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Understanding the land use and land cover (LULC) pattern of the Qinghai Tibet
Plateau in China is crucial to support the structural and functional integrity of the
ecological barrier of the plateau. This information has significant implications not
only for the ecological environment and regional development of the plateau but
also for the broader environmental impact at regional and global levels. It is critical to
comprehend the spatial pattern and ascertain the underlying causes of land use and
land cover in significant areas of the Qinghai Tibet Plateau. This can enable the
formulation and implementation of context-specific policies andmeasures that can
contribute to enhancing the ecological security barrier function of the plateau. This
study focused on the core area of theQinghai Tibet Plateau - theQiangtang Plateau.
Based on surface cover data from 2020 and ASTER GDEMV3 data, distribution
indices and geographic detectors were used to explore the quantitative impact of
land use/cover spatial patterns and terrain factors on land use/cover spatial
distribution. The results showed the following: 1) The land use/cover space of
the Qiangtang Plateau was dominated by grassland and bare land. Specifically,
grassland had the greatest area, accounting for approximately 63.94%of the plateau
area and covering an area of 449,983 km2. Grassland was widely distributed inmost
areas of the plateau. Bare land was the second-largest land cover type, with an area
of 186,302 km2, accounting for 26.47% of the plateau area. Bare land was primarily
located in thewestern and northern parts of the plateau. 2) The spatial differentiation
of land use/cover in the Qiangtang Plateau was significant. Grasslands were
primarily distributed in low mountainous areas characterized by high relief,
gentle slopes, and low roughness. In contrast, bare land was mainly distributed
in low mountainous areas with high relief, steep slopes, and low roughness. 3) The
main drivers of the spatial distribution of land use/cover on the Qiangtang Plateau
were elevation, roughness, and relief. Moreover, the interactions between these
three terrain factors and other environmental variables significantly influenced the
land use/cover pattern in the study area.
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1 Introduction

As a complex entity of nature and the social economy, land is an
indispensable basic element of human production and life (Chen
et al., 2013). It is the basic means of production for agricultural
production and the labor means of labor for social production. It is
also an important factor affecting the structure and function of
ecosystems, which are of great significance for human survival and
development (Schomberg et al., 2005; Zhong, et al., 2012). Since the
1990s, land use/cover change research has become a popular
Frontier field in global environmental change and sustainable
development (Verburg et al., 1999; Yu and Yang, 2002; Lu et al.,
2005). It is also a core issue of modern geographical research (Su,
et al., 2012; Guo, et al., 2013).

Land use patterns can reflect the spatial distribution of various
land use types and are the spatial projection of land use types and
land use structures (Song and Wang, 2017). The land use pattern is
subject to the comprehensive influence of natural factors and various
human activities, among which the terrain factor is important in the
natural environment (Sun et al., 2014; Gong et al., 2013; Song et al.,
2015). Its changes affect the biological, hydrological and energy
processes of the Earth’s surface and to some extent determine the
basic framework of geographical elements such as regional
population, hydrology, geology and land use types (Zhang et al.,
2013). As the most fundamental natural element, the terrain
determines the choice of direction and type of land use, and thus
determining land use; as a result, the land use pattern shows
characteristics of gradient changes in the horizontal and vertical
directions (Yang et al., 2005; Verburg et al., 1999; Ispikoudis et al.,
1993). The influence of land surface morphology on land use/cover
change is a hot topic in land use/cover change research (Liu et al.,
2018). The important topographic factors of land resources, such as
elevation, slope and slope direction, are the basic factors affecting
land use and distribution (Mottet et al., 2006) and play leading roles
in the formation of land use/cover. In topographically dominated
mountain and hill systems, the vertical gradient of land use
landscape change is approximately 1,000 times greater than the
horizontal gradient and contains rich ecological and geographic
information (Lauer, 1993; Korner, 2007). Many types of agricultural
land and construction land that are highly disturbed by human
activities are distributed in areas with a low altitude and a low urban
degree, while woodland and grassland, which are less disturbed by
human activities, are more commonly distributed in areas with a
high altitude and a large slope (Shen et al., 2011).

In-depth research on the relationship between land use/cover
distribution patterns and topographic factors is helpful to discover
the spatial distribution law of land use and the relationship between
human activities and environmental factors (Di et al., 2015), and this
information is of great significance for regional land use planning
and agricultural structure adjustment (Liu and Li, 2015). Domestic
and foreign scholars have conducted many studies on the
relationship between topographic features and land use/cover
(Chen et al., 2020; Zang et al., 2019), and commonly used
methods include spatial overlay analysis (Wang et al., 2018), land
use/cover transfer change analysis (Zang et al., 2019), and the
selection of comprehensive topographic factors such as elevation,
slope, aspect, relief and topographic position index. The changes in
land use/cover on different topographic gradients in special

topographic areas (Huang et al., 2003), river basins (Wang et al.,
2018) and agricultural areas (Zhou et al., 2020) have been analyzed.
Most of the existing studies selected topographic factors from the
perspective of qualitative analysis, focusing on the analysis of the
spatial distribution characteristics of land use/cover on the
topographic gradient. However, the topographic factors selected
in previous studies, such as elevation, topographic relief, slope,
surface roughness and topographic position index, can all be
used to represent the macro-surface relief shape. Existing studies
lack a quantitative analysis of the effect of these topographic factors
on the spatial distribution of land use/cover.

