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ABSTRACT: The unique desertification processes occurring under the Alpine climate and ecosystem 
on the Tibetan Plateau could provide critical clues to the natural and anthropogenic impacts on deserti‐
fication. This study used the Landsat data to investigate the spatial and temporal distribution of desert‐
ification from 1990 to 2020 in two areas (Shannan and Mainling), within the Yarlung Zangbo River Ba‐
sin. The results show not only distinct spatial patterns but also various temporal changes of desertifica‐
tion. In Shannan, aeolian sand was distributed over wide areas from valley floor to mountain slope, 
while in Mainling, it is distributed sporadically at the footslope. The aeolian sandy land initially ex‐
panded before undergoing long-term shrinkage in Shannan. While in Mainling, it steadily expanded 
followed by a rapid decrease. These changes are attributed to both climate change and human activites. 
The increase in temperature causes desertification expansion in Shannan, while favorable climate con‐
ditions coupled with decreasing human activity promoted desertification reversal. However, both the 
expansion and shrinkage of desertification were sensitive to human activity in Mainling. This high‐
lights the diverse responses of desertification to natural and anthropogenic impacts on different back‐
grounds of climatic and vegetation coverage. A threshold of climatic conditions may control the domi‐
nance factors in desertification, shifting from natural to anthropogenic elements.
KEY WORDS: desertification, reversal of desertification, human activities, climate change, remote 
sensing, Yarlung Zangbo River valley.

0 INTRODUCTION 
Desertification can be defined as a major type of land deg‐

radation in arid and semiarid environments resulted from many 
factors such as climate change and human activities (Rasmus‐
sen et al., 2001). It is one of the most serious global eco-       
environmental challenges, and its consequences directly affect 
the sustainable development of the eco-environment and hu‐
man society (Lyu et al., 2020; Reynolds et al., 2007). Desertifi‐
cation is a complex phenomenon, usually driven by multiple 
factors. Both climate change and human activities are driving 
factors for the occurrence, expansion and reversal of desertifica‐
tion (Xu and Lu, 2021; Moghaddam et al., 2018; Ajaj et al., 
2017), but their relative contributions to desertification in differ‐
ent environments remain largely uncertain (Li et al., 2016a; Xu 

et al., 2014). Understanding the dynamics of desertification and 
the mechanisms driving its changes could provide a basis for 
the formulation of control measures and better control the ex‐
pansion of desertification in the future. As a result, monitoring 
the trend of desertification and understanding its feedback to 
climate change and human activities have become the focus of 
many studies.

China has some of the most widespread areas in the world 
with serious problems of desertification, especially in northern 
and northwestern China (Guo et al., 2014; Wang F et al., 2013; 
Wang T et al., 2002). In previous studies, most researches have 
attributed the rapid expansion of desertification in North China 
to human activities, such as population increase, economic 
growth, long-term overgrazing, and expansion of agricultural 
land in some areas (e.g., Wang et al., 2010; Liu and Diamond, 
2005; Zhao et al., 2005). However, some researchers argue that 
temperature rise and reduction in precipitation are the primary 
factors leading to the occurrence and expansion of desertifica‐
tion (e. g., Wang et al., 2005; Hai et al., 2002). Recent studies 
have shown that climate change, as well as management poli‐
cies (e.g., afforestation and grazing reduction), may have played 
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important roles in desertification restoration (e.g., Xu and Ding, 
2018; Wang et al., 2013; Xu et al., 2009). Therefore, the extent 
to which climate change and human activities have led to de‐
sertification and regeneration in China remains a long-standing 
debate (Wang et al., 2013; Xu et al., 2009).

The unique atmospheric circulation patterns and the high 
altitude of the Tibetan Plateau have created a cold, dry, and 
fragile ecological environment that is highly vulnerable to de‐
sertification (Yang et al., 2020a; Yao and Zhu, 2006). Varia‐
tions in wind and interannual fluctuations in precipitation af‐
fect vegetation growth in plain areas such as the Mu Us desert, 
in turn, influences the desertification process (e.g., Xu and Lu, 
2021). While desertification on the Tibetan Plateau is attribut‐
able to rising temperature and the extensive thawing of perma‐
frost, which result in the desiccation of surface soil and a reduc‐
tion in vegetation cover (Xue et al., 2009). On the other hand, 
irrational human activities have created favorable conditions 
for aeolian desertification today. As the source of many key riv‐
er systems in Asia (Immerzeel et al., 2010), the expansion of 
desertification on the Tibetan Plateau not only affects the local 
eco-environment and economic development, but also affects 
the dynamics of the eco-environment of China and even that of 
entire Asia (Li et al., 2019; Dong et al., 2017). The develop‐
ment of desertification on the Tibetan Plateau could make the 
land with higher albedo, which would influence climate 
change on a regional scale (e.g., Dong et al., 2017). Therefore, 
monitoring desertification change processes and their mecha‐
nisms on the Tibetan Plateau is essential to better prediction of 
future environmental changes at regional scales.

