have led to remarkable changes in

the utilization mode, intensity and pattern of ecological resources,

triggering various problems such as habitat fragmentation and

degradation, which further lead to biodiversity loss and

determination of various ecosystem services (Liu and Wang, 2018;

Sun et al., 2019; Luan and Li, 2021; Luo et al., 2019). Exploration of

the spatial and temporal variation characteristics of habitat quality

can contribute greatly to clarifying the rationality of utilization of

ecological resources and reflecting the effects of ecological restoration,

which is of great significance to promoting regional ecological

protection and construction (Wu, 2016; Lu et al., 2021).

The habitat quality has been explored with various models in

recent decades, e.g., Artificial Intelligence for Ecosystem Services

(ARIES), Social Values for Ecosystem Services (SolVES) and

Integrated Valuation of Ecosystem Services and Trade-offs

(InVEST) (Nelson et al., 2009; Niu et al., 2022). In particular, the

InVEST model has been widely used to explore the habitat quality

and its response to land use change due to its advantages such as

easy operation, high accuracy and spatial visualization. For

example, Nelson et al. (2009) explored the biodiversity of the

Willamette Basin in the United States with the lnVEST model

and revealed its relationship between habitat quality and species

diversity. Baral et al. (2014) revealed the relationship between

biodiversity and land use change with the InVEST model, and

Sallustiol et al. (2017) explored the habitat quality in Italy with the

InVEST model. Additionally, a number of scholars have carried out

habitat quality assessment at different scales with the InVESTmodel

in many regions of China such as Lanzhou, the Yellow River Basin,

and western China, which provided important scientific support for

ecological management (Yang et al., 2021; Niu et al., 2022).

Habitat quality is influenced by a variety of factors, among

which the fractional vegetation cover (FVC) and human

disturbance generally play a dominant role (Tang et al., 2018;

Zhou et al., 2019; Wang J.F. et al., 2023). In fact, FVC generally

serves as an effective indicator to reveal the response relationship

between regional vegetation and habitat (Shi et al., 2016; Wang S.W.

et al., 2023). FVC is closely related with various environmental

factors (e.g., atmosphere, soil, and hydrology) and generally plays

an important role in influencing various ecosystem services such as

soil and water conservation, wind erosion control, climate
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regulation and carbon sequestration. In particular, FVC is

generally sensitive to the habitat change and is therefore widely

used an important response indicator of regional habitat quality

change (Wilsey et al., 2012; Zellweger et al., 2016; Rechsteiner et al.,

2017). However, most of previous studies have focused more on the

habitat quality change under the influence of land use change and

less on the relationship between vegetation change and habitat

variation (Hou et al., 2021; Jiang and Wu, 2021; Wang et al., 2021).

Land use change can affect the climate and ecological environment,

and the human interference index (HII) based on the land use type

can effectively reflect the degree of impacts of human activities on

the ecological environment, which has been widely used to quantify

the intensity of human activities (Liu et al., 2022). For example, the

research of Grondin et al. (2014) and Zhao et al. (2015) laid a firm

foundation for estimating the HII to reveal the intensity of human

activities accurately.

The Loess Plateau as a key area connecting the upper and lower

reaches of the Yellow River is an important part of ecological

security strategic pattern of “Two Barriers and Three Belts” in

China, playing a very important role in ensuring national ecological

security and promoting coordinated regional development (Zhou

and Cao, 2022; Wang S.Q. et al., 2023). However, the Loess Plateau

is located in the transition zone of the arid and semiarid regions,

with large topographic relief and complex topography, which is a

typical ecologically fragile area sensitive to global climate change

and human activities (Zhao et al., 2021; Wang Y. et al., 2023).

Unfortunately, the increasing disturbance from human activities

have led to great pressure on regional habitats in the Loess Plateau

(Gao et al., 2016). Ecological protection and construction projects

such as returning cropland to forest and grassland have therefore

been implemented in the Loess Plateau, which acts as an important

demonstration area of these projects. The habitat quality variation

in the Loess Plateau has attracted wide attention, which can provide

a scientific demonstration of the effectiveness of ecological

protection and an example for the sustainable development of

ecologically fragile areas. This study has therefore aimed to reveal

the habitat quality of the Loess Plateau and explore its response

characteristics to changes in the FVC and human disturbance so as

to provide a reliable scientific basis for improving the ecological

pattern of “landscapes, forests, fields, lakes, grass and sand” in the

Loess Plateau.
2 Materials and methods

2.1 Study area

The Loess Plateau is located in the transition zone between the

monsoon zone in eastern China and the arid zone in northwestern

China (33°43′-41°16′N, 100°54′-114°33′E), with a total area of

640,000 km2 (Figure 1). The overall terrain is high in the west and

low in the east, declining continuously from northwest to southeast,

with a complex landscape including plains, plateaus, basins,

mountains and hills, and the altitude is generally between 1200-

1600 m. There is generally a temperate continental climate in the

Loess Plateau, and the average annual temperature is approximately
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9°C, with a low average annual precipitation of only 150-750 m,