The Qinghai-Tibet Plateau is known as the “world house
reputation” and the “third pole of the Earth”. Its unique natural
pattern and rich ecosystem play an important role in protecting the
ecological security and stability of China and even East Asia (Sun
et al., 2012). In recent years, with global climate change and the
intensification of human activities, the ecological environment and
ecological security of the Qinghai-Tibet Plateau have been under
great pressure (Zhang et al., 2013). Land use and land cover change
(LUCC) is an important field of global change research.
Approximately 1/3–1/2 of the Earth’s surface land use/cover is
altered by land use (Millennium Ecosystem Assessment, 2005).
LUCC has become an important part and main driving force of
global environmental change. The pattern of land use land cover
(LULC) on the Qinghai-Tibet Plateau is an important basis for
supporting the structure and function of the plateau ecological
barrier, which not only affects the ecological environmental
status and regional development of the plateau itself but also has
a very large environmental impact on the region and the world
(Zhang et al., 2014; Zhang et al., 2017). Its vast area leads to great
differences in internal natural conditions and resource use. It is
necessary to understand and grasp the spatial pattern and causes of
land use/cover in key areas of the Qinghai-Tibet Plateau and
implement policies and measures according to local conditions.
There is an urgent need to improve the function of the ecological
safety barrier on the Qinghai-Tibet Plateau (Zhang et al., 2013).

The Qiangtang Plateau, as the main part of the Qinghai-Tibet
Plateau, has attracted much attention from scholars due to its special
geographical location, cold and dry climatic conditions and fragile
grassland ecosystem (Song et al., 2012; Wang et al., 2007; Gao et al.,
2005) In recent years, under the dual influence of climate change and
human activities, profound changes have occurred and affected the
structure and function of the Qinghai-Tibet Plateau ecosystem as
well as in the population number and structure of important species
(Zhang et al., 2015). Problems such as grassland degradation,
worsening desertification, glacier retreat and lake expansion have
become increasingly prominent. They not only directly threaten
local livestock husbandry production and the security of our
ecological barriers but also seriously affect the sustainable
development of grassland ecosystems (Wang et al., 2013; Gao
et al., 2010). As one of the major pastoral areas in China, the
Qiangtang Plateau is the main animal husbandry production base in
Tibet and a key area for the construction of ecological security
barriers in Tibet and even the whole country. Therefore, a series of
negative impacts caused by the degradation of its ecological system
function have become a bottleneck affecting local economic and
social development. Moreover, this degradation poses a great
challenge to the construction of ecological security barriers (Xu
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and Chen, 2016). Currently, land use/cover studies in the Qinghai-
Tibet Plateau have been concentrated in urban areas that are highly
affected by human activities (Feng et al., 2012; Chu et al., 2010) and
some ecologically fragile areas, such as the Sanjiangyuan area (Zhao
et al., 2010) and Qaidam area (Ma et al., 2018), while relatively few
studies have been conducted in the Qiangtang Plateau region.

Therefore, using open source land cover data and the terrain
factor classification system (Zhang et al., 2013), this study aimed to
explore the effect of the topographic relief gradient on the spatial
distribution of land use/cover in the Qiangtang Plateau by using the
distribution index method and quantitatively analyze the degree of
influence of different terrain factors on the spatial distribution of
land use/cover by using the geographic detector method. It can
provide a scientific basis for the selection of terrain factors for
regional topographic geomorphology and land use/cover research.

2 Materials and methods

2.1 Study area

The Qiangtang Plateau, located in the hinterland of the Tibetan
Plateau, consists mainly of low mountains and gentle hills and wide
valleys in the lake basin (Figure 1). Its terrain is high in the northwest

and low in the southeast, with an average elevation of 4,800 m. It is
the highest and most typical plateau in the Qinghai-Tibet Plateau
region (Chen and Fan, 1983), and it is known as “the roof of the roof
of the world” and has the highest terrain in China. Due to its harsh
environment, extreme cold, and anoxic conditions, the Qiangtang
Plateau region has long been referred to as “no man’s land” (Xu and
Zuo, 2020; Du et al., 2021). The Qiangtang Plateau is dotted with
numerous lakes, covering an area of more than 2 × 104 km2, and
these lakes account for 48% of the total lake area of the Qinghai-
Tibet Plateau, making it one of the regions with the largest and most
concentrated lake area in China (Ma et al., 2011). The region has
strong solar radiation, low temperature, and large annual and daily
temperature ranges. The mean annual temperature is typically below
0°C, and the temperature decreases from the southwest to the
northeast of the plateau. There is little interannual variation in
precipitation, and the dry and wet seasons are distinct. More than
80% of the precipitation is concentrated from June to September,
which is representative of a typical plateau monsoon climate (De Ji
Y.Z., 2022). This area is an important area with strong wind in
China, and the annual average number of days with strong in all
regions is more than 80 days, the highest of which is 164.5 days;
however, the maximum number of days in some years in certain
regions is 284 days (Dong, 2001). Precipitation mainly comes in the
form of solid precipitation, such as snow, graupel, and hail, and the

FIGURE 1
Sketch map of the Qiangtang Plateau (C) and its location in China (A) and the Qinghai Tibet Plateau (B).
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plateau experiences strong winds and high frequency winds (Hao,
2021). In general, the area is sparsely populated, and the scope and
scale of human activities are limited. The natural conditions are
poor, and the ecological environment is fragile, which is
demonstrated by the cold, dry, windy climate, surface-covered
sand, and sparse and low vegetation.