The Yarlung Zangbo River Basin (YZRB) (Fig. 1), an area  
sensitive to the evolution of the eco-environment located at the 
southern edge of the Tibetan Plateau, has suffered severe deserti‐
fication in the last couple of decades (Dong et al., 1999; Li et al., 

1997; Yang, 1984). Due to favorable conditions such as exten‐
sive sand sources, strong winds, and suitable deposition fields in 
the basin, aeolian landforms have developed extensively (Ling 
et al., 2020; Yang et al., 2020b). The middle reaches of the YZ‐
RB are the political, economic and social center of Tibet. In this 
region, the expansion of aeolian sandy lands has significant im‐
pact on agriculture, transportation and residents’  health. Since 
1990, many researchers have taken the changes in aeolian sandy 
land area as one of the indicators of land desertification develop‐
ment (e.g., Chang et al., 2006; Li et al., 1999; Liu et al., 1997). It 
was argued that the aeolian sandy lands show a discontinuous 
zonal distribution along the wide valley of the YZRB, and their 
area is constantly expanding, which may be the result of both cli‐
mate warming (as the internal driving force) and irrational hu‐
man activities (as the external driving force) (e. g., Liu et al., 
2019; Zhou et al., 2014; Shen et al., 2012; Zhao et al., 2012).

However, most previous studies in the middle reaches of 
the YZRB mainly provide investigation results before 2010, 
and there is a lack of regional analysis of the driving factors of 
desertification. In addition, the previous studies were conduct‐
ed at decadal intervals and lacked long-term time-series moni‐
toring work. It is still not clear on the trend of desertification 
land in the past decade: whether it is reversing or expanding, 
and whether the regional differences in desertification are driv‐
en by climate or human factors. Here, we monitored the spatio‐
temporal variations in aeolian sandy lands in the middle part of 
the YZRB using the analysis of Landsat images from 1990 to 
2020. Based on discussing the roles of climate change and hu‐
man activities in aeolian desertification, we aim to provide the 
basis for an improved understanding of climate change and   
anthropogenic factors on desertification under different eco- 
environments and economic development backgrounds.

Figure 1. (a) Geographical location of the study area (modified from Yao et al., 2017). (b) Topographic map of the study area.
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1 STUDY AREA 
The Yarlung Zangbo River, stretching across the southern 

part of the Tibetan Plateau from west to east, originates from 
Jemaangzong Glacier in the northern part of the Himalayas 
Mountains, with a drainage area of 2.4 × 105 km2 in China and 
an average altitude of over 4 000 m (Fig. 1; Shi et al., 2018; 
Yao et al., 2010). The YZRB consists of alternating sections of 
wide valleys and gorges. The wide valley sections mainly ex‐
hibit anastomosing channels with gentle bed gradients and 
thick alluvial deposits (Wang et al., 2016). During the dry sea‐
son, a large amount of river alluvium is exposed, which pro‐
vides abundant sand sources for the regional aeolian activities. 
Meanwhile, alluvial plains and terraces in the wide valleys pro‐
vide ideal deposition fields, coupled with dry-and-cold, windy 
climate conditions. All of them make the aeolian sandy lands 
widely distributed in this region (Fig. 1; Li et al., 1997). In con‐
trast, single, straight, and deeply incised meandering channels 
are developed in gorge sections with a steep gradient and rock 
channel bed (Wang et al., 2016).

The YZRB is divided into four wide valley sections from 
east to west, namely the Maquan River wide valley, Shigatse 
wide valley, Shannan wide valley and Mainling wide valley 
(Fig. 1b). In this study, the Shannan valley and Mainling valley 
in the middle reaches of the YZRB, which have intensive hu‐
man activities and different eco-environments, are selected as 
the main research areas. The Shannan valley has a semiarid al‐
pine climate (Shen and Li, 2012). The mean annual tempera‐
ture is approximately 6–8 ℃ , and the mean annual precipita‐
tion is approximately 400 mm (Ling et al., 2019), falling main‐
ly in July and August with distinct dry and wet seasons (Fig. 
2a). The Mainling valley is mainly affected by a sub-humid 
monsoon climate with better vegetation cover than the Shan‐
nan (Fig. 2b). The mean annual temperature is about 8.2 ℃ in 
the Mainling valley, with an annual precipitation of 641 mm, 
most of which is concentrated from June to September (Zhou 
et al., 2014). Affected by local topography and climate, both 
valleys exhibit strong southwest winds, of which in spring and 
winter are mainly controlled by west winds (Fig. 1a; Ling et 
al., 2019; Shen et al., 2012).