making the regional ecological environment very sensitive to climate

change. In particular, the regional soil types mainly include cultivated

loessial soil, cinnamon soil, burozem and dark loessial soil, and the

regional vegetation types mainly include temperate deciduous broad-

leaved forests, meadow grasslands and desert grasslands. The Loess

Plateau has suffered from various ecological and environmental

problems such as extensive soil erosion and high wind erosion

under the influence of natural and anthropogenic factors such as

loose soil, complex topography, concentrated rainfall and steep-slope

reclamation. Improving the ecological environment and accelerating

the comprehensive ecological management of the Loess Plateau are of

great practical significance to maintaining the national ecological

security and promoting the ecological protection and high-quality

development of the Yellow River Basin. In fact, the habitat quality of

the Loess Plateau has been restored to a certain extent since the

implementation of a series of ecological protection and construction

projects since the 1990s, e.g., returning cropland to forests

and grasslands.
2.2 Estimation of fractional vegetation
cover and human disturbance

This study estimated the FVC on the basis of the Normal

Difference Vegetation Index (NDVI) data extracted from the Spatial

Distribution Dataset of Annual Vegetation Index (NDVI) in China

with the spatial resolution of 1 km, which were provided by the

Center for Resource and Environmental Science and Data of the

Chinese Academy of Sciences (http://www.resdc.cn). This study

extracted the NDVI data of the study area according to boundary

data of the Loess Plateau and subsequently estimated the FVC

during 2000-2019 with Equation (1) (Chen et al., 2023).

FVC =
NDVI − NDVImin

NDVImax − NDVImin
(1)
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where FVC is the fractional vegetation coverage, NDVI is the

NDVI value in each pixel, and NDVImax andNDVImin are the NDVI

values in the densely vegetated pixels and sparsely vegetated pixels,

respectively. This study then categorized the FVC into five classes,

i.e., low coverage (0<FVC ≤ 30%), moderate-low coverage

(30% <FVC ≤ 45%), moderate coverage (45%<FVC ≤ 60%),

moderate-high coverage (60%<FVC ≤ 75%) and high coverage

(FVC>75%) according to the “Soil Erosion Classification and

Grading Standard” (2008). Thereafter, this study carried out trend

analysis of the FVC at the pixel scale using the one-way linear

regression method (Zhu et al., 2018), which reflected the trend of

FVC the slope in Equation (2):

slope =
n�on

i=1 ti � FVCið Þ −on
i=1ion

i=1FVCi

n�on
i=1t

2
i − on

i=1ti
� �2 (2)

where slope is the slope of the trend line; ti is the i
th year of 2000-

2019; n is the total length of the time series (n = 20); FVCi is the

FVC in the ith year. The F-test was further conducted to analyze the

significance of the results to check whether the change of FVC is

significant. The study area was thereafter classified into five

categories according to the results of linear regression and F-test,

i.e., significantly improved areas (slope>0 and P<0.01), improved

areas (slope>0 and 0.01<P<0.05), basically stable areas (P>0.05),

degraded areas (slope<0 and 0.01<P<0.05), and significantly

degraded areas (slope<0 and P<0.01). Additionally, this study

used the coefficient of variation (CV) of the FVC to further reveal

the spatial characteristics of the FVC change. The FVC change in

the study area was thereafter classified into five categories according

to the CV, namely, very low variation (CV ≤ 0.1), low variation

(0.1<CV ≤ 0.2), moderate variation (0.2<CV ≤ 0.3), high variation

(0.3<CV ≤ 0.4), and very high variation (CV>0.40).