2.2 Data description

The land use/cover data used in this study were obtained from
the Global Land Cover Data 2020 Edition (Globeland 30) with a
resolution of 30 m published by the National Basic Geographic
Information Center. The spatial distribution data of land use/cover
types in the Qiangtang Plateau were obtained by using
ArcGIS10.7 software for clipping, projection conversion and
reclassification (Figure 2).

The DEM data were obtained from the US National Aeronautics
and Space Administration (NASA, http://reverb.echo.nasa.gov/
reverb/) Advanced Spaceborne Thermal Emission and Reflection
Radiometer Global Digital Elevation Model (ASTERGDEM) and
had a resolution of 30 m. The dataset was processed using ArcGIS10.
7 software for inlay, clipping and resampling. DEM data were
generated for the study area, and the elevation, slope, and aspect
of the Qiangtang Plateau were extracted using ArcGIS 10.7 software
(Figure 1).

The topographic data were obtained fromASTERGDEMV3with a
spatial resolution of approximately 30 m. ArcGIS10.7 software was used
to obtain the topographic data of the Qiangtang Plateau through
resampling, clipping and projection conversion.

2.3 Terrain factor extraction

Based on the existing classification system of terrain factors
(Zhang, 2013), this study selected common terrain factors reflecting
topographic relief. Using ASTERGDEM V3 data, the five terrain
factors of elevation, slope, relief, surface roughness and topographic
position index were extracted for terrain analysis using the raster
calculator and neighborhood analysis tools in ArcGIS.

2.3.1 Relief
Relief can describe the macro-topographic changes in a region

based on the size of the control unit and is widely used in habitability
assessment (Tang et al., 2019), natural disaster assessment (Liu et al.,
2001), topographic and geomorphic classification (Zhou et al.,
2009), and other fields. The calculation formula is as follows:

R � Max height −Min height (1)
where R is the topographic relief of the region; Maxheight is the
maximum elevation in the region; and Minheight is the minimum
elevation in the region.

FIGURE 2
Spatial distribution of land use/cover in the Qiangtang Plateau.
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The extraction of relief needs to determine the best research unit
of the study area, and the current mainstream extraction method is
mean change point analysis (Chen et al., 2016; Feng et al., 2020). In
this paper, this method was used to extract the relief of the Tibetan
Plateau through the best analysis window of 41 × 41 (Feng et al.,
2020).

2.3.2 Surface roughness
The surface roughness of large macro areas is generally

represented by the ratio of the real surface area Ssurfaces and area
Slevel of horizontal projectors (Bi, 2011). The calculation formula is
as follows:

R � Ssurfaces
Slevel

(2)

Formula R = 1/cos (slope) is usually used to obtain the regional
surface roughness.

2.3.3 Terrain position index
The terrain slope reflects the spatial distribution characteristics

of environmental elements such as elevation, slope, aspect,
topographic relief, and terrain position. Elevation and slope
represent the absolute height and the degree of steepness of the
surface unit, respectively. The terrain position index (TPI)
comprehensively describes the elevation and slope of a region
and can be used to quantitatively analyze the ecological
environmental characteristics and landscape pattern changes
under different terrain conditions. The calculation formula is as
follows:

TPI � log
Q

Q0
+ 1( ) P

P0
+ 1( )[ ] (3)

where TPI is the topographic position index, Q and Q0 are the
elevation of a point and the average elevation m) of the study area,
respectively, and P and P0 are the slope of a point and the average
slope (°) of the study area, respectively. The smaller the elevation and
slope are, the smaller the topographic index and vice versa. The
formula above was input into the Raster Calculator function of the
Spatial Analyst module of ArcGIS10.7 to obtain the results.

2.4 Terrain factor classification

Topographic factors include elevation, slope and relief. The
ArcGIS spatial analysis function was used to generate slope and
surface relief data for the study area from the DEM data, and then
the topographic factors were graded. As the elevation of the study
area is greater than 3,800 m, to better reflect the characteristics of
land use/cover distribution changes with elevation, the equal interval
division method in ArcGIS was applied to select the elevation
difference of 500 m as the first level and divide the elevation of
the study area into five levels (Table 1). The slope gradient was
divided according to the relevant classification standards (Zhou
et al., 2009) and was successively divided into five levels: <2°, 2°–6°,
6°–15°, 15°–25° and >25°. Since the topographic relief of the study
area ranges from 0 to 408 m, the classification standard of China 1:
1 million digital geomorphic mapping and the existing studies

referred to (Zhou et al., 2009; Feng et al., 2020). The relief of the
study area was successively divided into four levels: 0–30 m,
30–200 m, 200–400 m, 400–600 m and above 600 m. The
roughness and TPI were classified according to the natural
breakpoint method (Jenks) (Table 1). The spatial resolution of
the topographic data was 30 m, and the coordinates were in the
WGS-1984 coordinate system. The terrain layers were ordered from
small to large.