2 MATERIALS AND METHODS 
2.1 Classification System for Aeolian Sandy Land　

In the middle reaches of the YZRB, desertification is the 
leading form of land degradation. The destruction of the natu‐

ral vegetation cover contributes to severe wind erosion, accom‐
panied by the development of discontinuous zonal and patchy 
aeolian sandy land, and they provide good visual indicators of 
the dynamics of desertification. We use the vegetation cover, 
surface soil composition, and aeolian landforms inferred from 
Landsat images as indices of the status of aeolian sandy land. 
Based on the classification criteria proposed in previous stud‐
ies (Shen and Li, 2012; Li et al., 1997; Zhu et al., 1994; Yang, 
1984), interpretation of Landsat images and field survey data, 
we classified aeolian sandy land into five categories: fixed 
sand land, semi-fixed sand land, mobile sand land, bare sandy 
gravel land, and semi-exposed sandy gravel land (Table 1, Fig. 
3). Among them, fixed sand land, semi-fixed sand land, and 
mobile sand land belong to wind-deposited sand land, while 
bare and semi-exposed sandy gravel land belong to wind-erod‐
ed sand land.

2.2 Landsat Images Data and Data Processing　
Landsat images have been widely used to monitor the tem‐

poral and spatial dynamics of desertification for a long time be‐
cause of their extensive coverage, long-term continuous time 
series and accessibility (Wang et al., 2018; Jiang et al., 2013). 
The Landsat TM/ETM and OLI data collected in this study in‐
cluded 39 scenes (three scenes at each period with orbital pa‐
rameters of 135/040, 136/040, and 137/040) for every two or 
three years (1990, 1993, 1995, 1997, 2001, 2003, 2006, 2009, 
2011, 2013, 2015, 2017 and 2020). The spatial resolution of 
these data is 30 m, and the cloud cover of each scene is less 
than 8%. All remote sensing images were downloaded from the 
Geospatial Data Cloud (http://www.gscloud.cn/). Images were 
obtained for periods from November to January in this study, 
depending on precipitation in these months being sparse and 
there being little cloud cover.

All images were preprocessed by radiation correction, 
geometric correction, and atmospheric correction. We prepro‐
cessed the selected images using version 5.3 of ENVI Imagine 
software (Deng, 2010). Using 1 : 100 000 topographic maps, 
the 1990 TM images were geometrically corrected and 50 
ground control points (GCPs) were selected for each image to 
ensure the corrected accuracy in the range of one pixel. We 
then used the calibrated images as references to repeat the cor‐
rection of the other 12 sets of images (Guo et al., 2021). To ac‐
quire 13 sets of Landsat images for the valleys with a consis‐
tent tone, geometrically corrected images were obtained by 

Figure 2. (a) Variations of average monthly precipitation; (b) NDVI (Normalized Vegetation Index) of the Shannan valley and Mainling valley in the last 20 years.
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means of an image-to-image matching method. In 2020 and 
2021, we conducted field investigations in the middle reaches 
of the YZRB, including recording the location, distribution 
characteristics, surface texture, vegetation coverage and other 
characteristics of different types of sandy lands. Subsequently, 

these images were compared, and the interpretation marks 
were established. The sandy land surface has a very high albe‐
do compared to other objects and can be clearly distinguished 
from other surrounding land types (Table 1). With ENVI5.3 
and ArcGIS10.2, sandy lands were interpreted by means of a 

Figure 3. Classifications of aeolian sandy land in the middle reaches of Yarlung Zangbo River basin.