The human disturbance intensity reflects the degree of human

utilization, modification and exploitation of the terrestrial surface

(Zhu et al., 2018). As for a given region, there are generally multiple

ecosystem types with various area percentage and different human

disturbance intensity. This study therefore determined the grade of

human disturbance intensity of different ecosystem types according to

the results of previous studies at the spatial resolution of 1 km (Zhao

et al., 2015; Liu et al., 2022) (Table 1). Specifically, the ecosystem types

were determined based on the Global 30-meter Land Cover

(GlobeLand30) dataset (http://www.globallandcover.com/), which
TABLE 1 Grades of the human disturbance intensity of different
ecosystem types.

Ecosystem types
Grades of human

disturbance
intensity

Woodland*, shrub land*, grassland, wetland,
water bodies, bare land, tundra, glaciers/

permanent snow
1

Cropland 2

Man-made land surface 3
The woodland and shrub land here include the artificially planted forests.
FIGURE 1

Geographic location of the Loess Plateau.
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contains 10 major land cover types, namely, cropland, forest,

grassland, shrub land, wetland, water bodies, tundra, man-made

land, bare ground, glacier, and permanent snow. This study

estimated the human disturbance index with weighted summation,

which can reflect the degree of human disturbance in the study area,

and it was meanwhile standardized as Equation (3):

HDI =on
i=1DiPropi=3=on

i=1Propi (3)

where HDI is the human disturbance index, ranging between

0-1. Di is the grade of human disturbance intensity of the ith

ecosystem types, Propiis the area percentage of the ith ecosystem

types. The human disturbance intensity in the study area was

categorized with the natural breakpoint method into five levels,

i.e., very low disturbance, low disturbance, moderate disturbance,

high disturbance and very high disturbance.

In this study, the changing trend of human disturbance was

characterized with the degree of change of the human disturbance

index (Vd), which was calculated as Equation (4):

Vd =
(HDIj − HDIi)

j − i
� 100% (4)

where Vd is the degree of change of the human disturbance

index from the ith year to the jth year. HDIi and HDIj are the human

disturbance indices in the ith and jth year, respectively; Vd was

further classified into five categories, i.e., significant decrease (Vd≤-

0.1%), slight decrease (-0.1%<Vd≤-0.01%), basic equilibrium

(-0.01%<Vd ≤ 0.01%), slight increase (0.01%<Vd ≤ 0.1%), and

significant increase (Vd>0.1%).
2.3 Assessment of habitat quality

This study assessed the habitat quality with the InVEST model

based on the regional land use, habitat suitability, threat source

intensity and sensitivity (Huang et al., 2020; Liu et al., 2021) as

Equation (5):

Qxj = Hj(1 −
Dz
xj

Dz
xj + kz

 !
) (5)

where Qxj is the habitat quality index of the xth grid of the jth

ecosystem type; Dxj is the threat level of the xth grid of the jth

ecosystem type; Hj is the habitat suitability; k and z are the scale

parameters, which are constants. The habitat quality of the study

area was classified into five categories with the equal interval

method, i.e., very high (0.8-1), high (0.6-0.8), moderate (0.4-0.6),

low (0.2-0.4), and very low (0-0.2).

In this study, the man-made land surface and cropland were

treated as the threat factors affecting the habitat quality of the study

area. Taking into account the characteristics of terrain of the Loess

Plateau and referring to the previous studies (Huang et al., 2020; Liu

et al., 2021; Pan et al., 2022; Zhou and Cao, 2022), this study

determined the distance and weight of the impact of the threat

factors (Table 2). Thereafter, this study determined the habitat

suitability of the different ecosystem types and their relative

sensitivity to different threat sources (Table 3).
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2.4 Exploration of response relationship of
habitat quality change

This study used the 5 km × 5 km grid as the basic unit for

exploring the spatial variation characteristics of habitat quality in

response to FVC and human disturbance. Taking the habitat quality

change as an explanatory variable and the change of FVC and

human disturbance index as explanatory variables (Pan et al., 2022),

this study analyzed the causal relationship between them with the

Geographically Weighted Regression (GWR) in the ArcGIS

software as Equation (6).

yi = b0(ui, vi) +ok
i=1bj(ui, vi)xji + ϵi (6)

where yi is the habitat quality change, of the ith sample unit;

(ui, vi) is the geocentric coordinates of the i
th sample unit; b0(ui, vi)

is the intercept of the ith sample unit; bj(ui, vi) is the coefficient of
local estimation about the independent variable xji; and ϵi (i =1,2,…

k) is the error term with a mean of 0 and variance of s 2. The AICc

model was used to estimate the bandwidth in this study, with a

width of 14.49 km.
TABLE 2 Parameters of threat factors.