2.5 Methods

2.5.1 Terrain distribution index
The response of the ecological environment to LULC changes

can vary due to different terrain gradient sections and different area
scales. The terrain distribution index (TDI) can effectively eliminate
this effect. To describe the probability distribution of different
response types on each terrain gradient, the following calculation
formula is used (Ha et al., 2015):

TDI � Sna
Sn

( )/ Sa
S

( ) (4)

where TDI is the terrain distribution index; Sna is the area of land use
transfer of type n under a given level of terrain factors; Sn is the total
land use area of type n in the study area; Sa is the area of a terrain
factor at a given level; and S is the total area of the study area. The
TDI is a standardized and dimensionless index; a higher value
indicates higher dominance. If TDI >1, land use transfer
occupies the dominant position under the classification of terrain
factors; otherwise, it does not occupy the dominant position.

2.5.2 Geographic detector model
The geographic detector model is a statistical method proposed

by Wang and Xu. (2017) to detect spatial differentiation and explain
the driving force behind it. In addition to identifying the
contribution rate of a single factor, it can be used to identify the
interactions between multiple factors, including factor detection,
interaction detection, risk detection and ecological detection (Zhang
et al., 2020). The first two detectors were used in this study.

(1) Factor detector. Factor detection is used to analyze the influence
of the trend of each influencing factor on the spatial
differentiation of LUCC. LUCC was taken as the dependent
variable, and each factor was taken as the independent variable,
with its magnitude measured by the q value. The formula is as
follows:

q � 1 − 1
Nσ2F

∑n
i�1
ND,iσ

2
FD,i

(5)

where D is the study area divided into n subregions Di (i = 1, 2,. . . , n;
n is the number of subregions for one driving factor); N is the
number of samples in the whole study area; σ2F denotes the variance
of F over the whole study area;ND,i signifies the number of samples
in subregion i in the study area; and σ2FD,i

is the dispersion variance of
F in subregion Di. If the σ2FD,i

value of each subregion is small, then
both the variance between the subregions and the q value are large.
That is, the larger the q value is, the greater the explanatory power of
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the driving factor (X1) for F is. If q = 1, the driving factor (X1) can
fully explain F (Wang et al., 2010; Wang et al., 2016).

(2) Interaction detector. The influence of pairwise interactions
between driving factors on the spatial distribution of Y in
LUCC was calculated using the interaction detector (Luo et al.,
2015; Wang and Xu, 2017). The principle is to superimpose any
two driving factors, calculate the superimposed q value, and
compare the superimposed q value with the sum of the
individual q values of the two driving factors to obtain the
quantitative results of driving factor interactions on the spatial
distribution of LUCC. Taken together, the results can indicate
whether the two variables weaken or strengthen each other or are
mutually independent of the spatial distribution of LUCC. The
specific types of interactions are shown in Table 2 (Wang et al.,
2010; Wang and Xu, 2017). Wang and Hu (2012) provided a
detailed description of the geographic detector model. The model
version in Excel-GeoDetector is available online (http://www.
geodetector.cn/).

3 Results and analysis

3.1 Spatial pattern of land use/cover types

According to the classification system of Globeland30, the land
feature information of the Qiangtang Plateau was divided into
10 categories, including cultivated land, grassland, shrubland,
wetland, water, tundra, artificial surface, bare land and ice/snow
(Figure 2). The larger proportions of cover types were grassland,
bare land, water, shrubland, ice/snow, and wetland, accounting for
63.94%, 26.47%, 2.42%, 5.24%, 1.36%, and 0.55%, respectively. The
other types of coverage areas were too small and were ignored
(Table 3).

The spatial differentiation of land use types in the Qiangtang Plateau
was significant (Figure 2). The grassland area was 449,983 km2,
accounting for approximately 63.94% of the total area. Grassland was
the largest land use/cover type in the Qiangtang Plateau and was
widespread in most areas of the plateau. Bare land covered an area
of 186,302 km2, accounting for approximately 26.47%of the plateau area.
It was the second largest land use/cover type on the Qiangtang Plateau
and was mainly distributed in the western and northern parts of the
plateau. The water area was 36,866 km2, accounting for approximately
5.24% of the plateau area. It was mainly distributed in the eastern and
southern parts of the plateau and included large lakes such as Selin Co,
Namco, Dangjiayong Co, andUlanUla Lake. Shrubland covered an area
of 17,065 km2, accounting for approximately 2.42% of the plateau area,
and was mainly distributed in the eastern and southern parts of the
plateau. Ice/snow covered an area of 9,598 km2 and was mainly
distributed in high mountain areas such as the Kunlun Mountains,
Karakoram Mountains, and Gangdise Mountains. Wetlands covered a
small area and were mainly distributed around water bodies.