Table 1 Classification and interpretation signs of aeolian sandy land types 

Type

Mobile sand 

land

Semi-fixed 

sand land

Fixed sand 

land

Semi-exposed 

sandy gravel 

land

Bare sandy 

gravel land

Proportion of 

the area covered 

by gravels

<10%

<10%

<10%

>10%

>10%

Vegetation 

cover

<10%

20%–40%

>50%

<10%

15%–40%

Surface feature

Sand dunes are widely distributed, in‐

cluding flat sand, crescent dunes, 

dune chains and composite dunes

Sand dunes are scattered, with a 

small amount of moving sand, form‐

ing a sandy grassland landscape

Sand dunes are scattered or sparsely 

distributed with fixed flat sand and 

dune, grassland and sandy grassland 

landscapes

Erosion exposes rough gravel and 

sparse dunes, with small coppice 

dunes

Coarse sands and gravel, with sparse 

dunes or sheets of gravel and sand, 

exposing a gobi-type landscape

Tone and texture of Landsat images

Almost no vegetation exists. Tone 

shows a bright white color, with 

clear mobile dune shape. There is 

wavy texture feature

Brightness is low due to sparse sand 

surface vegetation, light pink color, 

with rough surface textures

Tone shows a dark color due to 

dense vegetation the sand surface, 

with rough surface textures

Tone is similar to that of fixed sandy 

land, but darker due to the higher 

gravel content, with a rough surface 

texture

Tone is bright white, with a smooth 

surface texture

Typical Landsat TM/ETM/

OLI image (combination of 

bands 4, 3, and 2)
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visually interactive interpretation method from false color im‐
ages synthesized from the 4/3/2 band of Landsat TM/ETM/
OLI data. In addition, by selecting 60 random points with uni‐
form spatial distribution and including all types of sandy lands, 
the environmental information and landscape photos of ran‐
dom points were recorded in the field. These verification 
points and interpretation results were compared and analyzed 
to evaluate the accuracy of the interpretation results. The accu‐
racy evaluation and Kappa coefficient calculation of the inter‐
pretation results showed that the classification accuracy of 
each image was above 92%, and the Kappa coefficient was 
above 0.88. The results indicate that this classification method 
performed well to distinguish sandy lands.

2.3 Climatic and Anthropogenic Factors　
Climate change and human activities are two major fac‐

tors that drive desertification (Mirzabaev et al., 2019; Moghad‐
dam et al., 2018; Wang et al., 2009). Among the climate fac‐
tors, temperature, rainfall, and wind velocity played crucial 
roles in desertification (Na et al., 2019). To examine their ef‐
fects, we collected monthly climatic data from five weather sta‐
tions in the Shannan valley and Mainling valley (Fig. 1b) from 
1990 to 2020. All data are provided by the National Meteoro‐
logical Science Data Center (http://data.cma.cn/).

In the middle reach of the YZRB, the desertification pro‐
cess was closely associated with unsustainable land use, such as 
overgrazing and over-reclamation of arable land. The increas‐
ing population has put heavy pressure on the region’s fragile 
ecological environment. Consequently, among the anthropogen‐
ic factors, population, arable land area and livestock numbers 
were used as indices of the intensity of human activities, which 
contributed greatly to desertification (Shen et al., 2015; Li et 
al., 2010). To examine their effects, we collected the above     
socio-economic data of Shannan and Nyinchi cities, which oc‐
cupy the Shannan valley and Mainling valley, respectively, dur‐
ing the 1990–2019 period from the Tibetan Statistical Yearbook.

We analyzed the long-term changes in climate (air temper‐
ature, annual precipitation, and mean annual wind velocity) 
and human activity (population, arable land area and livestock 
numbers) using linear regression. After establishing the regres‐
sion equation, the goodness-of-fit (R²) test of the regression 
equation and the significance test of the regression coefficient 
(t-test) were carried out. When R2 is closer to 1, the fitting de‐
gree of the regression equation is better; in contrast, when R2 is 
closer to 0, the fitting degree is worse. The statistical analysis 
of the trend calculation results was performed using the t-test 
at a significance level of 10% (P < 0.1). The formula of the lin‐
ear regression model is as follows

y = β0 + β1 x + ε

where, y represents the meteorological factor or socio-economic 
indicator, x refers to the annual time series, β0 and β1 are coeffi‐
cients, and ε is the residual of the fitting.

To analyze the closeness of the correlation between affect‐
ing factors and changes in the aeolian sandy land area, we con‐
ducted a correlation analysis on the sandy land area interpreted 
since 1990 and different driving factors. In this study, the Pear‐
son correlation coefficient R was used to measure the degree of 

closeness between the two variables (Xue, 2014). The formula 
is as follows

R =
∑i = 1

N ( )Xn - X̄ ( )Yn - Ȳ

∑i = 1

N ( )Xn - X̄
2∑i = 1

N ( )Yn - Ȳ
2

where X̄ and Ȳ are the average values of the data. The R values 
range from -1 to 1. The closer the absolute value of the correla‐
tion coefficient is to 1, the stronger the correlation between Y 
and X. In contrast, if R equals 0, there is no correlation be‐
tween the two variables. Generally, if |R| ≥ 0.8, it can be regard‐
ed as a high correlation; if 0.5 ≤ |R| < 0.8, there is a moderate 
correlation; and if 0.3 ≤ |R| < 0.5, it can be regarded as a weak 
correlation. |R| < 0.3, indicating that the correlation between 
the two variables is extremely weak, which can be regarded as 
a nonlinear correlation (Xue et al., 2014).