Threat
factor

Maximum
impact distance

Weights Distance
attenuation
method

Man-made
land surface

3 1 exponential decay

Cropland 8 0.7 linear attenuation
TABLE 3 Habitat suitability of different ecosystem types and their
sensitivity to threat factors.

Ecosystem
types

Habitat
suitability

Man-made
land surface

Cropland

Cropland 0.5 0.7 0

Woodland 1 0.9 0.8

Grassland 0.75 0.6 0.55

Shrub land 0.85 0.85 0.75

Wetland 0.8 0.8 0.8

Water bodies 0.8 0.8 0.75

Tundra 0 0 0

Man-made
land surface

0.1 0 0.3

Bare ground 0.2 0.5 0.5

Glaciers/
permanent snow

0 0 0
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3 Results and discussion

3.1 Characteristics of FVC change

The results showed that the FVC of the Loess Plateau showed an

overall increasing trend during the study period (R2 = 0.8116). In

particular, the FVC after 2011 was all higher than the average

annual value and peaked in 2018 (Figure 2). This may be mainly due

to the fact that the pilot work of returning cropland to forests and

grasslands was carried out in the study area in 1999 to control

human activities such as land reclamation, and the vegetation

restoration effect proved to be satisfactory, with a significant

increase of the FVC. Additionally, the FVC of the Loess Plateau

showed remarkable fluctuation, with a fluctuation cycle of

approximately 5 years. This may be mainly due to the influence

of climatic fluctuations such as precipitation variation.

The FVC was overall stable in most part of the Loess Plateau,

generally showing a slightly increasing trend, which was closely

related to the mountain range orientation and distribution of

vegetation types. First, the average value of the FVC was overall

high in the east part and low in the west part of the Loess Plateau

during 2000-2019, showing a decreasing trend from east to west

(Figure 3A). The area of high coverage accounted for 30.64% of the

Loess Plateau, mainly distributed in the Luliang Mountains, Qinling

Mountains, Ziwuling Mountains and Huangshui Valley, roughly

coinciding with the direction of the mountain ranges, where the
Frontiers in Ecology and Evolution 05
vegetation types dominantly included the forest, grassland, and

cropland. The area of low coverage and moderate-low coverage

accounted for 28.64% of the study area, mainly distributed in the

Ordos Plateau, Helan Mountains, Yinshan Mountains, Mu Us

Sandland, where the vegetation types were relatively few, mainly

including grassland and desert. The area of moderate coverage and

moderate-high coverage accounted for 40.72% of the study area,

mainly distributed in the transition zone between the areas of high

coverage and low coverage. Besides, most part of the Loess Plateau

showed a significant increase of the FVC, accounting for 62.42% of

the study area (Figure 3B). the area of significant decrease of the

FVC accounted for only 2.41% of the study area, which was mainly

distributed in the built-up parts of the urban areas and neighboring

areas of cities such as Luoyang, Xi’an, Xianyang, Weinan, Yinchuan,

Baotou and Hohhot. There was generally more drastic urban

development and construction activities in these areas, which led

to an obvious decreasing trend of the FVC. In addition, most part of

the study area showed low variation of the FVC, accounting for

69.66% of the study area, where the CV was generally less than 0.2

(Figure 3C). Specifically, the CV was even lower in of the areas of

high coverage, indicating the high stability of the FVC in these

areas, which was primarily due to the fact that these areas were

dominated by forest and the local ecosystems were very stable.

Moreover, there was significant variation of the FVC in western part

of the study area, mostly in the upper reach of the Yellow River.

This was mainly due to the fragile ecological environment and the
FIGURE 2

Inter-annual variation of the FVC of the Loess Plateau during 2000-2019.
B CA

FIGURE 3

Spatial pattern of (A) fractional vegetation cover, (B) significance test results and (C) coefficient of variation of FVC on the Loess Plateau.
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relatively homogenous vegetation types in these areas, which are

generally very vulnerable to climate change and human disturbance.
3.2 Characteristics of human disturbance