TABLE 1 Classification and classification method of terrain factors.

Terrain factor Classification method I II III IV V

Elevation/m Equal interval <4,000 4,000–4,500 4,500–5,000 5,000–5,500 >5,500

Slope/° Normal <2 2–6 6–15 15–25 >25

Relief/m Normal <30 30–200 200–400 400–600 >600

Roughness/° Jerks 1–1.02 1.02–1.1 1.1–1.2 1.2–1.3 >1.3

TPI Jerks <0.4 0.4–0.5 0.5–0.7 0.7–0.8 >0.8

TABLE 2 Types of interaction between two variables and their interactive impacts.

Interaction relationship Interaction

q (X1∩X2)>Max (q (X1),q (X2)) The factors bi-enhance after the interaction

q (.X1∩X2)>q (X1)+q (X2) The factors nonlinearly enhance each other

q (X1∩X2) = q (X1)+q (X2) The two factors are independent

q (X1∩X2)<Min (q (X1),q (X2)) The factors nonlinearly weaken after the interaction

Min (q (X1),q (X2))<q (X1∩X2)<Max (q (X1),q (X2)) The factors uni-weaken each other

TABLE 3 Statistics of land use/cover in Qiangtang Plateau.

Land use/cover Area/km2 Proportion/%

Grassland 449,983 63.94

Bare land 186,302 26.47

Water 36,866 5.24

Shrubland 17,065 2.42

Ice/Snow 9,598 1.36

Wetland 3,862 0.55

Other types 56 0.02

Total 703,732 100
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3.2 Terrain gradient effect of land use spatial
distribution

To verify the basic relationship between various terrain factors
and the spatial distribution of land use/cover in the Qiangtang
Plateau, the extracted elevation, slope, relief, surface roughness and
TPI were combined with the graded results of the natural
discontinuity method and the quantile method to divide them

into five grades according to the principle of rounding. By
spatially overlaying the different terrain factors with the land use/
cover data of the Qiangtang Plateau, the distribution index results of
different degrees of land use/cover on the terrain factor level of the
Qiangtang Plateau were obtained (Figure 3).

Figure 3 shows that the spatial distribution of land use/cover on
the Qiangtang Plateau exhibited certain patterns across different
terrain gradients.

TABLE 4 Distribution statistics of land use/cover in Qiangtang Plateau.

Terrain
factor

I II III IV V

Elevation Bare land — Grassland Water
Wetland

Grassland Grassland Shrubland Ice/
Snow

Slope Water Grassland Grassland Grassland Shrubland Wetland Ice/
Snow

Shrubland Bare land Ice/Snow
Wetland

Relief — Grassland Shrubland Water
Wetland Bare land

Grassland Shrubland
Bare land

Grassland Shrubland
Bare land

Ice/Snow Grassland Bare land

Roughness — Grassland Shrubland Water
Wetland Ice/Snow

Grassland Bare land Bare land Shrubland Ice/Snow

TPI Grassland Shrubland Water
Wetland

Grassland Shrubland Grassland Shrubland Grassland Shrubland
bare land

Grassland Shrubland bare
land Ice/Snow

FIGURE 3
The distribution of land use/cover in various terrain sections ((A): Elevation, (B): Slop, (C): Roughness, (D): Relief, (E): TPI).
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Grassland was mainly distributed in areas with an
altitude >4,500 m, a slopes of 2°–6°, a relief of 400–600 m, a
roughness of 1.02–1.1, and a TPI of 0.5–0.7. The distribution
index of grassland was relatively flat at different relief and TPI
values, and the distribution index changed significantly at different
elevation and roughness terrain intervals, with concentrated
distribution intervals. This result indicates that grassland was
greatly affected by elevation and slope roughness.

Shrubland was mainly distributed in areas with an
altitude >5,500 m, a slope of 15°–25°, a relief of 400–600 m, a
roughness of 1.02–1.1, and a TPI of 0.4–0.5. The distribution
index of shrubland was relatively flat at different relief and TPI
values, and the distribution index changed significantly at different
terrain intervals, with concentrated distribution intervals. This result
indicates that shrubland was greatly affected by elevation, slope, and
roughness.

Wetland and water were concentrated in areas with an elevation
of 4,500–5,000 m, a slope of <2°, a relief of 30–200 m, a roughness of
1.02–1.1, and a TPI of <0.4. With increasing relief, the distribution
index decreased significantly, indicating that water and wetlands
were strongly affected by relief and were concentrated in low relief
areas.

Bare land was mainly distributed in areas with an elevation of
4,000 to 4,500 m, a slope greater than 25°, a relief ranging from
200 to 400 m, a roughness ranging from 1.2 to 1.3, and a TPI of
0.5–0.7. As the relief increased, the distribution index of bare land
fluctuated, indicating that bare land was strongly influenced by the
terrain factors of the Qiangtang Plateau and was mainly distributed
in areas with medium to low relief.