3 RESULTS 
3.1 Spatial Distribution of Aeolian Sandy Land　

The aeolian sandy lands in the middle reaches of the YZ‐
RB present a discontinuous zonal and patchy distribution along 
the wide valleys. Aeolian sand landforms in the Shannan valley 
were prominent from the valley floor extending to the moun‐
tain slope, especially on the north bank (Fig. 4a). Within wind-
deposited sand land, mobile sand lands were mostly distributed 
around flood-plains, and on alluvial-pluvial fans and hill 
slopes. Semi-fixed sand lands and fixed sand lands were pri‐
marily distributed on river terraces, alluvial-pluvial fans and 
flood plains. Bare and semi-exposed sandy gravel lands were 
mainly distributed in seasonally dry riverbeds, middle and up‐
per alluvial-pluvial fans (Fig. 4a). Each type of aeolian sandy 
land was dispersedly distributed along the foot of hill slopes 
and flood-plains in the Mainling valley (Fig. 4b).

3.2 Temporal Changes of Aeolian Sandy Land　
Generally, the area of sandy lands in the two wide valleys 

first increased and then decreased during the 1990–2020 period 
(Fig. 5). Sandy lands in the Shannan valley increased by 78.14 
km2 during the 1990–2009 period, with an average annual in‐
crease rate of 3.91 km²/yr. Among them, the area of sandy 
lands increased the fastest, with a total rise of 58.64 km² and an 
annual increase rate of 5.33 km²/yr from 1990 to 2001. From 
2009 to 2020, sandy lands decreased by 80.12 km², which 
equalled an annual decrease of 6.68 km2, suggesting a reversal 
trend of desertification (Table S1). From 1990 to 2015, the area 
of sandy lands in the Mainling valley increased by 47.28 km², 
whereas in 2015–2020, the area decreased by 27.24 km², indi‐
cating an annual decrease rate of 5.45 km²/yr in the last five 
years (Table S1).

3.3 Changes of Diferent Types of Aeolian Sandy Land 
In total, there were 358.83 km² of sandy lands in the Shan‐

nan valley in 2020. The areas of wind deposition and wind ero‐
sion of sandy lands were 302.52 and 56.31 km², accounting for 
84.31% and 15.69% of the total aeolian sandy land, respective‐
ly. In the same year, 97.92 km² of sandy lands were covered in 
the Mainling valley. Among them, the areas of wind deposition 
and wind erosion of aeolian sandy lands were 88.82 and 9.10 
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km², accounting for 90.71% and 9.29% of the total sandy land, 
respectively (Table S2).

In the past 30 years in the Shannan valley, semi-fixed 
sand land occupied the largest area, followed by fixed sand and 
mobile sand land. In the more erosional sand land, the area pro‐
portion of the bare sandy gravel land and the semi-exposed san‐
dy gravel land had little difference. During the expansion stage 
of the sandy land area, the fixed sandy land area increased the 
most, while in the desertification reversal stage, the area of 
semi-fixed sandy land and mobile sand land decreased the fast‐
est (Fig. S1a). In the Mainling valley, fixed sandy land ac‐
counts for the largest proportion, followed by semi-fixed sandy 
land and mobile sandy land. The two types of wind-eroded san‐
dy land account for a relatively small area. In the period of in‐
creasing sandy land area, the semi-fixed sand land grew the 
fastest, while during the desertification reversal stage, the area 
of fixed and mobile sand land decreased rapidly (Fig. S1b).

3.4 Correlation between Aeolian Land and Climatic and 
Anthropogenic Factors　

The correlation analysis showed that the changes in aeoli‐

an sandy land area were positively correlated with the tempera‐
ture in both valleys. Especially in the Shannan valley, the corre‐
lation coefficient between the aeolian sandy land area and air 
temperature is the highest (Fig. 6a). The changes in aeolian san‐
dy land area of the two valleys are negatively correlated with 
precipitation and wind velocity. In terms of anthropogenic im‐
pacts, there is a close linear relationship between the area of ae‐
olian sandy land and one of the indirect indices of the intensity 
of human activity, the population (Fig. 6). In particular, the 
changes in aeolian sandy land in the Mainling valley are closely 
related to the population and the number of livestock (Fig. 6b).