There was significant spatial and temporal heterogeneity of the

human disturbance index in the Loess Plateau. First, the human

disturbance index of the Loess Plateau showed an overall spatial

pattern of increasing from the center to the surroundings

(Figure 4A), with the mean value of 0.4862 in 2020, which was

higher than the national average level (0.4154). Specifically, there

was dominantly moderate disturbance in most part of the Loess

Plateau in 2000, accounting for 41.74% of the study area (Table 4),

which was mainly distributed in the forest and forested grassland

zones. The area of low disturbance accounted for 35.29% of the

study area, which was mainly distributed in the forest and grassland

areas of the Kubuqi Desert, Mu Us Desert, Meridian Ridge, Lvliang

Mountains and hilly forest and grassland areas of the Haidong

Mountains. The areas of moderate or low disturbance together

accounted for 77.03% of the study area, covering the main part of

the Loess Plateau. The areas of high and very high disturbance

accounted for 21.90% and 1.06% of the study area, respectively,

which were mainly distributed in urban built-up areas in border

regions of the Loess Plateau.
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The spatial characteristics of human disturbance in the Loess

Plateau was further revealed with the inter-transformation of

different human disturbance classes (Figure 4B), which suggested

the human disturbance level kept approximately stable in 91.83% of

the study area. The change of the human disturbance level occurred

in a few parts of the study area, which were mainly concentrated in

the desert grassland area along the Dongsheng-Yulin route. There

was mainly the transformation from low disturbance to moderate

disturbance and from moderate disturbance to high disturbance,

which accounted for 41.93% and 32.16% of the total area with the

change of the human disturbance level, respectively.
3.3 Characteristics of habitat
quality change

The habitat quality in the Loess Plateau showed remarkable

spatial heterogeneity during the study period (Figure 5).

Specifically, the percentage of areas of high or very high habitat

quality was 44.96% in 2020, with an overall increase of 1.78% during

the study period. These areas were mainly distributed in the

Taihang Mountains, Luliang Mountains, northern Qinba

Mountains, Qilian Mountains of Qinghai and Ziwuling

Mountains, etc. There was mainly mountainous terrain in these

areas, where the land use types are dominantly woodlands and
BA

FIGURE 4

Spatial pattern of the classes of the human disturbance index in 2020 (A) and interconversion of human disturbance classes during 2000-2020 (B) in
the Loess Plateau.
TABLE 4 Statistics of the habitat quality change in the Loess Plateau.

Classes of habitat quality
Percentage Magnitude of change

2000 2010 2020 2000-2010 2010-2020

Very low quality 9.94% 10.24% 11.26% 0.29% 1.02%

Low quality 33.69% 33.59% 31.59% -0.11% -2.00%

Moderate quality 13.18% 12.16% 12.20% -1.02% 0.04%

High quality 26.91% 27.43% 28.12% 0.52% 0.68%

Very high quality 16.27% 16.58% 16.84% 0.31% 0.26%
frontiersin.org

https://doi.org/10.3389/fevo.2023.1302224
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org


Shi et al. 10.3389/fevo.2023.1302224
grasslands and the main vegetation types included deciduous

broadleaf forests, deciduous and evergreen broadleaf forests and

alpine meadows, with a high FVC and limited human activities. The

areas with low or very low habitat quality accounted for 42.84% of

the study area in 2020, with a decrease of 0.79% during the study

period. These areas were mainly distributed in the Ordos Plateau,

Ningxia Plain, Hetao Plain, Fenwei Plain, etc., which were generally

centered on the urban areas and expanded in all directions. These

areas were generally dominated by cropland and desert grassland,

but the encroachment of grassland by cropland reclamation and

urban construction land expansion led to gradual degradation of the

habitat quality. The areas with moderate habitat quality accounted

for 12.02% of the study area in 2020, decreasing by 0.98% in

comparison with that in 2000, these areas were scattered in the

eastern part of the Ordos Plateau and the forest and forest-steppe

ecological zones of the pre-mountain hills of the Yellow River in

Shaanxi Province and Shanxi Province. Overall, the habitat quality

was generally stable in areas with high habitat quality but showed

relatively drastic variation in areas with low habitat quality,

especially in the Hetao Plain, the Yinshan Mountains, the

northern Shaanxi Plateau and the northern Longzhong Plateau.