Ice/snow was mainly distributed in areas with an
elevation >5,500 m, a slope >25°, a relief >600 m, a roughness
of 1.02–1.1, and a TPI >0.8. As the ruggedness of the terrain
increased, the distribution index of ice/snow increased,
indicating that ice/snow was greatly affected by the terrain
factors of the Qiangtang Plateau and was mainly distributed
in areas with high relief.

From the terrain gradient characteristics of land use/cover
spatial distribution in the Qiangtang Plateau, it can be seen that
the land use/cover spatial distribution in the Qiangtang Plateau is
closely related to the degree of terrain undulation, which provides
the possibility for using geographic detectors to quantitatively
analyze the effect of terrain undulation on land use/cover spatial
distribution.

3.3 Quantitative analysis of terrain factors on
the spatial distribution of land use/cover

Based on the area of the Qiangtang Plateau and the
computational power of the geographic detector software, the
fishing net analysis tool in ArcGIS10.7 was used to generate grid
points with an interval of 3 km–10 km, extract the terrain and
land cover of the grid points, and perform the factor detection of
the geographic detector. The detection results were best at the
scale of 7 km. Using a total of 13,862 grid points at the 7 km
scale, we analyzed the quantitative impact of individual factors
and their interactions on the spatial distribution and change in
land cover.

3.3.1 Quantitative impact of terrain factors
From the results of factor detection (Figure 4), the following was

determined.
Among the factors of the spatial distribution of grassland, the most

influential was roughness (0.071), followed by relief (0.038), elevation
(0.037), slope (0.033), and TPI (0.031). This result indicates that the
strongest correlation between different terrain factors and grassland
area was found for roughness, while the smallest was found for the TPI.

Among the factors of the spatial distribution of shrubland, the
most influential was elevation (0.011), followed by roughness
(0.006), relief (0.005), slope (0.003) and TPI (0.001). This result
indicates that the strongest correlation between different terrain
factors and shrubland was found for elevation, while the smallest
was found for the TPI.

Among the factors of the spatial distribution of wetlands, the most
factor was elevation (0.07), followed by relief (0.013), TPI (0.006), slope
(0.004), and roughness (0.001). This result indicates that the strongest
correlation between different terrain factors and shrubland was found
for elevation, while the smallest was found for roughness.

Among the factors of the spatial distribution of water, the most
influential was roughness (0.643), followed by slope (0.227), TPI
(0.182), relief (0.168), and elevation (0.065). This result indicates that
the strongest correlation between different terrain factors and water was
found for roughness, while the smallest was found for elevation.

Among the factors of the spatial distribution of ice/snow, the most
influential was relief (0.035), followed by elevation (0.028), TPI (0.028),
slope (0.021) and roughness (0.015). This result indicates that the
strongest correlation between different terrain factors and ice/snow
was found for relief, while the smallest was found for roughness.

Therefore, the main driving factors affecting the spatial pattern
of land use/cover on the Qiangtang Plateau are elevation, roughness,
and relief.

3.3.2 Interaction of terrain factors
The interaction detector mainly identifies the interaction

between different terrain factors and spatial changes in land use/
cover and analyses whether the interaction enhances or weakens the
explanatory power of the dependent variable and the spatial
distribution of the land use/cover, or whether the effects of these
factors on land use/cover are independent of each other. By
comparing the q-statistics of the interaction between two terrain
factors and the sum of their statistics, it was determined whether the
spatial relationship between the two terrain factors was linear or
nonlinear enhancement, weakening, or mutual independence.

Taking grassland as an example, in the interactions involving
grassland, the interaction between roughness, elevation, and other
driving factors had a strong explanatory power, with a two-factor
enhancement effect being the main factor (Figure 5). The interaction
between roughness and other factors was the strongest, and both
were factorially enhanced by two factors, with an explanatory power
greater than 7.4%. The value of roughness and elevation was the
highest (q = 0.105). Second, there was an interaction between
elevation and other factors, with an explanatory power greater
than 6.9%. Thus, roughness and elevation are the main factors
influencing the spatial distribution of grasslands.

In summary, the q value of the interaction between different
terrain factors on the Qiangtang Plateau was greater than the q value
of any single factor, indicating that the pairwise interaction of terrain
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factors increased the explanatory power of the spatial distribution of
land use types. The interaction between terrain factors was mainly
characterized by two-factor enhancement and nonlinear enhancement,
with no independent factors, indicating that the interaction between

terrain factors had a stronger explanatory power for land use/cover than
did single factors. Among them, the interactions between elevation,
roughness, and relief with other factors played dominant roles in the
spatial pattern of land use/cover in the study area.

FIGURE 4
Differentiation and factor detection results of land use/cover ((A): Grassland, (B): Shrubland, (C): Wetland, (D): Water, (E): Bare land, (F): Ice/Snow).