4 DISCUSSION 
4.1 Cause of the Different Spatial Distribution Patterns of 
Sandy Land in Different Areas　

The difference in the spatial distribution of aeolian sandy 
land in the middle reaches of the YZRB is mainly related to to‐
pography and climatic factors. The width of the Shannan val‐
ley is much larger than that of the Mainling valley, and the wid‐
er valley may provide favorable topographic conditions for the 
accumulation of aeolian sand. In addition, the wider valley 
leads to generally developed braided and anastomosing chan‐
nels in the Shannan valley (Fig. 4a). During the dry season, the 
channel bars are exposed to a large area, which provides abun‐
dant sand source for aeolian activities. As a result, the aeolian 
sandy land here spreads widely on the valley floor and exten‐
sively extended into the mountain slope. On the contrary, the 
valley in Mainling is relatively narrow with meandering chan‐
nels, where aeolian sandy lands are distributed in discontinu‐
ous patches along the foot of the valley slope (Fig. 4b). The 
semiarid climate in the Shannan valley has the average precipi‐
tation obviously less than that in the Mainling valley. This dif‐
ference in climate (Fig. 2a) results in different vegetation cov‐
ers, which may protect the surface from wind deflation and 
help stabilize sand dunes. NDVI (Normalized Vegetation In‐
dex) values in these two areas (Fig. 2b), show that vegetation 

Figure 4. Distribution of classified major aeolian sandy lands in the Shannan and Mainling areas in 2020.

Figure 5. The area changes of aeolian sandy land in the Shannan valley and 

Mainling valley from 1990 to 2020.
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coverage in Mainling valley is significantly higher, and the 
earth’s surface is more stable than that in the Shannan valley. 
Hence, compared to the Mainling area, the Shannan area with 
the drier climate and lower vegetation coverage, larger flat ar‐
eas, and specific river patterns (i. e., braided and anastomosed 
stream), resulted in a more extensive distribution of aeolian 
sandy land in the last 30 years (Figs. 4 and 6).

4.2 Diverse Response of Aeolian Desertification to Climat‐
ic and Anthropogenic Impacts　

With variability in time and space, desertification is a 
complex environmental process affected by climate change and 
human activities (Mirzabaev et al., 2019). They have both ac‐
celerative and inhibitory effects. Our studies show that the driv‐
ing factors of desertification have regional differences in the 
middle reaches of the YZRB. The semiarid Shannan valley has 
less precipitation and a fragile ecological environment, while 
the sub-humid Mainling valley has a better vegetation cover‐
age. Due to this difference, the semi-fixed sandy land and mo‐
bile sandy land are mainly distributed in the Shannan valley, 
while the fixed sandy land occupies the largest area in the 
Mainling valley (Fig. 4).

Climate mainly affects desertification via temperature, pre‐
cipitation and wind velocity (Na et al., 2019; Wang et al., 
2009). The warming and decrease in precipitation may reduce 
soil water availability, soil fertility and vegetation coverage. 
Coupled with the increase in wind velocity, they could result in 
strong deflation, transportation and deposition of sandy materi‐
als. This is conducive to the expansion of aeolian sandy land in 
a dry environment (e.g., Zeng et al., 2021; Huang et al., 2020). 
From 1990 to 2010, the annual mean temperature in the Shan‐
nan valley increased significantly, with a rising rate of 0.06 ℃/
year (Fig. S2a). The annual precipitation in this valley showed 
a larger fluctuation, exhibiting a decreasing trend in general 
(Fig. S2b). The combination of rising temperatures and declin‐
ing precipitation led to the expansion of the aeolian sand land 
during this period. The expansion of aeolian sandy land could 
be mainly promoted by the high annual mean temperature and 
dry environment (Fig. 6a). During the 2010–2020 period, the 
annual mean temperature showed a decreasing trend, while the 
annual precipitation increased significantly (Fig. S2b), which 
could be conducive to a wet climate and the suppression of de‐
sertification (Fig. 5).

During the whole period, the annual mean temperature in 
the Mainling valley showed an increasing trend (Fig. S2a), and 
the precipitation fluctuated and generally declined, especially 

after 2015 (Fig. S2b). This trend of climate change should be 
conducive to the expansion of aeolian sandy land. However, the 
area of aeolian sandy land continuously decreased after 2015, 
when the wind velocity increase should reinforce aeolian desert‐
ification (Fig. 5). This indicated that instead of climate factors 
as the causes of the desertification reversal in the Mainling val‐
ley, anthropogenic factors can be more important. In fact, the 
population and the quantity of livestock, which represent inten‐
sity of human activity, might be the major factors driving the 
variations in the area of aeolian sandy land (Fig. 6). In addition, 
the annual mean wind velocity in both valleys exhibited a dis‐
tinct trend that decreased first and then increased (Fig. S2c). 
Thus, the variation trend of wind speed is negatively correlated 
with changes in areas of aeolian land in both valleys, indicating 
that wind speed should not be the dominant factor, controlling 
the expansion and shrinkage of aeolian sandy land here.