The results suggested there was an overall improvement of

habitat quality of the Loess Plateau (Table 4). Specifically, the area

of high and very high habitat quality both showed an expanding

trend during the study period, increasing by 0.84% and 0.94%,

respectively. Meanwhile the area of low habitat quality showed a

decreasing trend, decreasing by 0.11% and 2% during the first

period (2000-2010) and the second period (2010-2020),

respectively. The area of very low habitat quality increased to

some degree, with an increase of 0.29% during the first period

and 1.02% during the second period. By contrast, there was limited

change of the area of moderate habitat quality. Besides, the areas

with transformation of habitat quality classes accounted for 40.75%

of the study area during 2000-2020, 20.85% out of which showed a

shift to better habitat quality. In particular, 4.16% of the study area

showed the transformation from very low habitat quality to high

habitat quality, which was mainly distributed in the Erdos Plateau

and the Haidong forest-steppe zone. Meanwhile 12.01% of the study

area upgraded from low habitat quality to moderate habitat quality,

which was mainly concentrated in the Hetao Plain, Yinshan

Mountains, Shaanxi Plateau, and northern Longzhong Plateau,

etc., accounting for the largest percentage of the area with

transformation of habitat quality. 7.81% of the study area
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upgraded from low habitat quality to high habitat quality, which

was widely distributed and scattered, generally with a small area.

7.02% of the study area upgraded from moderate habitat quality to

high habitat quality, which was most prominent in the northern

Shaanxi Plateau. 7.76% of the study area transformed from high

habitat quality to very high habitat quality, which was widely

distributed but generally with a small area, especially in the Mu

Us Sandland and the Kubuqi Desert. This was primarily due to the

fact that the continuous enhancement of regional ecological

protection projects has contributed to the restoration and

improvement of the habitat in these parts of the Loess Plateau to

some extent (Zhao et al., 2017).
3.4 Response characteristics of habitat
quality to influencing factors

The results showed there was significant spatial heterogeneity of

the influence of FVC change and human disturbance on the habitat

quality (Figure 6). On the whole, the FVC change showed a positive

correlation with habitat quality change in 52.56% of the study area,

indicting a greater effect on the habitat quality relative to human

disturbance (37.38%). This suggested the positive influence of the

FVC change on the habitat quality on the Loess Plateau gradually

increased with the improvement of vegetation cover to some extent.

Specifically, the correlation between the FVC change and habitat

quality change was stronger in the Kubuqi Desert, Mu Us Desert,

and Longzhong Plateau, where the local FVC was generally low and

the implementation of ecological protection and construction

projects effectively improved the regional vegetation cover and

promoted the habitat quality while. By contrast, the areas with

higher correlation between human disturbance and habitat quality

change were mainly distributed in the Hetao Plain, Longzhong

Plateau, Huangshui Valley, Haidong Forest Meadow Area, Qinba

Mountainous Area, Shaanxi Plateau and the western part of Ordos

Plateau. These areas were generally more densely populated, with

larger area of cropland and construction land, and it is therefore

necessary to continue to maintain the ecological protection and

construction projects in these areas in order to obtain greater

ecological benefits. Additionally, the spatial pattern of areas with

lower correlation between FVC change and habitat quality change

was generally consistent with that of the areas with high or very high

FVC, where the ecological background was generally better and the
B CA

FIGURE 5

Habitat quality in the Loess Plateau in (A) 2000, (B) 2010 and (C) 2020.
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vegetation types were primarily forest, grassland and meadow, with

limited change of the FVC. By contrast, the areas with low

correlation between human disturbance and habitat quality

change were primarily consistent with the areas of low or very

low habitat quality, where there was generally limited population.
4 Discussion

The results of this study were consistent with previous studies

(Zhou and Cao, 2022; Wang Y. et al., 2023), that is, the habitat quality

of the Loess Plateau showed a significant spatial agglomeration trend

and tended to improve continuously. On the spatial scale, the areas

with high habitat quality were mainly distributed in the Taihang

Mountains, Luliang Mountains, northern Qinba Mountains, and

Ziwuling Mountains, etc. The land cover types in these areas were

dominated by woodlands and grasslands, and the main vegetation

types were deciduous broadleaf forests, deciduous and evergreen

broadleaf forests, and alpine meadows, etc., the FVC of which was

generally high. While the habitat quality was generally low in the

Ordos Plateau, Ningxia Plain, Hetao Plain, Fenwei Plain, which was

mainly due to the encroachment of grasslands by cropland

reclamation and urbanization, showing a pattern of spreading in all

directions with the towns and cities as the center. In particular, the

habitat quality of the Loess Plateau showed significant spatial

agglomeration. The high agglomeration areas were generally closely

associated with the distribution of woodland and grassland, where

there was low human disturbance and high habitat quality.While low

agglomeration areas were generally in areas with more intensive

human disturbance and lower habitat quality. In particular, land use

change as one of the most important ways the human beings

intervene in the ecological environment has been one of the most

important influencing factor of the habitat quality in the Loess

Plateau, among which the change of cropland and construction

land greatly affects the regional habitat quality. The habitat quality

of the Loess Plateau generally tended to improve on the time scale,

which is mainly due to the implementation of policies such as

“returning cropland to forests and grasslands” and also reflects the

gradual realization of the effectiveness of some other ecological

protection measures. It is therefore necessary to further maintain
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the ecological protection on the Loess Plateau at the current level,