FIGURE 5
Detection results of terrain factor interaction. Bi-E = Bi-enhancement; Non-E = Nonlinear enhancement.
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4 Discussion

4.1 Analysis of the spatial change in sandy
land on the Qiangtang Plateau

The spatial differentiation of land use/cover on the Qiangtang
Plateau was significant, with the main land use/cover types ranked as
grassland, bare land, water, shrubland, ice/snow, and wetland.
Among them, the grassland area was the largest, with an area of
449,983 km2, accounting for approximately 63.94% of the plateau
area, and grassland was widely distributed in most areas of the
plateau. Bare land was ranked second, with an area of 186,302 km2,
accounting for 26.47% of the plateau area, and it was mainly
distributed in the western and northern parts of the plateau
(Table 2; Figure 2). This result was consistent with studies by Li
(1980), Chen and Fan. (1983), and Chen and Guan. (1989).

Terrain factors, as important influencing factors affecting the
formation and change of plateau land use patterns, have a significant
impact on the evolution of landscape structure in the region (Zheng
et al., 2016; Dong et al., 2017). During the research process, this study
found that by introducing quantitative analysis methods, the spatial
distribution patterns of land use patterns in the study area could be
intuitively revealed from five dimensions: elevation, slope, relief,
roughness, and TPI. In addition, by analyzing the distribution index
of land types and identifying the main controlling factors in different
terrain level areas, it was found that there were significant differences in
land use patterns under different terrain factor conditions (Table 3).

Elevation is an important factor influencing the distribution of land
use types. With increasing elevation, there will be significant changes in
atmospheric temperature and humidity, resulting in regular changes in
the direction and type of land use with elevation (Zhou et al., 2007).
Constrained by elevation factors, there were significant differences in
the spatial distribution of land cover. Grassland was mostly distributed
in areas above 4,500 m, while shrubland was distributed in areas above
5,000 m. Wetland was distributed at elevations between 4,500 and
5,500 m, while water and bare land were concentrated between
4,500 and 5,000 m. Ice/snow was found in high mountain areas
above 5,500 m. However, because the average elevation of the
Qiangtang Plateau is above 4,500 m, and it is mainly composed of
lowmountainous rolling hills and wide lake basins (Li, 1980), except for
the distribution of ice/snow distribution in mountainous areas, the
other land types were distributed in relatively low mountainous areas.

Relief is the most important single terrain factor that affects the
spatial distribution of land use, and it plays an important role in the
spatial distribution of land use along with elevation (Zhao, 2020).
The land use/cover of the Qiangtang Plateau was mainly distributed
in areas with a relief greater than 30 m, and grassland, shrubland,
and bare land were widely distributed in areas with a relief greater
than 30 m. Wetland and water were concentrated in areas with a
relief between 30 and 200 m, while ice/snow was found in high
mountain areas with a relief greater than 600 m.

Slope is one of the inherent environmental factors of land resources
and directly affects land use and land carrying capacity (Xian et al., 2007),
influences surface material flow and energy conversion, and plays a
crucial role in the direction and type of land use. Grassland was mostly
distributed in areas below 15°, while wetland, shrubland, and ice/snow
were mostly distributed in areas with slopes greater than 15°, while water
was concentrated in areas with slopes less than 2°.

Surface roughness is an important parameter that describes the
aerodynamic characteristics of the surface. The higher the value is, the
more difficult it is for the surface to generate sand and dust. The value can
accurately reflect the ability of the surface to resist wind erosion. Increasing
the surface roughness value can effectively prevent the occurrence of wind
erosion (Wang et al., 2007). Surface roughness varies significantly among
different land use types, and even within the same land use/cover, there
are significant differences in roughness due to different surface conditions
(Wang et al., 2007). The land use/cover of the Qiangtang Plateau was not
distributed in the roughness level I area, while grassland and bare land
were mainly distributed in level II and III areas. Wetland and water were
concentrated in level II areas. Shrubland and ice/snow were distributed in
both roughness level II and level V areas (Table 4).

The TPI is an important factor that represents the undulating
morphology of the macro-surface and influences the spatial pattern
changes in land use/cover (Wang and Hu, 2022). In the land use/
cover of the Qiangtang Plateau, grassland, shrubland, and bare land
were distributed in each TPI classification. Wetland and water were
concentrated in level I areas, while ice/snow was mostly distributed
in level V areas.

In summary, this study enriches the theoretical system of land
use spatial patterns and fills a gap in the systematic description of the
overall spatial patterns of the Qiangtang Plateau’s land use.

4.2 Spatial pattern of land use in other
regions in relation to topographic factors

Topographic factors have a certain restrictive effect on the formation
of and changes in the spatial patterns of land use, especially in
mountainous and hilly areas, where topography directly affects the
migration of surface materials and energy conversion and influences
the distribution of vegetation types (Sümeyra, 2013; Wu et al., 2010). As
an important factor influencing the formation of and change in land use
patterns in mountainous hilly areas, three topographic factors, namely,
elevation, slope and slope direction, largely determine light, moisture,
temperature and soil conditions and to a certain extent determine the
direction and mode of land use and have a significant impact on the
distribution and change in the spatial pattern of land use (Cui et al., 2011;
Liang and Liu, 2010).