Irrational human activities, such as the expansion of ara‐
ble land and overgrazing, may increase pressure on land re‐
sources from population growth and lead to land degradation 
and subsequent desertification (e.g., Xu and Lu, 2021; Moghad‐
dam et al., 2018; Zhao et al., 2005). However, active human 
measures can prevent and control desertification, including 
fencing pastures to protect natural vegetation from overgrazing 
and planting shelter forest systems, which are beneficial to im‐
prove soil fertility and mitigate desertification (e. g., Xu and 
Ding, 2018; Wang et al., 2013; Xu et al., 2009). Since the 
1960s, the economy of the Tibetan Plateau has developed rap‐
idly, and the increasing population has put heavy pressure on 
the region’s natural resources and fragile eco-environment. At 
the same time, the number of livestock and the area under culti‐
vation have also increased (Fig. S3; Li et al., 2016b).

From 1990 to 2020, the total population of the study area 
increased. The population of Shannan increased from 283 000 
in 1990 to 382 600 in 2019, with an annual population growth 
rate of 10‰ (Fig. S3a), which may promote the expansion of 
aeolian sandy land. The number of livestock here showed a de‐
creasing trend, with a decline of 141 400 in the 1990–2010 pe‐
riod and 711 100 in the 2010–2019 period, with an even faster 
reduction (Fig. S3c). The number of livestock, arable land area 
and comprehensive human activity intensity index in Shannan 
decreased from 1990 to 2010 (Figs. S3b and 7), which should 
be conducive to the suppression of desertification. However, 
the areas of aeolian sandy land still increased during this peri‐
od, indicating that rather than human activities, natural factors 
such as climate change was the dominant factor of desertifica‐
tion expansion during this period (Fig. 7).

Figure 6. The correlation between the area of aeolian sandy land and the potential impact factors (* indicates a significant correlation at the P < 0.05 level).
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The population of Nyinchi City in the Mainling valley in‐
creased rapidly from 1990 to 2019 by 108 900 people, with an 
annual population growth rate of 20‰ (Fig. S3a). The cultivat‐
ed land area also showed an increasing trend, with a total rise 
of 3.68 × 103 ha in the past 30 years (Fig. S3b). The number of 
livestock and the comprehensive human activity intensity in‐
dex exhibited a steady increase from 1990 to 2015 (Figs. S3c 
and 7), which should be conducive to the growth of the aeolian 
sandy land in the Mainling valley. In contrast, after 2015, the 
number of livestock and the comprehensive human activity in‐
tensity index showed a downward trend (Fig. 7), which may 
promote the reversal of desertification. The control of anthro‐
pogenic factors on the acceleration and reversal of desertifica‐
tion in the Mainling valley is somewhat similar to previously 
reported results in southern Tibet (Li et al., 2016b). It has been 
reported that unreasonable anthropogenic activities in economi‐
cally developed southern Tibet, such as the increase in the num‐
ber of livestock and excessive woodcutting have caused seri‐
ous damage to natural vegetation and grassland soil, resulting 
in an area increase of bare land and the aggravation of desertifi‐
cation (Shen et al., 2015, 2012; Li et al., 2010; Dong et al., 
1999). Since 1990, national and local governments have car‐
ried out a series of ecological restoration projects in Tibet, such 
as “Desertification Prevention and Control Engineering in the 
Valley of the Yarlung Zangbo River and the Shiquanhe Basin”, 
“The Grain for Green Project”, and “Construction of a Nation‐
al Ecological Security Barrier to Protect the Tibetan Plateau” 
(Li J C et al., 2020; Li Q et al., 2016b; Cheng et al., 2012). 
These projects (e.g., natural grassland protection and artificial 
afforestation) might have greatly increased the area of shelter 
forest in Shannan and Mainling, which might have promoted 
the restoration of a higher vegetation cover and improved soil 
fertility, thus mitigating desertification.

In conclusion, changes in aeolian sandy land in the last 30 
years in both regions with distinct differences in climate and 
eco-environment have different responses to climate change 
and human activities (Fig. 7). The semiarid Shannan valley, 
with a relatively fragile ecosystem, was highly sensitive to cli‐

mate change. Temperature fluctuations led to the expansion of 
aeolian sandy land from 1990 to 2010 (Fig. 7a), which is consis‐
tent with previous arguments that rising temperatures could be 
the dominant climate factor in desertification on the Tibetan 
Plateau (Yang et al., 2010; Xue et al., 2009). Rising tempera‐
tures will prolong the thawing period, thereby increasing the 
thickness of the active layer above the permafrost, which would 
subsequently lead to increased evaporation, desiccation of the 
surface soil and a reduction in vegetation cover (Cheng et al., 
2012). Our results show that beneficial climate and large-scale 
ecological restoration projects have contributed to the reversal 
of desertification in the past ten years (Fig. 7a). In the future, a 
warmer and wetter climate may promote the growth of grass‐
land (Cong et al., 2017) and alleviate the desertification. In the 
Mainling valley, the climate is more humid with higher vegeta‐
tion coverage than in the Shannan valley. In the last 30 years, 
the dominant factors controlling desertification here have been 
related to human activities (Fig. 7b). Irrational human activities 
along with warming and drying of the climate have facilitated 
the expansion of aeolian sandy land, while artificial ecological 
restoration might lead to the reversal of the aeolian desertifica‐
tion in the past five years in Mainling area (Fig. 7b).