with more attention continuously paid to the changes in cropland

and construction land, and ecological restoration measures should be

tailored to local conditions in order to further improve the

habitat quality.

The InVEST model was widely used to estimate the habitat

quality in this study, which can increase the visibility of the results,

but the parameter settings of the threat factors still rely heavily on

expert knowledge, which is somewhat subjective and still needs to

be further improved. It is necessary to further optimize parameter

settings and carry out parameter localization based on long-term

field observation and comprehensively consider the effects of

different vegetation types, threat types, and FVC of the same

vegetation types on the habitat quality in the future studies.

Besides, the study area of this study is too large for carrying out

large-scale validation, and small-scale experimental observations

can be carried out for model validation and optimization according

to the specific conditions in the future. In addition, this study only

quantitatively analyzed the relationship between the habitat quality

change and the FVC change and human disturbance, and it is

necessary to further strengthen the research on the impacts of more

influencing factors (e.g., climate change) on the habitat quality in

the future research. In particular, it is necessary to further explore

the specific impacts of different human disturbance on the habitat

quality so as to better support the formulation and adjustment of

major national policies.

Changes of vegetation cover in the Loess Plateau are influenced

by a combination of geographic factors, which may interact with

each other at the same time. For example, returning farmland to

forests and grasslands on the slopes can lead to large-scale

restoration of vegetation, which in turn has a feedback effect on

the regional climate such as the local precipitation processes and

ultimately contributes to the re-establishment of vegetation. In this

cyclic feedback process, human activities can influence the change

direction of vegetation to a certain extent. Besides, this study used

the FVC as a factor affecting habitat quality because it is also a

manifestation form of the impacts of human activities, which can

influence the change of habitat quality. The human disturbance

intensity is a comprehensive indicator that can reflect the extent to

which all human interventions affect the ecosystems, but it is still a
BA

FIGURE 6

Spatial distribution of regression coefficients of the GWR model for habitat quality change in the Loess Plateau based on: (A) Fractional vegetation
cover and (B) Human disturbance.
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crude way to quantify the characteristics of human activities with

only the land use change. In addition, ecological disturbance and

restoration are a continuous process, but this study only obtained

the human disturbance intensity in 2000, 2010 and 2020, the data of

which are discrete, and the choice of time interval and spatial scale

may lead to some uncertainties of the results. Moreover, this study

used different grid scales such as 1 km and 5 km, and this study

ignored the impacts of geographic, administrative, and economic

distances due to the large area of the study area, all of which may

lead uncertainties in the results to some degree. It is therefore

necessary to take into account more natural factors and further

refine the effects of human behaviors on vegetation cover in the

future research. For example, it is necessary to use long time-series

land use change as the basic data and explore long time-series

habitat quality change and its response to drivers on multiple scales

and take into multiple factors so as to better provide scientific

support for the regional harmonious development of human

and nature.
5 Conclusions

This study explored spatial and temporal change of the habitat

quality in the Loess Plateau during 2000-2020 with the InVEST

model and revealed its response characteristics to the FVC change

and human disturbance with the GWR model. The major

conclusions were as follows:
Fron
(1) The habitat quality exhibited significant spatial and

temporal heterogeneity in the Loess Plateau, and the

spatial distribution of areas of high habitat quality was

generally consistent with the direction of the Taihang

Mountains, Luliang Mountains and Ziwuling Mountains

during the study period, which was highly consistent with

the spatial distribution pattern of the FVC.

(2) The habitat quality tended to improve in 51.16% of the

study area, which was a direct and concrete manifestation

of the national ecological protection and restoration

policies, and the areas of high or very high habitat quality

increased by 1.78%, primarily including the Hetao Plain,

Shanbei Plateau, northern Longzhong Plateau, Mu Us

Sandy, and Kubuqi Desert.

(3) The FVC change played a dominant role (52.56%) in

influencing the habitat quality change in the Loess Plateau.
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