In the North China Plain (Guo et al., 2013), arable land, residential
land, transportation land and water area weremainly located in the area
with a slope of 0–2° as well as an altitude of less than 200 m, and the
changed area of these types of land also mainly occurred in this range.
Moreover, arable land, orchard land, residential land, transportation
land and water area were mainly distributed in the area with a low
terrain niche index; grassland was mainly distributed in the area with a
medium terrain niche index; and woodland and unused land were in a
high terrain niche index area. The land use degree composite index
decreased as the grade of the terrain niche increased.

In Northeast China (Sheng et al., 2014), terrain factors play a
dominant role in the spatial pattern of land use in the vertical
direction. With an increase in elevation, woodland changes into the
main land use type, the relative area of cultivated land in various
elevation ranges increases initially and then decreases, and the
proportions of urban villages, industrial and mining lands, traffic and
transportation lands, water areas, and water conservancy facilities lands
decrease gradually. Meanwhile, the diversity of land use declines.
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In southern China (Zang et al., 2019), the land use spatial pattern
was affected by topographical factors. Cultivated land, construction
land and water areas were concentrated in plains and gentle rolling
hills with altitudes <400 m and slopes <15°, while forest andmeadow
were mainly distributed in mountains with altitudes >400 m and
slopes >15°. Moreover, land use transitions had close relations with
terrain factors, and transitions mainly occurred in plains and gentle
rolling hills with altitudes <800 m and slopes <15°.

On the Loess Plateau of China (Zhong et al., 2012), the spatial
pattern of land use has a close relationship with terrain factors that
influence land cover and distribution. With the increase in altitude, the
area of forestland appears to first increase and then decrease, the area of
grassland increases, and the areas of cultivated land, orchard, water body
and industrial land decrease. Flat areas are advantageous for cultivated
land, orchards, water bodies and industrial land, while areas with a steep
slope are advantageous for forestland and grassland. When an aspect
gradient from shady to sunny slope, the areas of cultivated land, orchard,
grassland and industrial land increase, the area of forestland decreases,
and the aspect has less of an impact on water bodies.

In the Bailongjang Watershed of Northwest China (Gao et al.,
2014), construction land has extended to higher altitudes and slopes
in the last 30 years, the cultivated land of slope land first increased
and then decreased, and the forestland distribution changed from
shrinking to gradual recovery. Because of human disturbance, the
areas of grassland, unused land and waters decreased. The basic
form of the terrain distribution index curve of each land use type
from 1977 to 2010 was similar, but the distribution index of
individual terrains changed obviously. The superiority of
construction land at lower terrains increased and extended to
higher terrains, and cultivated land also extended to higher terrains.

5 Conclusion

This study selected terrain factors and used the distribution index
method to investigate the gradient effect of terrain variations on the
spatial distribution of land use/cover in the Qiangtang Plateau. The
geographic detector method was used to quantitatively analyze the
influence of different terrain factors on the spatial distribution of
land use/cover. The conclusions are as follows.

(1) The land use/cover area of the Qiangtang Plateau was mainly
grassland and bare land, with grassland having the largest area
of 449,983 km2, accounting for approximately 63.94% of the plateau
area, and grassland was widely distributed in most areas of the
plateau. Bare land ranked second, with an area of 186,302 km2,
accounting for 26.47% of the plateau area, and it mainly distributed
in the western and northern parts of the plateau. Other land cover
areas were relatively small, such as a water area of 36,866 km2, which
represents approximately 5.24% of the plateau area, and water was
mainly distributed in the eastern and southern parts of the plateau.
Shrubland covered an area of 17,065 km2, accounting for
approximately 2.42% of the plateau area, and it was mainly
distributed in the eastern and southern parts of the plateau. Ice/
snow covered an area of 9,598 km2 and was mainly distributed in
high mountainous areas such as the Kunlun, Karakoram, and
Gangdise Mountains. Wetlands covered a small area and were
mainly distributed around water bodies.

(2) The spatial differentiation of land use/cover in the Qiangtang
Plateau was significant. Grasslands were mainly distributed in
low mountainous areas with high undulation, gentle slopes, and
low roughness; bare land was mainly distributed in low
mountainous areas with a high relief, steep slopes, and a low
roughness. Water often occurred in lowland areas with a low relief,
gentle slopes, and a low roughness and TPI. Wetlands occurred
mainly in lowland areas with a small relief, gentle slopes, a low
roughness and a low TPI. Most shrublands were found in
mountainous areas with a high relief, steep slopes, and a high
roughness. Ice/snow was concentrated in highly undulating
mountain areas with steep slopes, a high roughness, and a high TPI.

(3) Themain driving factors of the spatial pattern of land use/cover in the
Qiangtang Plateau were elevation, roughness and relief. Compared to
a single factor, the interaction ofmultiple terrain factors had a stronger
explanatory power for land use/cover. The interactions between
elevation, roughness, and relief with other factors played dominant
roles in the spatial pattern of land use/cover in this study area.

The land use structure should be adjusted according to the
terrain gradient, and unreasonable land use and human disturbance
should be avoided. Ecological construction and governance of
human activities should be optimized continuously.
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