Based on the analysis of the driving factors of aeolian 
sand in the middle valley of the YZRB and previous studies on 
desertification on the Tibetan Plateau, it is shown that the ef‐
fects of climatic and anthropogenic factors on aeolian sand de‐
sertification are significantly different from those on dry land 
in northern China. First, compared to northern China (Xu et al., 
2014; Wang et al., 2002), the proportion of human factors in 
desertification on the Tibetan Plateau is obviously reduced. 
Second, among the climatic factors, temperature is the predom‐
inant factor of desertification on the Tibetan Plateau, while pre‐
cipitation and wind velocity might have little influence on it. In 
addition, overgrazing could be the main anthropogenic factor 
of desertification on the Tibetan Plateau, but the destructive ef‐
fect of over-reclamation might not be as important as in north‐
ern China. Compared with the desertification areas in northern 
China, the Tibetan Plateau region is recharged by snowmelt in 

Figure 7. Variations in areas of aeolian sandy land, temperature, and the relative intensity of human activities in the (a) Shannan valley and (b) Mainling valley 

during 1990–2020. All indicators are standardized, and the intensity of human activities is calculated by the standardized results of population, arable land and 

livestock (weighted by the correlation coefficient).
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addition to precipitation, thus the fluctuation of precipitation 
might be relatively less restrictive to vegetation. In addition, 
the local landform within the plateau is complex, and the wind 
direction is complicated and variable due to the mountain 
blockage. The complex wind direction within the valley affects 
the distribution of sandy land, while the dispersing wind may 
make the effect of wind speed less obvious. In the plateau area, 
there are widely distributed bare and fragile land surfaces, and 
here the effect of relatively small artificial reclamation could 
be not significant on the desertification. This might indicate di‐
verse responses of aeolian desertification to natural (e. g., cli‐
mate) and anthropogenic impacts on different backgrounds of 
climatic and vegetation coverage. A threshold of climatic and 
ecological conditions could control the dominant factor in de‐
sertification from natural to anthropogenic elements. For exam‐
ple, the dominant factor in aeolian desertification is the intensi‐
ty of human activity in Mainling under sub-humid environ‐
ment, while it is climatic change in Shannan under semiarid en‐
vironment on the Tibetan Plateau.

5 CONCLUSIONS 
It shows that in the Shannan valley, the aeolian sandy land 

is distributed continuously, widely extending from the valley 
floor to the mountain slope, where the climate is dry and vege‐
tation coverage is low, in the last 30 years. In contrast, it is dis‐
tributed as scattered small patches at the foot of the valley side 
in the Mainling valley, where the climate is sub-humid with 
higher vegetation coverage. This disparity in the spatial distri‐
bution of desertification is related to different climates and veg‐
etation coverage, along with morphological features such as 
river patterns and valley width.

Remote sensing and correlation analysis show that from 
1990 to 2009, the area of aeolian sandy land in the Shannan 
valley increased as a result of increasing temperature, followed 
by a reversal of desertification from 2009–2020, under the con‐
dition of a beneficial climate along with ecological restoration 
projects. In the Mainling valley, irrational human activities 
along with warming and drying of the climate facilitated the ex‐
pansion of the sandy land from 1990 to 2015, followed by 
shrinkage of aeolian sandy land as a result of artificial ecologi‐
cal restoration in the last five years.

In conclusion, the Shannan valley has a semiarid climate 
and fragile ecosystem and was highly sensitive to natural 
change of climate in the last 30 years, while anthropogenic fac‐
tors controlled the process of desertification in the Mainling val‐
ley under conditions of a sub-humid climate and with relatively 
high vegetation coverage. This result shows diverse responses 
of desertification to natural and anthropogenic factors under dif‐
ferent backgrounds of climate and vegetation coverage, even 
within the same catchment on the Tibetan Plateau. The extend‐
ing records of desertification and more investigations into its 
specific responses to diverse natural and anthropogenic factors 
in different contexts could deepen our understanding on inter‐
linked climatic and anthropogenic impacts on desertification.
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